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Abstract

In this study, a full-duplex data communication module is designed and
developed for sharing information in a contactless power transfer system.
It is realized through LC tank circuits with an inductive power transfer (IPT)
system. On both the transmitter and receiver sides, one LCC compensation
topology is used. Since Phase Shift Keying (PSK) is less susceptible to
error and power-efficient digital modulation techniques, this paper proposes
to implement PSK digital modulation technique to data signal modulation
for full-duplex communication in a wireless EV charger. The proposed
scheme ensures stability, transfers load status, charging level, and emergency
messages between the source and load sides of the system, and vice versa.
The results are compared with the Amplitude Shift Keying (ASK) digital
modulation technique. Further, the impedance-based model is developed to
analyze the interference between the power and high-frequency information
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signals. The inductive power and data transfer (IPDT) prototype is developed
in the laboratory and results show that the data rate reaches 288 kbps when
46.6 W of power is transferred from source to load.

Keywords: Inductive power transfer (IPT), LCC topology, amplitude shift
keying (ASK), phase shift keying (PSK), LC series, and parallel tank.

1 Introduction

Electric vehicle (EV) plays a major role in reducing environmental pollution.
Fossil fuel vehicles emit CO5 and toxins causing almost 30% of air pollution
and global warming [1, 2]. The EV is a good alternative to fossil fuel vehicles
in this context. It runs with one or more electric motors which are electrified
by batteries. Main advantages of EVs are lesser fuel cost, high efficiency,
lower noise, and environmental friendliness [3, 4]. However, it has some
challenges such as longer charging time, limited driving range, and bulky
batteries. The inductive power transfer technology can help overcome these
challenges. In this scheme, EV is charged through stationary or dynamic
charging [5, 6] without any physical connection between the source and the
electric vehicle batteries. Further, it reduces the required onboard battery
capacity and increases the driving range.

Inductive power transmission (IPT) has become the most extensively
utilized technology for wireless power transfer because it is stable and
safe [7]. It offers characteristics such as improved consistency, safety, and
low preservation costs. It is a versatile energy delivery system that functions
efficiently even in a polluted environment. The IPT uses coupled coils for
transferring energy to the load from the power source. The applications of
inductive power transfer include mobile phone charging, induction cooking,
medical implant devices, avionic devices, EV vehicles, EV bicycles, and grid
interfaces [8]. Communication between the source and the load is required
in these applications [9]. Conventional communication devices such as RF,
Bluetooth, and Wi-Fi devices are used in the contactless power transfer sys-
tem. These communication techniques take longer time for the authentication
processes and need acknowledgment between the source and the load. In [10],
and [11], power line communication is proposed; however, power line-based
communication is not possible in the IPT system.

Power and data are transmitted from the source to the load where the
data is transmitted via capacitive coupling, and the power is transmitted
via inductive coupling [12]. The bandpass filter is incorporated in the WPT
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system for transferring information between the source and load. Eventhough
the technology is bidirectional; it only allows for half-duplex transmission.
The zero-crossing method is used to realize the data communication in the
contactless power transfer system [13]. The feedback information between
the source and the load includes battery status, vehicle ID, and emergency
message transfer; however, it is limited to half-duplex communication.
In [14], the power carrier signal is used for the data signal modulation
process. This method is simple to use, but then, the carrier signal determines
the data rate and only allows for half-duplex communication.

Simultaneous transfer of power and information is realized in [15].
The single-coil and dual resonant form is proposed here. It is easy to imple-
ment, and further, it analyses among crosstalk between data and power, the
data transmission channel bandwidth, and the power in the energy channel.
In [16], power and bidirectional data communication is achieved. Further,
online mutual inductance calculation is possible from the received data car-
rier. However, these techniques support only half-duplex data transmission in
the contactless power transfer system. In [17], full-duplex mode information
sharing is achieved by using two DSP processors, four low pass filters,
and toroidal core inductors. However, it raises the IPDT system cost and
complexity.

In the proposed work, LCC compensation topology is employed on both
sides of the contactless power transfer system. The IPT system resonance
frequency is solely determined by the inductor and capacitor parameters.
The load conditions, mutual inductance, and coupling coefficient of coils do
not affect the resonance frequency. Hence, it is easy to integrate with the data
communication circuit at both sides of the IPT system. The LC tank circuits
are used for realizing full-duplex communication. Signal frequency deter-
mines the tank circuit signal extraction and rejection. Thus, PSK is adopted in
the IPT system; further, the frequency division multiplexing (FDM) technique
is employed to boost the IPDT system data transfer rate.

