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Wireless Power and Bidirectional Data Transfer
Scheme for Battery Charger

Chih-Cheng Huang and Chun-Liang Lin , Senior Member, IEEE

Abstract—Wireless battery charging has been becoming a recent
trend in mobile devices. However, there are relatively less research
efforts focusing on the large power applications. It is a major draw-
back of the battery charging in traditional electric vehicles which
relies on the use of a plug-in charging device. This paper proposes
a wireless power and bidirectional data transmission scheme, data
related to battery status, vehicle identification number, or emer-
gency messages that can be mutually transmitted between two
isolated units via the same LC tank. The primary unit employs an
inverter to yield alternating current and power flow to the load
via mutual inductance. The secondary unit transfers data by ad-
justing current of load, and the primary unit receives data based
on the zero-voltage switching method. The primary unit transfers
command by trimming the current’s curve and the secondary unit
receives command and make decoding using the period of carrier
wave. It is worth to mention that the design scheme enables it to
handle the situation of emergency by sending back the message to
the primary unit to make an emergency halt.

Index Terms—Communication systems, electric vehicle, power
and bidirectional data transmission, wireless power transfer, zero-
voltage switching (ZVS) method.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is designed to deliver
power from a stationary primary source to one or more

movable pickup units through mutual inductance magnetic
coupling over an air gap. The wireless charging method
becomes increasingly popular in industrial and domestic appli-
cations over a wide ranges [1], [2] recently leading to various
utilizations such as contactless battery charging for electric
vehicles [3]–[7], induction cooking heat [8], [9], bidirectional
IPT [10]–[12], vehicle-to-grid power systems [13], [14], cell
medical implants system [15], [16], phones charging [17],
avionic applications system [18], dynamic charging systems
[19], [20], power and data transfer system [21], [22], and special
applications [23]–[26].

A survey of empirical wireless power transfer across diverse
applications with different technologies was presented in [1]
by comparing power level, gap distance, operational frequency,
and efficiency. Wu et al. [2] presented a state of the art literature
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review on the recent advancements of IPT technology used in
electric vehicle (EV) charging. However, most of the literature
focus on power transfer alone. In [10], its proposed IPT system
shows high operational efficiency and it has been applied to
vehicle battery charging. In the system architecture, it consists
of outer and inner control loops to handle the dual-side con-
trol strategy, which employs an added wireless communication
device to transfer data from the secondary side to the primary
side. However, considering better power transfer safety of two
isolated units, it is necessary to keep monitoring battery status
feedback to the primary unit at all times. In [22], the IPT system
used contactless technology to transfer power and information
transmission in a drill machine. It has two sets of coils for power
and data transmission. However, the system works with two op-
erating frequencies, which may result in relatively high cost in
the products. Wang et al. [27] have proposed a method to detect
load parameters in the IPT system that is important to establish
an efficient and stable wireless power supply of good quality
for cookroom appliances. A transient load detection method is
to detect load parameters and loading conditions by utilizing
the energy injection mode and free resonant mode to check the
feedback signals for load information. This method is simple
and reliable. However, it does not include the function of data
transmission.

The work presented here proposes a completely new con-
tactless power and bidirectional data transmission scheme us-
ing a flyback converter which utilizes zero-voltage switching
(ZVS) method to improve power transfer efficiency and reduces
electromagnetic interference (EMI) noise. The secondary unit
modulates data by adjusting instantaneously the load current,
and the primary unit receives data under ZVS. The primary
unit sends command by trimming current and the secondary
unit receives command and conducts data decoding. Sheikhian
et al. [28] presented a transient load detection approach to detect
load conditions alone by utilizing the energy injection and free
resonant modes. Our approach possesses the similar structure;
however, the focus and functions are completely different. Here,
bidirectional digitized data transmission is considered.

