
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021 5095

An Energy Injection Method to Improve Power
Transfer Capability of Bidirectional WPT System

With Multiple Pickups
Xin Dai , Member, IEEE, Jinde Wu , Jincheng Jiang , Ruozhong Gao , and Udaya K. Madawala, Fellow, IEEE

Abstract—Track wireless power transfer (WPT) systems are in-
creasingly used for monorail robots, industrial transportation, etc.
Conventionally, the track WPT system’s primary power supply is
designed to be equal or higher than the total running pickups’ rated
power. However, in practice, some of the pickups may transiently
require more power than their normal operating state. It is not cost
effective to increase the power rating of the primary source for the
transient case. Hence, this article proposes a method to strengthen
the track’s power transfer capability by reversely injecting energy
from available online pickups to the transiently over-rated one.
A bioperation mode is proposed, which includes both the normal
operation and the strengthening operation. A bidirectional pickup
topology is used, and the equivalent circuit is analyzed accounting
the bioperation mode. In addition, a synchronization method of
the primary and reverse injection pickups is proposed. A criterion
to determine the boundary of the reverse energy injection is also
presented. By detecting the peak current, this energy injection
method can be practically implemented and the proposed method
is verified through the experimental results.

Index Terms—Power transfer capability strengthening method,
reverse energy injection, synchronization, wireless power transfer.

NOMENCLATURE

Symbol Description
Udc, Udc(i) Input voltage of primary and pickup inverter.
Uac, Uac(i) Output voltage rms of primary and pickup

inverter.
Ei Battery voltage.
Lpi, Lso(i) Inductance of LCL resonant network in pri-

mary and pickup.
Lp, LT, Ls(i) Self-inductance of primary coil, track coil,

and pickup coil.
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M, Mi Mutual inductance between primary coil and
track coil, and mutual inductance between
pickup coil and track coil.

Cp, CT, Cs(i) Resonant capacitance of primary, track, and
pickup.

Ri, Rl(i) Load impedance and equivalent ac
impedance.

Ip, It, Is(i), Iso(i) Current rms in primary coil, track coil,
pickup coil, and pickup inductance.

f, ω Operating frequency and angular frequency.
Zs(i) Total impedance of forward receiving

pickup.
Zt Total impedance of track .
Utp, Ut(i) Us(i) Induced voltage of track coil and pickup coil.
Uo(i) Output voltage rms of the equivalent ac load.
Uout(i) Output voltage of the load.
Po(i) Output power.

I. INTRODUCTION

W IRELESS power transfer (WPT) technology realizes
energy transmission across an air gap between a power

source and the receiving devices. It is efficient, convenient, safe,
and able to provide good reliability in harsh environments [1],
[2]. The WPT technology can be used in different applications
such as biomedical implants [3], [4], consumer electronics [5],
and electric vehicles [6], [7].

Track WPT systems transfer energy wirelessly for multiple
receivers by a long track coil. They can be used for monorail
robots, industrial transportation, etc. In practice, a moving ve-
hicle may require a transient large power input that exceeds its
normal operating state. Unlike the conventional wired power
supply, power transfer capability of the WPT system consider-
ably relies on the power rating of the primary source [8], [9].
Additionally, if a track system is designed to meet all transient
power requirements, it might not be economically viable. There-
fore, it is desirable to dynamically strengthen the track’s power
transfer capability to address this problem without significantly
increasing the system size or cost.

Recent progresses in track WPT system are mainly on improv-
ing the system efficiency with reduced cost. The work in [10]
presents a dq-power supply rail charged by two high-frequency
ac currents of the d-phase and q-phase to make the pickup
induced voltage spatially uniform. The work in [11] presents
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a novel magnetic coupling mechanism with constant output
and lower construction cost. In comparison to the conventional
I-type power supply rail, the n-type power supply rail improves
the utilization of the magnetic core. New cross-segmented
power supply rails are proposed in [12] for roadway-powered
electric vehicles, which can reduce the construction cost and
electromagnetic field. A novel coupler topology is proposed
in [13], which facilitates large tolerance on horizontal mis-
alignment. In [14], the primary with various multiple-coil-pad
designs is investigated, and the system can switch between
various excitation modes during operation, without tuning or
additional adjustments. The work in [15] sets up a WPT
charging system that uses a series of sectional primary coils,
and the system can reduce the loss and enhance the transfer
efficiency.