The series LC circuits are connected across the coupled coils in parallel
manner. PSK modulated high-frequency signal is fed through a series LC tank
circuit via the primary coil to the secondary coil. A series LC circuit across
the secondary coil extracts the received data signal, and vice versa. Two par-
allel LC tank circuits are connected at both sides of the contactless power
transfer system. This scheme gives a high-impedance path and protects the
power source circuit and the load side circuit from the modulated signals.
The large difference in frequency of the power and data signals is used to
avoid interference.
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In this work, the IPDT system is based on a simple passive LC tank
circuit-based module that ensures the full-duplex communication between
the source and the load. The full-duplex communication feature enables
the IPT system to have acknowledgement-free data transfer between the
source and the load. The IPDT prototype is developed in the laboratory and
the simultaneous transmission of power and full-duplex mode information
sharing were confirmed through measurements carried out on the laboratory
model.

This paper is organized as follows: The proposed IPDT system is
explained in Section 2. Section 3 describes the FEM ANSYS MAXWELL
modeling, Section 4 presents an experimental evaluation. The paper con-
cludes in Section 5.

2 Proposed IPDT System

The IPDT system proposed in this work is shown in Figure 1. This system
ensures power transmission and full-duplex mode information sharing simul-
taneously. It includes the power, and the data transfer circuits, and both are
connected across the coupled coils parallel manner. A high-frequency inverter
converts the DC into an AC signal. Then, the AC signal is transferred to the
primary coil via a compensation circuit. On both sides of the contactless
power transfer system, compensation circuits are connected. The receiver
coil receives the transmitted AC signal, which is then sent to the load via
the H-bridge rectifier. The information-sharing circuit includes a series and
parallel LC tank circuit-based injector/rejector. These data transfer circuits
are connected across the coupled coils parallel manner.

Power Transfer Circuit
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Figure 1 Proposed IPDT system.
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Compensation is required in an inductive battery charging system to
improve power transfer capabilities and achieve the required power level.
The following are some of the advantages of proposed IPDT system:

* No extra controller is needed for incorporating the full-duplex commu-
nication between the source and the load. The controller in the power
circuit is also used for full-duplex communication. Hence, it is an
economical one.

* The dual side LCC topology is adopted in the IPT system and it supports
high-level integration at the load side at variable mutual inductance.

* The modulated and demodulated signals are injected/extracted through
LC tank circuits. Hence, it is easy for implementing full-duplex com-
munication in an IPT system and supports acknowledgement free
communication between the source and the load.

2.1 LLC Based IPT System

Figure 2 shows the equivalent circuit of the IPT system. Here, L, Cg; are
series inductance of the source coil, and Ly, Cgy are parallel capacitance of
the load side coil. V; is known as input voltage, and the output voltage is V.
The parallel LC tanks are tuned to the modulated signals respective centre
frequencies. It creates a high-impedance path for the power signal, which
reduces interference from high-frequency modulated signals. Thus, parallel
LC tank circuit inductances Lp;, Lpa, Lps, Lpy, and capacitances Cp;, Cpa,
Cps, Cp4 are ignored for power transmission analysis.

In [18], the LCC topology is adopted in IPT for transmission of power
from the source to load. The parameters of the IPT system are taken
from [18] and is given in Table 1. The compensation capacitor’s value and
LCC network’s inductor and capacitors values are calculated from the self-
inductance of the coils and angular frequency of the power signal. The

—------ 2

Figure 2 LCC topology-based IPT system equivalent circuit.
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expressions (1) to (4) describe the currents through inductor L¢; and Lgs and
current in the primary side (I;) and secondary side (I).

= jwi/}/fl ©)
b= ijZfz @

2.1.1 Interference to the power signal

The proposed power transmission and full-duplex mode information sharing
circuit is given in Figure 3. From [19] and [20], the reflected impedance
model is developed for analyzing the interference between power and data
signals. The large difference in frequency of the power and data signals is
used to avoid interference between power and data signals. To achieve the res-
onance condition, the series and parallel LC tank circuit values are calculated
from the angular frequency of the information signals. The Equations (5)
and (6) describe the receiver coil impedance and reflected impedance to the
transmitter coil respectively, which are given below:

Ry - Zgs1 + Rr - Zas2 + Zas1 * Zas2
Rp + Zgs1 + Zas2

Zgo = jwlo + Ro+ Zcc +

)
w2 M?
242

Zag = (6)

In the above, Zg4g; is the impedance of the receiver data signal channel
and Zg4s2 is the impedance of the transmitter data signal channel. They are
given in equations [7] and [8], respectively.

. 1
Zas1 = jwLp + Gl + Zaa2(1) (7N

. 1
Zasy = jwLpy + 0Cs + Zaaz(2) (8)
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Figure 3 Inductive power and data transfer circuit.