The primary design motivated in this work intends to illus-
trate the structure of this effective power and bidirectional data
transmission scheme which can be used with the vehicle posi-
tioning system serving as a wireless vehicle charge station. In
addition to the vehicle positioning system for locating the opti-
mal parking location for energy transmission in the parking lot,
extra messages during battery charge can be involved. This may
include vehicle identification number, battery status, emergency
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message, and information for miscellaneous applications. This
paper mainly focuses on the development of the simultaneous
power and bidirectional data transmission scheme. Design of
the positioning system will come in another publication.

Novelty and merits of the proposed IPT system are summa-
rized as follows:

1) the feature of bidirectional data communication via mag-
netic flux between induction coils possesses advantages
such as no channel interference, no robust EMI, no need
of complicated device settings, no base stations, and no
robust to severe environmental condition;

2) the charging status (voltage and current) can be governed
from the primary side (ground station);

3) the vehicle license ID can be recognized by the grid side
for billing. This function is essential for applications of
microgrid in a parking lot.

II. SYSTEM DESIGN

A. Circuit Design

In this work, a wireless vehicle charger with the capacity of
simultaneous power and bidirectional data transferring scheme
is studied. During startup, the primary unit in our design works
with two tasks in order: payload detection and soft start (initial
current generation). The former detects if there is payload at the
secondary side. If there is no load on the pad’s inductance, the
primary unit will not output power. If a load detected, the soft-
start current will be ramped up to a preset level. This mechanism
had been used to minimize surge current flowing through the
switch. The grid (primary) side plays as the power supply using
the utility power source of ac 110 V/60 Hz.

The vehicle (secondary) side receives power transferred from
the primary side to the vehicle battery. In addition to power
delivery, both sides can transmit and receive message via the
same conduction coils. Fig. 1 illustrates the schematic diagram
of the proposed system. The system adopts a flyback inverter,
which is constituted by ordinary electronic components which
is also small in size for convenience of installation in engine
compartment.

Referring to this figure, the system consists of two mutu-
ally magnetic coupling circuits. For the grid powered battery
charging station, after converting the utility power to Vbus via
a rectifier and filter, the transmitter generates power at the pri-
mary coil and induces mutually to the secondary coil within
the vehicle to carry out the wireless power delivery. Q2 at the
secondary side has two functions, i.e., it bypasses output cur-
rent and transmits the “Tx data” such as output voltage, current,
etc. The primary side receives data by detecting the period of
the feedback voltage Vc . A second-order low-pass filter formed
by the inductances L01 and L02 and capacitors C21 and C22 is
used to filter current variation resulting from data transmission
during batter charge.

For data communication, after the Tx data have been received
at the primary side, it will be acknowledged. Q1 at the primary
side reacts by sending a command back to the secondary side.
In the secondary side, a current transducer is connected to the
circuit to receive the command.

Fig. 1. Schematic diagram of the simultaneous wireless power and bidi-
rectional data transfer system. (a) Signal transmission path of data feedback.
(b) Signal transmission path of command sending.

At the primary unit, parameter tuning of the LC compensation
circuit is essential. Though such tuning depends on the load, it is
not necessary to adapt the resonant system because the coupling
factor is low. The operational frequency is given by

f =
1

2π
√

LpCp

(1)

where Lp and Cp are compensation inductance and capacitance
at the primary unit, respectively.

B. Topologies

In the IPT systems, the open-circuit voltage (VOC) and short-
circuit current (ISC) of the power pad, and the quality factor can
be measured. Therefore, the power can be calculated by

P = PSUQ = VOCISCQ = ωMI2
p

M 2

Ls
Q

= VpI
2
p k2Q (2)

where ω is frequency of the current ip , Vp is voltage across
Lp ., and PSU is the uncompensated power rating. As shown
in Fig. 1, the mutual inductance M is related to the magnetic
coupling factor and the load quality factor Q of the secondary
unit which are given by

k =
M

√
LpLs

(3)

Q = ωCsRL (4)

where Lp is measured with the transmitter pad presented but
open circuit. The operational frequency and power rating of
the supply are limited by the switching components that are
presently available, and both have to be balanced based on the
switching and copper losses. This work has selected suitable Q
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Fig. 2. (a) P-P type topology, (b) mutual inductance coupling circuit, and
(c) equivalent impedance circuit.

and k to remain transfer power efficiency [7] and S/N ratio for
controlling data transmission quality.

