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Adaptive Bidirectional Inductive Power and Data
Transmission System

Jia-Jing Kao , Chun-Liang Lin , Yu-Chen Liu, Chih-Cheng Huang , and Hau-Shian Jian

Abstract—For the research of wireless power transfer, loosely
coupled inductive power transfer (LCIPT) is one of the widely
adopted technologies. There are already various researches focus-
ing on development of high-efficiency LCIPT. However, when the
transmission and receiver coils are misaligned, the power transfer
efficiency will be significantly dropped. This article considers the
change of mutual inductance when two induction coils are mis-
aligned. A fuzzy control approach to solve for this problem by adap-
tively adjusting operational frequency is introduced. Experiments
show that it can reduce the power transferring efficiency drop by
11% when two conduction coils are misaligned up to 50 mm. This
research also supports adaptive maximum power transfer using
tracking mechanism. Before conducting power transmission, the
system can choose G2V or V2G according to the vehicle battery
capacity via handshaking communication without the need of radio
frequency links. In addition, the phase shift pulsewidth modulation
technique is proposed for simultaneous data transmission enabling
binary quadrature amplitude modulation for digital signal trans-
mission. Fast over current protection is incorporated for power
transfer safety when current overload happens. The transmission
frequency of this article is controlled to meet the frequency specified
by SAE TIR J2954.

Index Terms—Electric vehicle, fuzzy control, loosely coupled
inductive power transfer (LCIPT), SAE TIR J2954, wireless power
transfer.

I. INTRODUCTION

THE current loosely coupled inductive power transfer
(LCIPT) transfer system is an innovative technology used

for electric vehicles that exchanges power between two electrical
objects through electromagnetic induction. Power transfers from
the primary side to the secondary side through air gap. It is a
type of power transmission method that does not make contact
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with conduction materials during power transmission [1]. Com-
pared with traditional metal contact charging methods, LCIPT
is more convenient and safe in practice because it can release
the environmental constraints and resolve the safety problems in
traditional wired charging. In addition, the electrical equipment
connection will increase its impedance with the number of uses,
which greatly affects the safety and reliability of the power
supply [2].

Because of the advantages brought by LCIPT, more and
more researchers focus in the relevant research, such as high
performance magnetic coupling design [3], [4], electromagnetic
compatibility [5], power transmission drive control [6], the
technology related to wireless in-vehicle charging is becoming
available for connected car solutions, and its development and
innovation continues. Therefore, the SAE TIR J2954 wireless
charging specification [7] adopted by the society of automotive
engineers (SAE) in 2016 established guidelines for wireless
charging transmission in the electric vehicle industry.

The LCIPT system has matured in static charging for electric
vehicles; however, there are still unsolved issues worthy of
further investigation [8]. When the system like [9] has thought
of data transmission, they have to rely on extra radio frequency
(RF) links. This, of course, will bring in additional costs and lead
to electromagnetic interference problems. Although [10] has
proposed a bidirectional inductive power transfer (IPT) system,
it can only conduct bidirectional power transfer but there is a lack
of the function for bidirectional data transmission. Furthermore,
if a misalignment appears between transmitting and receiving
coils, the primary side will not be able to supply power to the
secondary side smoothly. After a long period of operation in
this case, the system might be burned out [11]. The system
considered in [12] can resolve the coil misalignment problem,
but it cannot perform bidirectional power/data transmission,
and the SAE TIR J2954 standard was not actually considered.
Although [13] has proposed a bidirectional IPT system with
coil misalignment detection, it cannot perform bidirectional data
transmission, and there is no clear data transmission volume.

In [14], we have proposed a primitive fuzzy logic-based
approach to deal with the issue of coil misalignment without
the optimization sense. Motivated by the need to completely
overcome the problems depicted abovementioned, this research
task proposes an adaptive bidirectional wireless power and data
transmission system for electric vehicles. The system eliminates
the need of extra RF transmission links for data communication
by directly transferring data via magnetic field induced by the
induction coils. Considering the situation of misalignment of two
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Fig. 1. Architecture of the proposed LCIPT system for electric vehicle charging.

coils, a fuzzy compensation scheme incorporated with the wire-
less power and data transmission system is proposed to adapt to
the mutual inductance variation for the optimal power transfer.
An efficient over current protection has also been incorporated.
All of the ideas have been verified by real-word experiments.