Where Zg42(1) and Zgya(2) are the reflected impedances of the transfer
circuit. The primary side impedance after addition of information-sharing
channel is given in Equation (9),

Zgs1 (ijl + Ry + Zd21) + Ziso
“(Jwly + R1 + Zgo1) + Zas1 - Zas2

Zyn =2 + , ©)]
W ALCC T T v + Zasa + (jwLy + Ry + Zag1)
The primary coil’s voltage is in Equation (10),
Zgs1 - (JwLly + Ry + Zgo1) + Zaso
“(JwLy + R+ Z, + Zgs1- Z,
Voo — i - (JwLly + Ra + Zaz) + Zas1 - Zas2 (10)

Zgs1 + Zasa + (jwLly + R1 + Zg21)

Here, i; is the current at the primary side. The secondary side voltage is
given in Equation (11),

V .
Vo = jwM - Lo 11
» T OL Rt Zam (b
The IPDT system output voltage is given in Equation (12),
Vo Zys1 - Ziso Zgs1+ %
Vi = 2 Zast Ri + Zaso - R + Zas1 - Zas2 (12)

Za2 Zas1 + Zas2 + Ry,

The inverter output voltage V; and output voltage Vi, are compared
and interference in the power signal is analyzed.

2.2 Data Communication Full-Duplex Module

The following sections describe the data communication with the IPT system
and digital modulation techniques.
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(i) Source to Load Data transmission

The source to load data transmission is realized using series and parallel LC
tank circuits. The series LC circuits are connected in parallel with coupled
coils at both sides of the contactless power transfer system. It is used to inject
and extract the data signal. The primary side data signal is sent from the tank
L2Cs circuit to the secondary side via coupling coils. While the parallel
Lp1Cp; circuit presents a high impedance path, it also protects the source
from high frequency modulated signals. The series and parallel LC circuits
satisfy the resonance such that w}; LT2Cs = w3;Lgr1Cs = 1. The received
signal is extracted from the series Lr;Cy circuit. The parallel Lg;Cg; circuit
gives a high impedance path. It prevents the secondary side circuit from
receiving the high-frequency data signal.

The current iq; is calculated from the voltage Vi, and impedance Zqg .
Then, Equation (13) describes load side data communication channel output
voltage,

Vout1 = jwMiiq (13)

The modulator output Vj,; and output voltage Vo1 are compared and
interference in data signal is analyzed.

(ii) Load to Source Data transmission
The load to source data transmission is realized using series and parallel LC
tank circuits. The series LC circuits are connected in parallel with coupled
coils at both sides of the contactless power transfer system. It is used to inject
and extract the data signal. The secondary side data signal is sent from the
tank circuit L14C3 and is used to transfer the data signal from the secondary
side to the primary side via coupling coils. While the parallel Lp2Cps circuit
protects the load from the modulated signal, the series and parallel LC circuits
satisfy the resonance such that wﬁszCg = W§2LR3C1 = 1. The received
signal is extracted from the series Lr3C; circuit. The parallel LgoCgy circuit
gives a high impedance path. It prevents the source from receiving modulated
signal.

The primary side output voltage of the data communication channel is
given in Equation (14),

Voutz = jwMaige (14)

Where igs is the current in the primary side data communication circuit.
The modulator voltage Vi, and output voltage V,uio are compared and
interference in data signal is analyzed.
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(iii) Modulation and demodulation

Full-duplex mode information sharing circuit is employed in the IPDT system
to transfer a piece of information to start and stop the battery charging.
It also confirms the IPDT system controllability. Phase-shift keying (PSK)
and Amplitude shift keying (ASK) are connected separately with the LCC
topology-based WPT system.

In ASK modulation method, the amplitude of the carrier signal is varied
by the digital binary sequence. The ASK-OOK (on-off keying) is used to
verify the full-duplex mode information sharing in the IPDT system. In this,
the 1.44 MHz high frequency modulated signal is used for binary data 1
while no signal is transferred for binary 0. The ASK-OOK is described in
Equation (15):

Agcos2rf.t  forl
m(t) = { 0 for 0 (15

Figure 4 shows the ASK modulator and demodulator. The ASK signal is
generated by the balanced modulator. At any given time, the output voltage
is the product of the two input voltages. One of the inputs is a high-frequency
AC coupled carrier wave. The other input, which is the data signal to be
transmitted, is DC coupled. It’s referred to as modulating signal.