The simultaneous wireless power and bidirectional data trans-
fer system adopts parallel–parallel (PP) reactive power compen-
sation. The parallel-compensated primary unit is used to gener-
ate large primary current. The parallel-compensated secondary
unit works like a current source in which the characteristics of
the parallel secondary unit are appropriate for battery charging
[5]. The simplified topology of PP-type compensation is illus-
trated in Fig. 2(a). By a mutual inductance coupling model, this
topology can be modeled by the circuit illustrated in Fig. 2(b).
The compensation network with equivalent impedance is illus-
trated in Fig. 2(c).

The voltages across the primary and secondary windings are
given, respectively, by

Vp = −jωMIs + jωLpIp (5)

Vs = −jωMLsIs + jωMIp. (6)

The current flowing the secondary winding is given by

Is =
jωMIp

Zs
. (7)

Normally, the resonant frequencies of the primary and sec-
ondary sides are identical

ω =
1

√
LpCp

=
1√

LsCs

. (8)

The respective impedances of the secondary unit is given by

Zs = jωLs +
1

jωCs + 1
R

. (9)

The reflected impedance from the secondary unit to the pri-
mary unit is given by

Zr =
ω2M 2

Zs
. (10)

Data transmission from the secondary unit to the primary
unit is conducted with the same mutual inductance. The load
impedance at the primary side is determined by combining the
primary and secondary networks, i.e.,

Zt =
1

jωCp + 1
jωLp +Zr

. (11)

To minimize VA rating, it is common to select imaginary
components of the load impedance to be zero at the resonant
frequency (ω0) of the secondary side.

Substituting (9) into (10), the reflected resistance and reac-
tance [3], [29] can be obtained as

Zr =
ω2

0M 2

Zs
=

M 2R

L2
s

− j
ω0M

2

Ls
. (12)

Substituting (12) into (11), the load impedance can be ob-
tained as

Zt =
1

jω0Cp + L2
s

M 2 R+j (ω0 Lp L2
s −ω0 Ls M 2 )

. (13)

This matches to the standard form as

Zt =
1

ja + b
c + jd

. (14)

Selecting the imaginary components of the load impedance
Zt to be zero as follows:

db − a
(
c2 + d2) = 0 (15)

where

a =
bd

(c2 + d2)
. (16)

From which we easily know that

Cp =

(
LpLs − M 2

)
CsL

3
s

M 4CsR2 + Ls(LpLs − M 2)2 . (17)

Cp compensates not only the primary inductance, but pro-
vides the reflected impedance in series with the primary
winding.

C. Power Pad

Two nominally identical circular magnetic structures are used
as power pads to couple flux between the primary transmitter
and secondary receiver. Both sides communicate through the
power pads as well. Each power pad has four major components
illustrated as in Fig. 3.

D. Measurement

The proposed system is supplied by a utility power source
with 110 VAC 60 Hz. The measurement considers output power
up to 700 W across the load RL when no data are transferred.
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Fig. 3. Structure of the power transmission pad.

Fig. 4. Wireless 400 W power transfer (under 25 mm air gap and 0 mm offset).

Fig. 5. Wireless 700 W power transfer (under 25 mm air gap and 0 mm offset).

In Figs. 4 and 5, the first curve represents Is , the second curve
represents the ON-OFF status of Q2 with duty cycle 100%, the
third curve represents Vc , and the last curve represents the gate
voltage of Q1 . Q1 turns ON when Vc reaches 0 V. When Q1
turns OFF, both of Vc and Is increase. This shows characteristics
of the ZVS method.