For the WPT system with multiple pickups, current research
works mainly focus on improving the system stability. The
work in [16] provides a general analysis on multiple-receiver
WPT systems and a compensation accounting the influence
of the cross coupling. In [17], the output voltage character-
istics of a multiple-receiver WPT system against load vari-
ations are studied, and the operating frequency to achieve a
constant output voltage is determined. The work in [18] pro-
poses the conditions to achieve maximum transmission effi-
ciency and maximum output power for a multiload system.
Regarding the stability of the multiload mode, the work in
[19] studies the influence of the number of loads to the sys-
tem stability and defines the boundary condition of the load
quantity.

The system proposed in [20] is suitable for wireless and simul-
taneous charging/discharging of multiple electric vehicle (EVs)
or other equipment. The study also establishes a mathematical
model of the system and focuses on the method to control
the amount and the direction of the power flow between the
EVs/equipment and grid. To reduce the voltage and current rat-
ings of the available semiconductor devices in high-power WPT
system, a ring WPT system with an intermediate LCL circuit is
proposed in [21]. The results show that the method presented in
[21] is ideal for high-power applications. In summary, current
research works on track WPT systems and multiple pickups
are mainly associated with the coupling mechanism and system
efficiency. There are limited numbers of publications discussing
the improvement of track power transfer capability.

This article proposes a track power transfer capability
strengthening method by reverse energy injection from other
online pickups to the pickup that is transiently overrated.
The track WPT system can be designed under a biopera-
tion mode: 1) normal mode, in which the primary supply the
power for all the pickups; and 2) strengthening mode, in which
some of the pickup modules together with the primary sup-
ply power to the pickup module that transiently overrated. In
addition, a synchronization method of the primary source and
reverse injection pickup sources is proposed. Furthermore, to
determine the control algorithm for the energy strengthening
mode, a boundary condition is applied for the reverse energy
injection.

Fig. 1. Proposed track WPT system.

Fig. 2. Schematic diagram of the proposed track WPT system.

II. TWO POWER TRANSFER MODES FOR TRACK

WPT SYSTEM WITH MULTIPLE PICKUPS

Generally, a track WPT system is equipped with multiple
pickups to meet the requirements of multiple moving devices.
The topology of such system and two types of power transfer
modes are presented in Fig. 1.

Fig. 2 shows a typical track WPT system with multiple pick-
ups. At the primary side, the dc input voltage source is expressed
as Udc. A high-frequency inverter operating at a fixed frequency
generates a square-wave voltage source driving the resonant
tank. In the resonant stage, LCL resonant topology is composed
by Lpi–Cp–Lp. The track coil is coupled with multiple pickups,
and the pickups can move freely along the track coil. To keep the
constant currents of the primary coil and the reverse-injection
pickup coils, LCL topology is chosen at the primary side and
the pickup sides. The resonant frequencies of the LCL topology
and LC topology are independent of the load and the mutual
inductance.

To facilitate energy exchange between the track and the pick-
ups, each pickup can switch its operation mode between the
normal mode and the strengthening mode. In the normal mode,
the pickup obtains energy from the track and charges the battery
of the robot. In the strengthening mode, the battery with excess
energy reversely injects energy into the track coil and enhances
its power transfer capability.
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Fig. 3. Equivalent circuit of the operation mode 1.

To facilitate the analysis of the two operation modes, it is
necessary to provide a few fundamental definitions. When the
pickup works in the strengthening mode, the relation between
the dc voltage Udc(i) and inverter output voltage Uac(i) is similar
to that between Udc and Uac at the primary side, which is given
by

Uac =
2
√
2Udc

π
, Uac(i) =

2
√
2Udc(i)

π
(i = 1, 2). (1)

When the pickups receive power, the ac equivalent impedance
in each pickup can be given by Rl(i) = 8Ri/π2 (i = 1, 2).

A. Operation Mode 1(Normal Mode)

Fig. 3 shows the equivalent circuit of operation mode 1. In
this mode, the track coil provides energy for multiple pickups.
LT–CT series resonant topology is adopted in the track side.
The energy in the track is injected by a primary power source
with the aid of a full-bridge inverter and an LCL resonant net-
work. Compared with the conventional track WPT system, the
proposed track resonant system is designed independent of its
power-driving stage. This design is helpful for operation under
multiple-power-source injection mode.