The distinguished contributions of this research lie in three
folds: first, establishing a bidirectional wireless power and data
transmission scheme without additional wireless data transmis-
sion links; second, improving charging efficiency drop due to
coil misalignment to optimize the power transfer performance
by incorporating a fuzzy controller to accommodate for mutual
inductance changes; and third, the system is protected by an
advanced over current protection circuit to enable it coping with
significant mutual inductance changes.

II. INDUCTIVE POWER TRANSFER ARCHITECTURE

A. Full Bridge Inverter

Fig. 1 shows the proposed architecture of a full bridge inverter.
In which, the voltage vbus is generated by a rectifier at the input,
and the waveform signals represent the gate signals (VGS) of
S1/S4 and S2/S3, respectively. It is assumed that the pulsewidth
modulation signal provided by each power switch is 50% of the
on period (TP), and a delay time (TDead) is added simultaneously
to the switching time of the inverter upper and lower arms. This
is to prevent the two arms from being simultaneously turned ON

at the switching instant and to ensure smooth operation at the
zero voltage switching state (see Fig. 2).

The relationship between input and output is given by

vp =
4

π
vbus (1)

Fig. 2. Full bridge inverter signal waveforms.

TABLE I
POWER TRANSFERRING STATUS

where vp represents the output voltage on the primary side and
vbus represents the input voltage.

B. Power Transfer

One can set the direction of power transmission through the
interface unit (see Fig. 1). If the direction of power transmission
is from the grid to the vehicle (i.e., G2V mode), S1–S4 constitute
the inverter and S5–S8 constitute the rectifier. Table I shows the
status of each device in both cases.

The driving mechanism is phase shifted PWM (PSPWM).
First, the duty cycle of S1–S4 is fixed at 50%, S3/S4 are moved
to generate a phase change, thereby changing the inverter output
current. Figs. 3 and 4 show, respectively, the S3/S4 phase shifts
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Fig. 3. S3/S4 phase shifts of 0 degrees (G2V 100%).

Fig. 4. S3/S4 phase shifts of 60 degrees (G2V 67%).

Fig. 5. Magnetic field strength generated by coil current on the metal wire.

of 0° (100%) and 60° (67%) and voltage change of the compen-
sation capacitor CP on the primary side (TDead not shown for
sake of briefness).

C. Induction Coil Coupling Principle

Fig. 5 shows the three-dimensional magnetic field strength
generated by the current in the metal wire. The magnetic field
strength H at the center point above the ring wire can be ex-
pressed by

H =
IR2

2

√
(R2 + z2)3

(2)

Fig. 6. Equivalent circuit of the noncontact inductive coupling coils.

where R is radius of the coil and I is coil current. Therefore,
the larger the radius of the coil, the better the sensitivity to
the vertical distance. If R is smaller, sensitivity to the vertical
distance is relatively decreasing.

Fig. 6 illustrates the equivalent circuit model of the noncontact
inductive coupling coils, where vp and vs are the primary side and
secondary side voltages, respectively, ip and is are the currents
on both sides, LP and LS are the inductances on the respective
side, M is the mutual inductance. LPP and LSS are, respectively,
the primary and secondary side leakage inductances, Lm is the
magnetizing inductance, Im is the magnetizing current, and n is
the coil turn ratio between the primary and secondary sides.

When converting it into an ideal coil equivalent circuit, the
following relationship can be obtained:

Lm = nM (3)

LPP = LP − nM (4)

LSS = LS − M

n
. (5)

The equivalent inductance value LPS seen from the primary
side is given by

LPS = LP − M2

LS
. (6)

Bring this into the coupling coefficient K given by

K =
M√
LPLS

(7)

yields

K =

√
1− LPS

LP
. (8)

Obviously, reducing the magnetic flux leakage increases the
coupling coefficient.

D. Resonance Compensation Circuit Principle

Since reactance of the capacitor and the inductor has a phase
difference of 180°, the reactance will cancel each other under
certain condition and frequency [15]. In the LCIPT system,
the coil is loosely coupled and has a large leakage inductance,
which reduces efficiency of power transmission. A common way
to improve the leakage inductance is to add a compensation
capacitor to the circuit on both sides of the system, thereby
forming an inductance capacitance (LC) resonant circuit, and
effectively eliminating parasitic parameters of some components
in the circuit.
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Fig. 7. Equivalent circuit of the S-S architecture.