III. DATA TRANSMISSION

Simultaneous wireless power and bidirectional information
transmission is a practical enhancement of the current wireless
power charging device. With which, the vehicle identification
number, battery status, active control commands, and many oth-
ers could be mutually communicated via the system. We propose
a data attached method to synchronize the carrier wave with the
same LC tank. This is introduced below.

To prevent data collision, the data string is arranged as il-
lustrated in Fig. 6 where reset time is set to wait for the next

Fig. 6. Format of data sequence.

TABLE I
PROTOCOL FOR DATA COMMUNICATION

Data type Baud rate Start
segment

Data
segment

Checksum
segment

Stop
segment

Normal 120 Bd. 1 bit 8 bit 8 bit 1 bit
Emergency Operating

freq. Bd.
1 bit 4 bit 4 bit 1 bit

Fig. 7. BFSK technique.

string, “Tx data” refers to the feedback normal message from
the secondary side such as output voltage, current, etc., and “Tx
cmd” is sent from the primary side to command the secondary
side for the corresponding action.

A. Communication Protocol

We divide data into two categories according to the attribute
of the message sources to be transmitted. The first category is
the normal message, such as output voltage, current, etc. It is
processed with a slower rate. The Tx data of the secondary side
are sent to the primary unit for charging efficiency calculation.
The Tx cmd of the primary side is sent to the secondary side as a
command issuer. The second category is the emergency message
source, such as over voltage, over current, etc. It is processed
with a faster data rate for prompt reaction. Specifications of the
data packet for normal and emergency messages are summarized
in Table I.

We use the frequency-shift keying (FSK) technique for
data modulation with which digital information is transmitted
through discrete frequency changes of a carrier wave to mod-
ulate data. The binary FSK (BFSK) adopts a pair of discrete
frequencies to distinguish and transmit binary data (0 s and 1
s) as shown in Fig. 7. While transmitting power, we implement
BFSK to the IPT system to transmit digital signal simultane-
ously. The binary system for the digital signal is defined as

s(t) =

{
A cos(2πfct), ′′1′′

A cos(2πfz t), ′′0′′
(18)

where s(t) is the carry wave, fc is the working frequency rep-
resenting the digital “1,” and fz is the frequency with which the
IPT modulation refers to the digital “0.” For details of the BFSK
method, one is referred to [30].
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Fig. 8. Description of the bidirectional data transmission principle via two
mutually magnetic coupling circuits.

Fig. 9. Data transmission and decoding mechanism.

The primary unit transfers power to the secondary unit and
data transmission communicates both sides as depicted in Fig. 8.
In the figure, the period between zero-crossing is identical to
that of the ac line. The primary unit employs a zero-crossing
detection circuit to yield “after comparing ac line” signal as the
time base clock. The secondary side uses a current sensor to
measure Is and make comparison to yield “after comparing I”
signal. The processor utilizes it to generate the time-based clock
as well.

The carry frequency fc , measured during the preamble period
on both sides, can be used to discriminate digital “0” or “1.” In
the preamble section, TOFF of the duty cycle of Q2 is fixed.
The secondary unit sends data emerged in data section and the
primary side receives data in the shadow section. When the
primary unit places and sends command in the cmd section, the
secondary side receives and places it in the shadow section.

B. Data Transmission

Fig. 9 pictures how the system transmits power to the load RL

and acquires information back simultaneously, in which VREF

and IREF can be a fraction as opposed to Vc and Is , respectively.

Fig. 10. Simultaneous wireless 400 W power transfer while simultaneously
modulating a digit “0” by reducing the duty cycle of Q2 from 100% to 94%
(under 25 mm air gap and 0 mm offset).

The second curves of the primary and secondary sides are
obtained from comparators. Here, Tc (1) and Tz (0) are deriva-
tives of fc and fz , respectively. In the preamble section, both
sides measure and calculate Tc(1) with duty cycle of Q2 equal
to 100%.