According to the equivalent circuit of the operation mode 1
in Fig. 3, the total impedance of each pickup Zs(i) can be given
by

Zs(i) = jωLs(i) +
(
Rl(i) + jωLso(i)

)
//

1

jωCs(i)

=

jω
(
Ls(i) + Lso(i)−ω2Ls(i)Lso(i)Cs(i)

)
+Rl(i)

(
1− ω2Cs(i)Lso(i)

)
1− ω2Cs(i)Ls(i) + jωCs(i)Rl(i)

(i=1,2)

. (2)

If Ls(i), Lso(i), and Cs(i) satisfy (3), Zs(i) can be expressed
as (4)

ω2 =
1

Ls(i)Cs(i)
=

1

Lso(i)Cs(i)
(i = 1, 2) (3)

Zs(i) =
ω2L2

so(i)

Rl(i)
(i = 1, 2) . (4)

The total impedance of the track Zt can be given by

Zt = jωLT +
1

jωCT
+

2∑
i=1

(ωMi)
2

Zs(i)
= jωLT +

1

jωCT

+

2∑
i=1

M2
i Rl(i)

L2
so(i)

. (5)

If LT and CT satisfy (6), Zt can be expressed as (7)

ω2 =
1

LTCT
(6)

Zt =

2∑
i=1

M2
i Rl(i)

L2
so(i)

. (7)

The reflected impedance in the primary coil from the track Zp

can be given by

Zp =
(ωM)2

Zt
=

(ωM)2∑2
i=1

M2
i Rl(i)

L2
so(i)

. (8)

The total impedance of the primary Z can be given by

Z = jωLpi + (Zp + jωLp) //
1

jωCp

=
jω
(
Lpi + Lp−ω2LpiLpCp

)
+ Zp

(
1− ω2CpLp

)
1− ω2CpLpi + jωCpZp

(9)

If Lp, Lpi, and Cp satisfy (10), Z can be expressed as (11)

ω2 =
1

LpiCp
=

1

LpCp
(10)

Z =
ω2L2

p

Zp
=

L2
p

∑2
i=1

M2
i Rl(i)

L2
so(i)

M2
. (11)

According to (4), (7), and (11), under the condition of (3),
(6), and (10), the equivalent impedances of LCL and SS resonant
network exhibit resistive characteristic, and the resonance fre-
quency is independent of the loads and the mutual inductances.

In the operation mode 1, the KVL equation of the primary
side can be given by⎧⎨

⎩
•
Uac =

(
jωLpi +

1
jωCp

) •
ILpi − 1

jωCp

•
Ip

0 = − 1
jωCp

•
ILpi +

(
jωLp +

1
jωCp

+ Zp

) •
Ip.

(12)

According to (10), the current in the primary coil can be given
by

•
Ip= − •

UacjωCp = −j

•
Uac

ωLp
. (13)

The track current can be obtained by

•
It =

jωM
•
Ip

Zt
=

•
UacM

Lp

(∑2
i=1

M2
i Rl(i)

L2
so(i)

) . (14)

The current in the pickup inductance Lso(i) can be given by

•
Iso(i) =

•
UacMMi

LpLso(i)

(∑2
i=1

M2
i Rl(i)

L2
so(i)

) (i = 1, 2) . (15)

This current is also the current in the load, and the output
voltage can be given by

•
Uo(i) =

•
UacMMiRl(i)

LpLso(i)

(∑2
i=1

M2
i Rl(i)

L2
so(i)

) (i = 1, 2) . (16)
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Fig. 4. Equivalent circuit of operation mode 2.

The output power of each pickup can be given by

Po(i) =

⎛
⎜⎜⎝ UacMMi

LpLso(i)

(∑2
i=1

M2
i Rl(i)

L2
so(i)

)
⎞
⎟⎟⎠

2

Rl(i) (i = 1, 2) .

(17)

B. Operation Mode 2 (Strengthening Mode)

Operation mode 2 is designed for strengthening the energy
transfer capability. In this condition, one pickup requires higher
power than the rating power in a short interval. The normal
mode cannot meet the transient sharp power requirement. The
operation mode 2 provides an energy injection channel from
other pickups to the track.

Fig. 4 shows the equivalent circuit of operation mode 2. In
this mode, the induced voltage of the track coil can be divided
into two parts: one part is from the primary coil coupling, and
the other part is from the reverse injection pickup (R pickup) coil
coupling. When the pickup reversely injects energy, the current
in the R pickup coil is given by

•
Is(2) = −j

•
Uac(2)

ωLs(2)
. (18)

The current in the track can be obtained by

•
It =

1

Zt

⎛
⎝ •
UacM

Lp
+

•
Uac(2)M2

Ls(2)

⎞
⎠

=

•
UacML2

so(1)

LpM2
1Rl(1)

+

•
Uac(2)M2L

2
so(1)

Ls(2)M
2
1Rl(1)

. (19)

The current in the forward receiving pickup (F pickup) induc-
tance Lso(1) is given by

•
Iso(1) =

•
UacMLso(1)

LpM1Rl(1)
+

•
Uac(2)M2Lso(1)

Ls(2)M1Rl(1)
= A+B (20)

where ⎧⎪⎨
⎪⎩
A =

•
UacMLso(1)

LpM1Rl(1)

B =
•
Uac(2)M2Lso(1)

Ls(2)M1Rl(1)
.