Fig. 8. Signal modulated and decoded waveforms (G2V mode).

Fig. 7 shows the equivalent impedance circuit of the series-
series (S-S) architecture which we adopt. In which, Lm is the
mutual inductance between induction coils of the primary and
secondary sides, Req is the equivalent load resistance, and Zt is
the total impedance obtained for this architecture. It can be seen
from

PL =

(
vin
Zt

)2

Req (9)

where the power transferred to the load, PL, will reach its
maximum when Zt is minimized. Therefore, Zt plays a key role
in the wireless power transmission.

When designing an LC resonant circuit, its power factor (PF)
must be considered. It is well-known that if PF = 1, the power
generated by the system can be consumed by the load leading
to the most effective output [16].

III. COMMUNICATION ARCHITECTURE AND PROTOCOL

A full bridge inverter is considered, which uses PSPWM to
simulate binary phase shift keying (BPSK) signals to achieve
2-QAM digital signals for data transmission (G2V mode). There
are several digital signal modulation techniques such as ampli-
tude shift keying, phase shift keying, frequency shift keying,
and quadrature amplitude modulation (QAM). The BPSK digital
signal module is constructed here with the modulated signals of
“1” and “0” denoted, respectively, by

S0(t) =

√
2Eb

Tb
cos

(
2πft+

π

3

)
, 0 ≤ t ≤ Tb (10)

S1(t) =

√
2Eb

Tb
cos (2πft) , 0 ≤ t ≤ Tb (11)

where f is the carrier signal, Eb and Tb are, respectively, the
transmission energy and transmission time per bit.

Fig. 9. Communication protocol.

Fig. 10. Data and command packet transmission.

Fig. 8 shows the 2-QAM model generated after BPSK modu-
lation. The process is used to achieve the purpose of simultane-
ous power and data transmission. The communication protocol
here adopts the one-wire protocol [17].

Interface unit of the secondary side (HMIS) transmits the
measured voltage (VLS) and current (ILS) to the primary side
(150 ms) through the modulation of S6/S8. Its data format
might include vehicle number, voltage, current, and any warning
messages. The interface unit on the primary side (HMIP) uses
modulation of S1–S4 to send commands to the secondary side.
To avoid collision of feedback data and modulated command,
the communication sequence is defined as in Fig. 9. Fig. 10
illustrates schematic diagram of data and command packet trans-
mission. When the secondary side controller (ControllerS) feed-
backs a data packet, the primary side controller (ControllerP1)
chooses whether to send a command packet.

A. Bidirectional Signal Modulation

The system is designed to mutually transmit power, data and
commands on both sides via the alternating magnetic field in
LC tank. Fig. 11 demonstrates transmission of the data (0×96)
from the secondary side to the primary side. When the system
conducts data transmission, ControllerS modulates S6/S8 and
sends serial data bits “0” and “1”, it then synchronizes the Sync-
VCS signal. When the modulated bit is “0”, S6/S8 is “1”, and their
instantaneous power will be temporarily stored in the LC tankS;
this will cause vcp of the primary side to drop. ControllerP2

decides that the bit “0” is within the time interval T (Sync-VCP

period), and vpkcp is less than ThresholdP, which means TP (0);
otherwise, it is TP (1).

We set the level of ThresholdP as follows

ThresholdP =
vpkcp(0) + vpkcp(1)

2
(12)

where vpkcp(0) and vpkcp(1) are the primary side vcp peak
voltage levels referred, respectively, to the digits “0” and “1”.

The transmitted command on the primary side is controlled
by ControllerP1 that can change output voltage of the inverter
of the primary side (see Fig. 12). In the figure, when the bit “0”
is adjusted, vcp output voltage will decrease from 100% to 67%;
this will cause vcs on the secondary side to decrease. ControllerS
decision bit “0” is within the time T (Sync-VCS period). When
vpkcs is less than ThresholdS, it represents TS (0); otherwise, it
is Ts (1).
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Fig. 11. Power transfer of the G2V mode and data feedback.

Fig. 12. Power and command transferring scheme for the G2V mode.

We set the ThresholdS as follows

ThresholdS =
vpkcs(0) + vpkcs(1)

2
(13)

where vpkcs(0) and vpkcs(1) are the secondary side vcs peak
voltage levels, referred, respectively, to the digits “0” and “1”.