In data section, the secondary unit arranges data sequence to
be transmitted. When the data bit is Tz (0) (with modulation),
the output current is reduced by decreasing the duty cycle of Q2 .
The reduced current produces a time delay Δτ at the secondary
side. Referring to Fig. 9, in the c-d section, Q2 is OFF, the current
Is flowing through the load RL will store in Cs . During the d-e
section, Q2 is ON, Cs discharges to RL . The delayed discharge
of Cs will be affecting Vc at the primary unit [see (5)]. This
delays the time of Vc reducing to 0 V, causing a bump at the
falling part of Vc corresponding to the d-e section. Q1 works
under ZVS; thus, the time to turn ON Q1 is delayed as well (at
around the time point e). This induces an extra time delay Δτ
in the a–e section while compared with that in the e–g section.
The time delay Δτ generating the digital “0” is defined as

Tz (0) = Tc (1) + Δτ (19)

where TZ (0) (with modulation) is the period of the carrier wave
for digit “0” and TC (1) (the normal status, i.e., without modu-
lation) is for digit “1.” Δτ refers to the S/N ratio. Increasing Δτ
implies better robustness and data transmission quality against
noises which would be beneficial for the controller at the pri-
mary side to decode signals.

As mentioned above, the secondary unit transmits digits “0”
and “1” by TZ (0) and TC (1) in data section. The primary unit
receives modulated data and decodes it to be “0” and “1” de-
pending on TZ

′(0) and TC (1). The principle for the primary unit
distinguishes the digital “0” is based on the following formula:

TZ
′ (0) > TC (1) + Δref (20)

where Δref is a threshold for judging the digit “0” at the primary
side. If Δτ > Δref, (20) holds. Figs. 10 and 12 display the
function for modulating a digital “0”at the center of the data
string. The first to the fourth curves represent, respectively, Is ,
the ON-OFF status of Q2 , VC and the gate voltage of Q1 . One
can see TZ (0) by modulating the duty cycle of Q2 from 100%
to 94% in Figs. 10 and 11 for 400 and 700 W power transfer,
respectively, and 90% to 80% in Fig. 12 for 350 W power
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Fig. 11. Simultaneous wireless 700 W power transfer while simultaneously
modulating a digit “0” by reducing the duty cycle of Q2 from 100% to 94%
(under 25 mm air gap and 0 mm offset).

Fig. 12. Simultaneous wireless 350 W power transfer while simultaneously
modulating a digit “0” by reducing the duty cycle of Q2 from 90% to 80%
(under 25 mm air gap and 0 mm offset).

Fig. 13. Relationship between Δτ and duty cycle of Q2 .

transfer. Those introduce TZ
′(0) on VC . Figs. 10–12 reveal that

the current Is affects the operating frequency. The periods of
Is and Ip are identical, as depicted in (8). The proposed system
adopts the flyback inverter, which is only constituted by ordinary
electronic components with no special components; it is also
small in size for convenience of installation in cars.

Fig. 13 shows the varying duty cycle of Q2 versus Δτ . It can
be seen that after adjusting duty cycle, a near-linear relationship
can be obtained for the duty cycle lies within 85% to 94% as

Modulated Toff � Δτ + ε (21)

where the modulated Toff is duty off of Q2 for the secondary
unit to send the digit “0,” the uncertainty |ε| ≤ 0.5 μs in the
experiments. If the modulated Toff + ε > Δref, the primary unit
decodes data as the digit “0.”

Fig. 14. Working mechanism of command transmission.

C. Command Transmission

Fig. 6 illustrates that Tx cmd follows Tx data. When the
primary unit has received normal messages from the secondary
unit, it reacts by sending Tx cmd. Fig. 14 depicts how the system
handles the simultaneous wireless power transfer with the Tx
cmd.