Carrier Sinwave #—— Carrier

Input
Output ——o ASK
Unipolar ¢ Modulation Waveform
Data Stream Input
(a)
ASK ¢— _9}_ | | lowPass | | Voltage |  Output
Input Signal Filter Comparator Data
Rectifier
Detector
(b)

Figure4 ASK (a) modulator (b) demodulator.
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Figure 5 (a) PSK modulator (b) PSK demodulator (c) PSK receiver system.

The method to demodulate the ASK modulation results in an increased
simplicity at the receiver side. The received ASK demodulated signal is given
to the rectifier and then passed through the low pass filter. The resulting
waveform is squared up, and output is the actual data stream.

In PSK, the phase of the high-frequency carrier wave is altered when
modulating signal bit changes from 1 to 0 and O to 1. But there is no change in
the frequency of the modulated signal. The PSK is described in Equation (16):

_ JAcos2nf.t  forl
m(t) = {—A cos 2w fet  for O (16)

Figure 5 shows the PSK modulator and demodulator. The PSK signals
are generated in a balanced modulator. The modulator output is a sinewave.
It is in phase or out of phase with the carrier input accordance with positive
or negative level of modulating signal respectively.

The signal squarer changes the phase of modulated PSK signal from 0°
and 180° to 0° and 360°. It is a technique for multiplying an input signal by
itself. Here, the phase transitions are removed from the actual PSK signal.
The PLL creates a frequency-matched clean square wave output, which is
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then delivered to the divided by 2 circuits. The phase adjusts circuit modifies
the digital signal phase and allows the actual PSK wave to pass over the
detector.

The demodulated signal is passed through a low pass filter, which rounds
the data signal for use in digital processing. Then, the original data signal gets
from the differential bit encoder and voltage comparator.

ASK and PSK are digital modulation techniques. In ASK, the amplitude
of the high-frequency carrier signal is varied in accordance with the digital
input signal. The process of changing the carrier signal phase in accordance
with the digital input signal is known as PSK. The probability of error is
lesser, and signal-to-noise ratio (SNR) is higher in PSK compared with ASK.
Further, PSK is more power-efficient than ASK. Thus, PSK is a suitable
digital modulation technique in the RF communication system.

3 Simulation Results

The transmitter and receiver coils are modelled in the FEM Ansys maxwell
simulation tool. The computed results are now discussed.

3.1 FEM Model

Figure 6 shows the designed coupled coil structure. The proposed system
used Litz wire in coupled coils structure. Mutual inductance (MI) gives a key
role in designing an effective WPT system. It depends on Litz wire diameter,
the radius of the connected coupled coils radius, turns separation, coupled
coils’ number of turns. FEM 3D modelling is used to develop the proposed
coupled coils structure, and the findings are then used in 2D modelling.

The specifications of the coupled coils are given in Table 1. To compute
the MI of connected coupled coils, the distance between coupled coils is
varied vertically. The MI is computed, and Figure 7 shows the magnetic flux
density distribution for 50 mm between connected coupled coils of the [IPDT
system. The mutual inductance value for 50 mm distance is used for creating
an effective contactless power transmission system.

4 Measurements and Validation

The IPDT system developed is shown in Figure 1, and a snapshot of it
is found in Figure 8. The experimental setup consists of a DC source,
SiC-based inverter, spiral circular coupled coils, compensation circuits, and
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Figure 6 Designed coupled coil structure in FEM.

Table 1 Coupled coils specification

Parameter Specification
The transmitter coil’s number of turns 26
The receiver coil’s number of turns 26
The transmitter coil’s self-inductance in uH 230
The receiver coil’s self-inductance in H 230
Mutual Inductance in £H (50 mm) 48.26
Transmitter side capacitance in uF 0.329
Receiver side capacitance in pF 0.329
Transmitter series inductance in pH 37.79
Receiver series inductance in uH 37.79
Conductor radius in mm 5
Coil Diameter in cm 30
Type Circular
Voltage 60
Frequency in kHz 20

AC to DC conversion circuit. The LCC compensation circuit is connected at
both transmitter and receiver sides. The gating pulses are generated from the
FPGA controller and are supplied to the inverter set at a frequency of 20 kHz.
The primary side coil receives the inverter’s output, while the secondary side
coil receives the transferred signal, which is then sent to the rectifier and filter.
From the fabricated hardware, waveforms were recorded at different points
of the circuit and are given in Figure 9. The input impedance phase angle is
observed to be 13° for a 50 mm distance between the proposed coupled coils.
At a constant load of 12€2, the inverter voltage and current are measured for
an MI value of 48.26.
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Figure 7 Coupled coils magnetic flux density distribution at 50 mm.