B. Handshaking Communication Before Power Transfer

Before conducting power transfer, both LP and LS need to be
aligned within the permissible range. The power and data trans-
fer works in two stages: first, the primary unit acquires battery
status from the secondary unit via handshaking communication.
The system runs for G2V or V2G in the next stage depending on
the battery status. When the secondary unit responds message,
which indicates insufficient battery capacity, the system will run
the G2V mode. Otherwise, it will run the V2G mode. The roles
of S1–S8 are listed in Table I. The handshaking communication
protocol is listed in Table II.

Each handshaking communication package includes Hand-
shaking G2V and V2G that utilizes the resonance principle [18]
to transmit and receive commands and data.

TABLE II
HANDSHAKING COMMUNICATION PROTOCOL

The resonant principle is shown in Fig. 13. In Fig. 13(a),
the alternating current (i1) shows a slow decay and produces
longer free resonant time by resistance. Fig. 13(b) shows that i1
is absorbed by the load (RL), which yields shorter free resonant
time. We utilize resonant time to detect load presentation and
data transfer before fulfilling power transfer.
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Fig. 13. Graphical explanation of the resonant principle. (a) Free resonant
current by unit pulse injection to the LC tank. (b) Free resonant current to load
via mutual inductance.

Fig. 14. Transceiver configuration of the handshaking G2V.

The configuration and handshaking communication of Hand-
shaking G2V are shown in Fig. 14 with corresponding timing
diagram illustrated in Fig. 15. In Fig. 14, the primary controller
turns ON switches S1 and S4 to generate the starting bit or digit
“0” and turns OFF S1 and S4 to generate “1” during T to send
command to the secondary unit via the S-S architecture. The
primary unit receives feedback digital bits via RXP. In Fig. 15,
the primary unit sends command “0b0100” and the secondary
receives this command via RXS. The primary processor diag-
noses the suitable air gap by sensing tfree_resonate in RXP after
receiving the starting bit. For example, if there is a suitable air
gap between LP and LS, then tfree_resonate << T since the load
at the secondary side has absorbed energy in the LC tank of the
primary unit through the air gap. On the other hand, tfree_resonate

> T means energy stayed within the LC tank of the primary side.
The system will then halt power transfer.

The configuration and handshaking communication of Hand-
shaking V2G are shown in Figs. 16 and 17, respectively. In
Fig. 16, the secondary controller turns ON the switches S5 and S8
to generate the starting bit or digit “0” and turns OFF S5 and S8

Fig. 15. Timing diagram of the handshaking G2V.

Fig. 16. Transceiver configuration of the handshaking V2G.

Fig. 17. Timing diagram of the handshaking V2G.

to generate “1” during T to send the primary unit. The secondary
unit receives digital bits via RXS. In Fig. 17, the secondary unit
sends data “0b1110” and the primary unit receives the data via
RXP.

As demonstrated, the primary unit sends the command
“0b0100” to acquire battery status at the secondary unit. The
secondary unit responds “0b1110” answering insufficient bat-
tery capacity.



7556 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Fig. 18. Relative geometry of two conduction coils.

IV. COMPENSATION FOR MUTUAL INDUCTANCE CHANGE

Since the system operates in a noncontact environment, the
physical contact between two conduction coils might change
and shift during practical operations causing the system failed
to operate at the optimum frequency. Compensation strategy is
proposed to cope with this problem.

A. Model of Mutual Inductance

Fig. 18 shows the mathematical model of the coil position
according to the well-known Biot–Savart law and Neumann
formula in the case, where the transmission and receiving coils
of the LCIPT system are aligned with each other.

The general formula given by

dφ

dt
= Lm

dI

dt
(14)

where φ is the magnetic flux of the receiving coil, Lm is the
mutual inductance, and I is the current flowing through the trans-
mitting coil. Clearly, the current change rate of the transmitting
coil is proportional to the change in the magnetic flux of the
receiving coil.

Referring to Fig. 18, the magnetic flux density of the trans-
mitting coil can be expressed as follows:

d
−→
B =

μ0 × I
−→
dl1 ×−→

R

4πR3
TX

(15)

where, in the figure, Q is the assumed point on the receiving
coil,

−→
dl1 and

−→
dl2 are the tangent between the two coils, RTX

and RRX are the radii of the two coils, θ is the angle between
the Q point and the origin projection, z is the air gap, D is the
misaligned distance between two coil centers, and μ0 is the
magnetic permeability rate.