When the system operates normally without emergency oc-
curred at the secondary unit, the primary unit puts command in
the com. section with baud rate equal to 120 Bd as shown in
Table I. The secondary unit pickups command in the shadow
section from the signal “After comparing I.” The primary unit
trims the duty cycle of Q1 when modulating a digit “0.” As
shown in Fig. 14, TON is shorter when modulating “0” while
compared with that of modulating “1” which has longer TON.
The reduced current causes a missing time Δτ at the primary
side. Referring to Fig. 14, the primary unit sends data arranged
in the Cmd. section. In the b-c section, the time of Q1 ON is
comparably shorter than other sections. The reduced current of
Ip will be affecting the secondary unit. This can be referred
from (24). This causes a reduced time period Δτ at the shadow
part in the a-d section than that in the d-e section. This can be
found from the upper figure of Fig. 14. The term Δτ generating
the digital messages “0” is defined as

TP 2S
Z (0) = TC (1) − Δτ . (22)

The secondary unit receives command and decodes it to be
“0” or “1” depending on TC (1) and Δτ . The secondary unit
distinguishes the digital “0” based on the following criterion:

T̃ P 2S
Z (0) < TC (1) − Δref (23)

where Δref is a threshold for recognizing the digit “0” at the
secondary side. If Δτ > Δref, the primary unit trims the duty
cycle of Q1 as

Trimmed Ton � Δτ + ε (24)

where Δτ and ε are defined as above. If the modulated
Trimmed Ton > Δref, the secondary unit decodes data as the
digit “0.” Figs. 15 and 16 display the function for modulating a
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Fig. 15. Simultaneous wireless 400 W power transfer while simultaneously
transferring Tx cmd (under 25 mm air gap and 0 mm offset).

Fig. 16. Simultaneous wireless 700 W power transfer while simultaneously
transferring Tx cmd (under 25 mm air gap and 0 mm offset).

Fig. 17. Insignificant efficiency drop of the simultaneous wireless power and
data transfer.

digit “0” (Δτ = 4 μs) at the center of the data string. The first to
the fourth curves represents Is , after comparing I, VC , and gate
voltage of Q1 . It is seen that TP 2S

Z (0), by modulating the duty
cycle of Q1 , is shorter than that of modulating a “1” by 4 μs.
Figs. 15 and 16 show that the current Ip affects the operating
frequency. It should be noted that the communication quality is
unrelated to the duty cycle of Q2 but to the value of Δτ . There-
fore, there is no deterioration in communication quality while
using 100% or other settings of the duty cycle of Q2. However,
the later would cause more power consumption because of more
switching.

Degradation of the power transmission efficiency is examined
when data are simultaneously transmitted with the ac power as
shown in Fig. 17. In this figure, it is seen that there is only a slight

Fig. 18. Harmonics of is .

Fig. 19. Simultaneous wireless 400 W power and emergency message transfer.

change on efficiency of simultaneous power and bidirectional
data transfer. Fig. 18 displays the harmonic spectrum of the
secondary current is when the output is 600 W. In the figure,
there are most significant frequency components within five
order in the spectrum with THDF = 26.99%. The primary unit
has a filter as shown in Fig. 1 which can filter these harmonic
frequencies. In addition, the primary unit outputs power only
when the load-detected function reports there is load at the
secondary unit. This ensures energy will be fully transmitted
to the secondary unit. Therefore, the concern of emission of
high-order harmonics is not likely to exist.

D. Emergency Message

During power transfer, if there is over charging voltage or cur-
rent, the system can, with the highest priority, stop transferring
power immediately through emergency communication.

Experiments have been conducted by considering reduction
of the duty cycle of Q2 from 100% to 94% to induce an extra
time delay Δτ = 4 μs. The results are displayed in Figs. 19 and
20. They show that when the output power is set to be low power
400 W and high power 700 W, the primary unit can decode data
correctly.