(b)

Figure 8 (a) Photograph of experimental setup (b) Litz wire coil used in IPDT system.
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The full-duplex communication channel is used for data transmission on
both the transmitter and receiver sides. Table 2 gives the LC tank circuit
specification. From Figure 1, the source side sinusoidal signal of frequency
263 kHz is generated. It is inserted via a series LC circuit and the signal
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Table 2 LC tank circuit specification

Parameter Specification
Forward Data Transfer Channel:
Transformer inductance Lt & Lo in uH 1.66
Transformer inductance Lr1 & Lgr2 in pH 1.66
Inductance Lp; and Lg; in pH 1.66
Capacitance Cz, C4, Cg, Cp1 & Cq1 in uF 0.22
Frequency in kHz 263
Reverse Data Transfer Channel:
Transformer inductance L3 & Lt4 in pH 0.18
Transformer inductance Lr3 & Lra in pH 0.18
Inductance Lp2 and Lg2 in pH 0.18
Capacitance C;, C3, Cs, Cp2 & Cs2 in uF 0.068
Frequency in MHz 1.44
| : : : g
i sfiekal s . : .- . : ahafhs : e e Quagals E -
ARSRAERS AR ELHER
P70 tommivedsgrat ¢ Pt L1
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Figure 10 Source side signals.

is received at the load side. Figure 10 shows the transmitted and received
waveforms. The load-side PSK signal of frequency 1.44 MHz is generated.
It is inserted via a series LC circuit and the signal is received at the source
side through a series LC circuit. Figure 11 shows the transmitted and received
waveforms. The same procedure is repeated for analyzing the transmission
of ASK and sinusoidal signals. Figure 12 shows the ASK transmitted and
received signals. The data transmission delay Ax is around 3.47 us, which is
indicated in Figures 11 and 12.

The power and bitrates values were obtained from the IPDT system
for 50 mm and 100 mm distances between coupled coils i.e., two different
values of coupling coefficient and mutual inductances. The value of coupling
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coefficient and mutual inductances decrease while changing the distance
between coupled coils from 50 mm to 100 mm. Under resonance conditions,
the reactive components of the transmitter and receiver coils are cancelled by
added compensation circuits, while the LC tanks in data circuits provide a
high impedance path to the power signal. As a result, the 46.6 W and 35.2 W
of power were transferred from the source to the load for 50 mm and 100 mm
respectively. In case of heavy misalignment that is +—45%, the value mutual
inductance changes from 48.26 pH to 22.48 uH. It affects the value of
reflected capacitor and changes in resonance region. As a result, the inductive
coil current decreases. Moreover, ASK and PSK communication circuits are
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Table 3 Data rates, output power, and data signal peak voltage for various distances
Distance(mm) Between  Output Power Data Rate PSK Signal =~ ASK Signal

Coupled Coils in Watts in kbps in Volts in Volts
50 46.6 288 1.6 1.3
100 352 288 0.75 0.6

Table 4 Performance comparison between proposed and available works

Literature Power Rating in Watts ~ Data Rate in kbps  Mode of Communication
[19], 2016 250 19.2 Half-duplex
[12],2018 40 230 Half-duplex
[15], 2019 354 19.2 Half-duplex
[21], 2021 600 80 Full duplex
(This work) 46.6 288 Full duplex

individually connected with the IPDT system. The peak voltage of the PSK
is more than the peak voltage of the ASK modulation scheme. It is shown in
Table 3.

The simple passive components are used in the developed IPDT system.
Thus, the proposed IPDT system is easy to implement and economical.
In addition, the data transmission initiation is possible without any acknowl-
edgment between the transmitter and the receiver sides data communication
module. The performance comparison table is given in Table 4. From the
table, the developed IPDT system has low latency and the data rate reaches
288 kbps. Moreover, it supports full-duplex mode communication between
the source and the load. It is a good solution for WPT systems applications
with low and medium power.

5 Conclusion

In this paper, ASK and PSK modulation techniques for full-duplex commu-
nication in LCC topology-based WPT systems were analyzed and compared.
The mutual inductance and flux density distribution were calculated using
FEM Ansys maxwell and the IPT system designed effectively. The series
and parallel tank circuit’s properties are used to design full-duplex commu-
nication in the IPT system. Besides, the interference between power and
data signals was analysed through the reflected impedance-based model.
Furthermore, the power and data are transferred simultaneously through
single coupled coils. The 46.6 W and 35.2 W of power transferred from the
source to the load for 50 mm and 100 mm respectively. While the data rate
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reaches 288 kbps for both distances. Further, the peak voltage is more for the
PSK modulation technique than the ASK modulation technique. Thus, PSK
is a suitable and power-efficient technique in the WPT system.
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