TABLE III
SIMULATION SETTINGS

The magnetic flux density of the receiving coil is given by
[19]

d
−→
B =

μ0IRTX

4π

∫ 2π

0

RTX − x cos θ(
x2 + z2 +RTX

2 − 2RTXx cos θ
) 3

2

dθ

(16)
Equations (14)–(16) can be used to derive the mutual inductance

Lm =
μ0

4π

∫ ∫
1

R
dl1dl2 (17)

where R can be written as (18), shown at the bottom of this page.
When the induction coils are precisely misaligned, the trans-

mission and reception components of
−→
dl1 and

−→
dl2 are related

as
−→
dl1 · −→dl2 = RTXRRX cos (θ − σ) dθdσ (19)

where σ is the angle formed by the receiving coil through the
misalignment D.

Finally, bringing (18) and (19) into (17) gives the mutual
inductance of the two coils in the misalignment [20]. It can
be seen from the abovementioned derivations that when the two
coils are aligned, the magnitude of the mutual inductance is
independent of the current; however, if the air gap between two
coils increases, the mutual inductance reduces accordingly.

B. S-S Type for Coil Misalignment

We simulate the mutual inductance change between the phase
angle (θ) and the total impedance (Zt) of the LCIPT system [14].
The frequency of the system is 83 kHz conformed to the SAE
TIR J2954 specification (81.3 to 90 kHz), and the compensation
circuit architecture is S-S type. To make the simulation result
close to the real-world situation, we first select the coils on the
primary side and the secondary side of the system. Table III lists
related parameters for use in the simulation.

Simulation results presented in Figs. 19 and 20 can be sum-
marized as follows.

1) When the phase angle of the S-S type is negative, the mu-
tual inductance changes stably, and the mutual inductance
with the positive phase angle reacts symmetrically.

2) The total impedance will not change drastically due to
mutual inductance changes.

3) The S-S type has the advantage for control, and the com-
pensation strategy can be implemented easily on both of
the transmitting/receiving sides.

R =

√
RTX

2 +RRX
2 + z2 +D2 − 2RTXRRX cos (θ − σ) + 2RRXD cosσ − 2RTXD cos θ (18)
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Fig. 19. Relationship between phase angle and mutual inductance under
different coil misalignments (air gap fixed at 20 mm).

Fig. 20. Relationship between total impedance and mutual inductance under
various induction coil misalignments (air gap fixed at 20 mm).

TABLE IV
RELATIONSHIP BETWEEN MISALIGNMENT AND COUPLING COEFFICIENT

Moreover, by taking the simulated mutual inductance value
into (7) for calculation, the relationship between the mutual
inductance and the coupling coefficient can be obtained. The
result proves that as the air gap of the coil increases, the mutual
inductance and coupling coefficient decrease (see Table IV).
Therefore, we can summary the influence of misalignment or
air gap on the mutual inductance of the system according to the
operating conditions.

C. Compensation Under Coil Misalignment

As seen from Figs. 19 and 20, there is a close correlation
between frequency, phase angle, coil misalignment, and total

TABLE V
FUZZY INFERENCE RULE BASE

Fig. 21. Membership functions of the fuzzified phase angle.

impedance from 70 to 100 kHz. Therefore, the phase angle and
operating frequency detected by the primary side measurement
unit (IC11) can be used to adjust the optimal operating frequency
of the system through the primary side controller (ControllerP2),
thereby solving the problem of coil misalignment.

Consider the system that meets the frequency of SAE TIR
J2954 with fuzzy control being used to achieve the optimal
power transferring efficiency. Table V lists the established fuzzy
rule base. It uses a typical trigonometric function to characterize
the membership function because its calculation is relatively
simple, fast, and easy to implement on the microcontroller for
real-time control.

Based on the fuzzified input variables, we adjust the current
frequency (fn) and phase angle (θ) through fuzzy logic decision.
Five fuzzy sets considered involve negative small (NS), negative
large (NB), positive large (PB), positive small (PS) and zero
(Z). The fuzzy inference rule adopted is the Mamdani method,
and defuzzification is the center of gravity (CoG) method. For
discrete triangular linear functions, the CoG method is obtained
by moments of area defined by

ŷ =

∑
yi
yiμ(yi)∑

yi
μ(yi)

(20)

where ŷ is the defuzzified value and μ(yi) is the membership
value of the corresponding value yi projected on the x-axis.