E. Summary of Operation

Q1 handles power transfer based on ZVS as illustrated in
Figs. 4 and 5. Then, Q2 sends “Tx data” which works with pulse
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Fig. 20. Simultaneous wireless 700 W power and emergency message transfer.

Fig. 21. Operational flow chart of the wireless power and bidirectional data
transfer scheme.

weight modulation to transfer data as illustrated in Figs. 10 and
12. Next, Q1 sends back “Tx cmd,” see Figs. 15 and 16. If there
is any contingency, such as overcharging voltage or current,
the secondary unit sends an emergency message as shown in
Figs. 19 and 20. Fig. 21 illustrates the operational flow of the
wireless power and bidirectional data transfer scheme, which
starts from time reset then proceeds to the data transmission
mode. This is explained as follows:

1) Tx data: after resetting time, the secondary unit sends
“Tx data” such as battery status, the vehicle identification
code, or emergency message, etc., to the primary unit;

2) Rx data: the primary unit receives data;
3) Tx cmd: after the primary unit received data, it acknowl-

edges “Tx command” which commands what type of data
to be sent from the secondary unit next;

4) Rx cmd: the secondary unit receives command and con-
ducts the corresponding action.

TABLE II
PARAMETERS AND SPECIFICATIONS OF THE PROTOTYPE IPT SYSTEM

nominal frequency 22 kHz
Max output power 700 W
Rated load 40 Ω
Primary inductance 70 μH
Primary capacitance 0.35 μF
Primary outer diameter 165 mm
Primary windings 20 turns
Mutual inductance 26.1 μH
Secondary inductance 69.4 μH
Secondary capacitance 0.35 μF
Secondary outer diameter 165 mm
Secondary windings 20 turns
Lo1 4 μH
Lo2 84 mm
C21 270 μF
C22 280 μF

Fig. 22. Hardware of the proposed IPT system.

IV. EXPERIMENTAL VERIFICATION

Since the primary unit is operated based on ZVS, the sys-
tem may change its operational frequency with the load RL .
Q1 at the primary unit operates under ZVS to achieve higher
efficiency and less switching loss. When the vertical shift of the
gap between Lp and Ls or the load RL has changed, it will
cause a slight change of the operational frequency between 24
and 19 kHz. Therefore, the period of TC (1) in Figs. 4 and 5 is
unlikely to be fixed. To tackle the problem, both units measure
the period of TC (1) in the preamble section as a reference, as
depicted in Fig. 8.

The following experiments are conducted to check whether
the communication quality deteriorates when there is a shift
between two power pads or a load change. Table II lists circuit
parameters of the prototype IPT system. Δref is equal to Δτ/2
in all experiments.

Hardware of the proposed system and testing scenario are
shown in Figs. 22 and 23, respectively. The core of the primary
and secondary control units is realized in ARM Cortex-M0 CPU
to handle human–computer interaction, power transfer, and bidi-
rectional data transmission. The operational clock of CPU is 24
MHz which is enough to meet the current requirements.

Operational flow chart of the wireless power and bidirectional
data transfer scheme is shown in Fig. 21. The communication
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Fig. 23. Test scenario of the wireless power and bidirectional data transmis-
sion; (a) initial lateral shift between two units, and (b) vertical alignment.

Fig. 24. Simultaneous wireless data/power transfer at 700 W when modulating
a data bit with power output filtered via a second-order low-pass filter.

quality is measured by considering the index defined as

communication quality =
pass count
total count

% (25)

where total count is 1000 for the normal messages transmitted,
see Fig. 6, and pass count is the number of the correct data
packet received defined by

Checksum = Data2′s. (26)

If checksum is equal to Data2’s, the data received are recog-
nized as correct one.

To reduce current variation during battery charge, we have
included a second-order low-pass filter in the secondary side as
illustrated in Fig. 1. The case of output power 700 W is shown
in Fig. 24. No significant surge in current Io and voltage Vo is
seen when Q2 modulates data.