Figs. 21 and 22 depict the proposed membership functions.
Fig. 23 showing relationship among three factors, which enable
the system to perform bidirectional power and data transmission
under the proposed system architecture. Fig. 24 explains oper-
ational flow of fuzzy control for adaptation of the misaligned
induction coils.

D. Adaptive Maximum Power Transfers

This system employs an S-S architecture to link the primary
side and secondary side for power and data transfer (see Fig. 7).
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Fig. 22. Membership functions of the fuzzified frequency.

Fig. 23. Mapping of the two-input, one-output fuzzy controller. (a) Right view
of the relationship between the three factors. (b) Left view of the relationship
between the three factors.

The simplified circuit of the S-S architecture is shown in Fig. 25.
The total impedance Zt (21) combines the real part and imag-
inary part (22) with the phase angle shown in (23). The power
of load (PL) is given by (24). If the air gap or misalignment
varies between LP and LS, Im will be affected and reflected in
θ. If θ increases, PL decreases accordingly as indicated by (24).
Therefore, the system must increase i to keep PL. However,
increasing i will result in power consumption increased by rP
and rS. Therefore, an efficient power transfer method is first
proposed to keep θ by changing the operating frequency. When
the system currently runs the G2V mode, the ON-OFF status of the
switches S1–S4 is controlled by varying operating frequencies
to generate the consistent frequency of the current injecting LC
tank at the primary side, which will alter the total impedance Zt

accordingly since Im is changed.

Fig. 24. Operational flow of fuzzy control when the induction coils are
misaligned.

Fig. 25. Simplified representation of S-S architecture.

Zt = (rP +Req + rS) + (XP +XS) (21)

Zt = Re+ jIm (22)

θ = tan−1 (Im/Re) (23)

PL = vliS cos θ (24)

An adaptive maximum power transfer is also proposed to
reduce the charging time. We continuously adjust the operating
frequency to alter ZP being consistent with ZS

∗. The operational
flow chart is illustrated in Fig. 26 and is explained as follows.

1) Initial parameters to be set including operating frequency
(OF), delta frequency (DF), etc.

2) Wait for the main loop timing, such as 100 ms.
3) Calculate ip, ZP, ZS, and Errn.
4) Check if ip is over the threshold. This limits ip to avoid

failure of S1–S8.
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Fig. 26. Operational flowchart of the adaptive maximum power transfer.

5) Check if |Errn| ≤ ε1 (ε1 is a small positive constant).
If yes, returns to step 2 to halt the iteration; otherwise,
proceed to Step 6.

6) Check if |Errn| is less or equal to that of |Errn−1|. If
yes, goes to Step 9, otherwise proceeds to step 7.

7) Check if |Errn| has converged within a period of time. If
no, it than inverses DF and moves on to step 9; otherwise,
proceed to step 8.

8) Check ifErrn > 0. If yes, calculate the sign of DF using
the measured value of vbus, ip, and θ to reduce ZP after
updating OF; otherwise, calculate the sign of DF using
vbus, ip, and θ to increase ZP after updating OF.

9) Update OFn by adding DF.
10) OFn limited within 81.3 kHz ∼ 90 kHz to comply with

SAE TIR J2954.
11) Update OFn-1 to OFn, and update |Errn−1| by Errn.

Proceed to Step 2.

E. Over Current Protection

Typical OCP configuration is shown in Fig. 27(a), which
involves primary controller, optoelectronic isolator, inverter, LC
tank, over current detector, and measuring unit. The measuring
unit calculates the load impendence. The current (ip) phase is
related to voltage (vcp), which supports fuzzy control to generate
efficient power transfer or adaptive maximal power transfer
using the tracking method. The general over current detector
monitors the levels of il and ir when power transfer is operating.
If either iL or iR is over the threshold level VT, the over current
signal (active low) go to OC1 or OC2 through an optoelectronic
isolator. This will cutoff ip by a propagation delayΔτ (from over
current detected to turn OFF S1–S4). In general,Δτ costs 3–10μs,
which does not meet the current requirements in security.

To improve, an improved over current protection is proposed
as shown in Fig. 27(b), which adds a shortcut to cutoff ip by an

Fig. 27. Comparison of two over current protection designs. (a) Typical over
current protection circuit. (b) Improved over current protection circuit.

Fig. 28. Hardware architecture of the overall system.

AND gate realized by the transistors QL and QR. Once over
current is detected, both of QL and QR will be activated to
turn OFF S2 and S4 and cutoff ip immediately. This significantly
reduces Δτ while compared with that of the previous one.

V. DESIGN AND INTEGRATION

Critical components of the circuit include inverter /rectifier,
measurement unit, synchronization/threshold unit, and inter-
face. Fig. 28 displays hardware of the overall system for ex-
periments.
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Fig. 29. Induction coil for transmitting power and data.

TABLE VI
LCIPT SYSTEM PARAMETERS

A. Realization of Controller

The microcontroller (NUC505xx) [21] is supported by an
ARM Cortex-M4 32-bit core operated at 100 MHz. It is re-
sponsible for processing power drive, command modulation, and
compensation for the coil misalignment. The MOSFETS used in
the full bridge inverters on both sides are C2M0080120D [22].

B. Coil and Load

The induction coils on both sides of the system are symmetri-
cal to each other. The structure is spiral and the winding method
is open so that the two ends of the coil are not connected to each
other (see Fig. 29). A 1.5-KW halogen lamp searchlight was
used as the load. Table VI lists related parameters associated
with the designed LCIPT system.

VI. EXPERIMENTAL VERIFICATION

A. Wireless Power Transfer

Fig. 30 shows the signal (command) waveforms of the LCIPT
system working at 800 W output power in the G2V mode.
Channels 1 to 4 show the voltage waveform of the compensation
capacitor (CP) on the primary side, the current waveform of the

Fig. 30. LCIPT system worked at 800 W output power under the G2V mode.

Fig. 31. Signal modulation on the secondary side.

Fig. 32. Waveforms of data feedback.

transmission coil (LP) on the primary side, the voltage waveform
of the compensation capacitor (CS) on the secondary side, and
the current waveform of the receiving coil (LS) on the secondary
side.

B. Power Transfer From G2V and Data Feedback

Fig. 31 shows the waveforms of the secondary side signal
modulation when the LCIPT is working at the G2V mode.
Channel 1 shows the primary side PSPWM waveform, channel 3
shows the primary side LC tank voltage waveform, and channel 4
shows the secondary side LC tank voltage waveform. When there
is voltage variation of the LC tank (LC tankS) on the secondary
side, voltage of the LC tank (LC tankP) on the primary side will
change accordingly according to the data feedback.
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Fig. 33. Waveform diagram of signal modulation and decoding.

Fig. 34. Modulated and decoded waveforms for a serious of digitized data
transfer.

Fig. 32 shows the waveforms of data feedback of the LCIPT
system. Channels 1 to 3 show, respectively, the voltage waveform
of the LC tank on the primary side, the zero crossing waveform
of the primary side (Sync-VCP), and the decoded waveform of
the primary side (from ControllerP2). As shown, data feedback
from the secondary side is decoded.

C. Power and Command Transfer From G2V

Fig. 33 displays waveforms of the signal modulation and data
decoding scheme. Channel 2 shows the threshold set by data
decoding requirement (ThresholdS). Channel 3 shows waveform
change of the decoding circuit (VCSD). Channel 4 shows the de-
coded digital waveform (from ControllerS). By refining circuit
parameter settings, one would be able to distinguish the wave-
form difference of the signal modulation thereby distinguishing
the difference between high and low levels.

Fig. 34 shows the modulated and decoded waveforms under
different data transfer settings. Channel 1 shows the voltage
waveform of the compensation capacitor (VCs) on the sec-
ondary side. Channel 3 shows the zero crossing waveform
(Sync-VCS). Channel 4 shows the decoded digital waveform
(from ControllerS). In this case, the modulated data can still be
successfully decoded.

To confirm the signal modulation will not affect the normal
operation, we also examine the power transfer efficiency under
different wattages. As seen from Fig. 35, the deviated power
transfer efficiency can be remained within 4%.

Fig. 35. Effect of signal modulation on the power transfer efficiency under
different wattages.

Fig. 36. Verification of the LCIPT system waveforms when induction coils are
misaligned. (a) Waveforms of the LCIPT system when two induction coils are
misaligned. (b) Waveforms of the LCIPT system when fuzzy control is adopted.

Fig. 37. Comparison of the power transferring efficiency under different
voltage and coil misalignment.
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Fig. 38. Trend of power transfer efficiency with respect to coil misalignment and control effectiveness.