Fig. 25 presents the result of communication quality. It was
recorded by adjusting the vertical shift of the gap between Ls

and Lp from –20 to +20 mm. From the experimental results,
the index of improvement is observed by increasing Δτ . Fur-
thermore, the index can be maintained up to 90% when vertical

Fig. 25. Data communication quality for the different vertical shift between
Lp and Ls with the nominal air gap 25 mm.

Fig. 26. Data communication quality under different output powers.

Fig. 27. Data communication quality under different air gaps between two
power pads.

shift of the gap remains between –5 and +5 mm and Δτ is kept
in between 3 and 5 μs.

Fig. 26 indicates the effect of power output on communication
quality. The system achieves satisfactory performance when it
works between 400 and 700 W.

Concerning communication quality, Fig. 27 shows that the
optimal air gap between Ls and Lp is between 15 and 25 mm. It
is noted that the experimental result was obtained based on the
prototype of the current design. The optimal air gap between
transceiver and receiver changes with the system.

Based on the extensive results of data collected via the LC
tank, the following polynomial related to lateral misalignment,
air gap, and data collection can be established:

f (x, z) = p00 + p10x + p01z + p20x
2 + p11xz + p02z

2

+ p30x
3 + p21x

2z + p12xz2 + p03z
3 + p40x

4

+ p31x
3z + p22x

2z2 + p13xz3 + p50x
5

+ p41x
4z + p32x

3z2 + p23x
2z3
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Fig. 28. Communication quality with respect to lateral misalignment and
air gap; (i) lateral misalignment versus Q, (ii) lateral misalignment versus air
gap, (iii) air gap versus Q, and (iv) combined lateral misalignment and air gap
versus Q.

where f(x, z) denotes the completely received data packet num-
bers which we sent per hundred times under different lat-
eral misalignment x (mm) and air gap z (mm) within 95%
confidence bounds, and p00 = 177.4, p10 = 0.9575, p01 =
−12.2, p20 = −0.07966, p11 = −0.1226, p02 = 0.6318,
p30 = 0.001179, p21 = 0.003344, p12 = 0.005701, p03 =
−0.01078, p40 = 5.342e − 05, p31 = −4.097e − 05, p22 =

−0.0002514, p13 = −8.524e − 05, p50 = −8.477e − 07,
p41 = 2.24e − 06, p32 = 8.364e − 07, p23 = 4.492e − 06.

Based on (25), the communication quality Q is computed
using

Q =
f (x, z)

f (0, 1.0)
, when Δτ = 5 μs.

The results of data packet received and communication qual-
ity with respect to lateral misalignment and air gap are illustrated
in Fig. 27. Three-dimensional plot displayed in Fig. 28(iv) shows
the tendency of communication quality which can be served as
the reference for positioning of the induction pads.

The weakness of the scheme considered here is less data
transferring rate compared with RF communication; however,
only limited data messages are needed to be transferred for the
current application. Therefore, it would not severely restrict its
application for the current purpose; actually, the disadvantage
could be improved by introducing multiple time delays factor
Δτ . This is currently under development.

V. CONCLUSION

The proposed design for the IPT system for battery charging
with data communication possesses the following advantages:

1) for practical and safety concerns, the primary and sec-
ondary sides can communicate bidirectionally based on
the same LC tank resulting in a compact size of the sys-
tem;

2) the controller in the primary side can control the output
current to achieve steady-state compensation in the sec-
ondary side via wireless communication;

3) the speed for handling the emergency event is only
1/120 s;

4) it costs less than other RF communication. In addition,
no extra signal transmission circuit (such as blue tooth,
zeebee, etc.) is needed;

5) the contactless charging and discharging technology pos-
sesses the potential to be used for energy exchange be-
tween car batteries and apartment complex’s energy stor-
age tank, i.e., G2V and V2G.
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