D. Fuzzy Control of Coil Misalignment

When MOSFETs of the full bridge inverter are turned ON

and OFF, the current flow through will exhibit a sine wave of
positive and negative half cycles. If the two coils are misaligned,
the current will be reversed (θ < 0) leading to rapid arise of
component temperature and affects system safety and reliability.

Fig. 36(a) shows the waveforms of the LCIPT system with coil
misalignment (at 83 kHz). Channels 1 to 4 show, respectively,
the primary side current waveform (ip), the S1 voltage waveform
(VDS1), and the gate waveforms of the primary side S1/S2 (VGS).
It can be found that when the coils are misaligned, ip will
significantly lead VDS1. Fig. 36(b) shows the waveform under
fuzzy control. It can be seen from the figure that the phase (θP)
difference between ip and VDS1 is significantly reduced.

We also tested the effect of fuzzy control to compensate for
coil misalignment under different voltage levels and air gaps. It is
apparent from Figs. 37 and 38 that the power transfer efficiency
of the LCIPT system can be effectively improved by adjusting
the current phase angle and system frequency. Especially, the
improvement becomes significant when there is a significant
coil misalignment. In addition, the proposed method shows
significant effectiveness with various air gaps. Interested readers
are invited to access the web link listed in [23] for real-world
demonstration.

E. Over Current Protection

When the coils are misaligned or the load is short circuited, the
input current on the primary side of the system arise accordingly.
When it happened, the OCP intervenes to prevent the system
from overloading. Fig. 39(a) shows the action of protection. In
which, channels 1 to 4 show, respectively, the current waveform
of the Hall sensor (ip), the preset threshold (ThresholdOCP),
the gate waveform of S2 (VGS2), and the waveform of cutting
off S2/S4 (VOCP). It can be seen from Fig. 39(b) that when
the detected current exceeds the safety threshold, VGS2/VGS4 is
cutoff immediately which halts operation on the primary side
accordingly.

Fig. 39. Verification of the OCP function. (a) Before the OCP function
activated. (b) After the OCP function activated.

F. Power Transmission Quality

This system employs an LC tank with S-S architecture, which
can filter most of the harmonic elements when the switches are
turned ON or OFF frequently. For example, the harmonic spec-
trum of the secondary current is, as shown in Fig. 40, whereas the
output power is 800 W. There are significant frequency elements
within three orders in the spectrum with THDF = 23.08%. Since
our primary unit has a low-pass filter constituted by L1, C11, C12,
and C13 shown as in Fig. 1. The arrangement will filter harmonic
frequencies sent back to the grid. Moreover, our system employs
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Fig. 40. Harmonic spectrum of current at the secondary side (worked at
83 kHz).

a load-detecting function in the handshaking communication
stage to check load existence, which ensures energy will be
fully transmitted to the secondary unit. Therefore, emission of
high-order harmonics is considerably minimized.

VII. CONCLUSION

This article proposes an LCIPT system for electric vehicles
with its architecture supporting simultaneous power and data
transmission in both of the primary and secondary sides while
accounting for mutual inductance changes with no extra RF links
needed for data communication. The symmetrical circuit design
allows the transmission and receiving sides to be adjusted as
appropriate. Data transmission is fulfilled by BPSK to form 2-
QAM which conforms to the one-wire protocol.

We have analyzed mutual inductance and total impedance
between the induction coils to characterize correlation between
the voltage and current phase angle while adjusting operating
frequency to conform SAE TIR J2954. The proposed method can
increase system efficiency more than 7.5% under high voltage
and large conduction coil misalignment. Moreover, when the
system operational status appears to be abnormal, a fast over
current protection mechanism cutsoff gate commands within 4
μs to avoid the risk of damage to the inverter. Therefore, the
integrated bidirectional wireless power and data transmission
with coil misalignment compensation is considerably efficient
with safety. The design presented is expected to be used for
energy exchange between car batteries and apartment complex’s
energy storage tank, i.e., G2V and V2G.

The proposed design has met frequency requirements set
by SAE standard; however, there are still rooms for further
investigation such as vehicle charging integrity, induction coil
design, electromagnetic interference, electromagnetic compat-
ibility, and maximization of the power transferring efficiency.
In addition, a refined fuzzy control rule base or an increase of
the number of membership functions can be adopted to generate
smoother current transition when the conduction coil deviation
increases.
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