(21)

Fig. 5. Relationship between Iso(2) and θ.

III. SYNCHRONIZATION

In the energy strengthening mode, at least two high-frequency
sources (primary and R pickup) inject energy to the track. It
is necessary to synchronize the ac phase between the multi-
ple power sources. In this section, a synchronization method
is applied to eliminate the risk of magnetic field cancelation
between multiple energy injection sides, and it can eliminate
communication equipment among the primary and multiple
pickups.

In the operation mode 1, only the primary source provides
energy for the track resonant system. If only one pickup obtains
energy from the track, the output voltage of the pickup can be
given by

•
Uo(1) = ARl(1). (22)

In the operation mode 2, the primary and the R pickup will
provide energy for the F pickup. The output voltage of the F
pickup can be given by

•
Uo(1) = (A+B)Rl(1) (23)

where the definition of A and B is given in (20). It can be
seen from (22) and (23) that, if the phase between A and B
is mismatched, the output voltage of the F pickup will decrease.
As a result, the reverse energy injection will be blocked and the
power transfer capability will be reduced. Therefore, a method is
proposed to synchronize the phase between A and B. The control
strategy can be shown as follows.

In the operation mode 2, the current in the Lso(2) of the R
pickup can be given by

•
Iso(2) =

M2L
2
s(1)

Ls(2)M
2
1Rl(1)

((
|Uac|M

Lp
+

∣∣Uac(2)

∣∣M2

Ls(2)
cos θ

)

+ j

∣∣Uac(2)

∣∣M2

Ls(2)
sin θ

)
(24)

where θ is the relative phase angle between Uac and Uac(2).
From (24) and Fig. 5, it can be inferred that when θ varies

from –180° to 180°, Iso(2) undergoes a corresponding variation
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from 0 to its peak value and returns to 0. The current Iso(2)
approaches its peak value when θ approaches 0, which indicates
that Uac and Uac(2) are in phase and A and B are synchronized.
Therefore, the peak value of Iso(2) can be utilized to evaluate
the synchronization state of A and B. When A and B are not
synchronized, we can adjust the phase of the R pickup to
maintain Uac and Uac(2) in phase. However, in the application,
the track process is sensitive to external interference only if the
peak point is set as the track objective. A tolerance region should
be set to reduce the sensitivity in the tracking. The tolerance
region is defined as a small region around θ = 0.

The influence of the voltage ripple defines the reference of
the tolerance region. Iso(2) is detected by current hall sensor and
then rectified and filtered. However, in the implementation, the
voltage ripple is 3% after filtering, so in order to improve the
stability of the system, 97% peak value of Iso(2) should be set
as a reference. According to (24), The root mean square (rms)
of Iso([2) is

Iso(2) =
M2L

2
s(1)

Ls(2)M
2
1Rl(1)

×

√√√√( |Uac|M
Lp

+

∣∣Uac(2)

∣∣M2

Ls(2)
cos θ

)2

+

(∣∣Uac(2)

∣∣M2

Ls(2)
sin θ

)2

.

(25)

The current Iso(2) approaches its peak value when θ ap-
proaches 0, which indicates that Uac and Uac(2) are in phase.
When θ approaches 0, the rms of Iso(2) is

Iso(2) =
M2L

2
s(1)

Ls(2)M
2
1Rl(1)

(
|Uac|M

Lp
+

∣∣Uac(2)

∣∣M2

Ls(2)

)
. (26)

When phase θ approaches 30°, the rms of Iso(2) is as (27),
shown at the bottom of this page.

Under the condition of experimental system, the ratio between
Iso(2)(30°) (θ = 30°) and Iso(2)(0) (θ = 0) is as (28), shown at
the bottom of this page.

The ratio between Iso(2)(θ) and Iso(2)(0) is shown in Fig. 6.
According to the above analysis, when the tolerance region is
selected as ±30°, 97% peak value of Iso(2) is achieved and the
influence of the 3% ripple voltage is ignored, then the system
stability is improved.

The flowchart of the synchronization controller is illustrated
in Fig. 7. First, the same frequency is selected to drive Sp1–Sp4

Fig. 6. Ratio between Iso(2)(θ) and Iso(2)(0).

Fig. 7. Method of synchronization.

and S11–S14. The initial phase-shift angle of S11–S14 is ϕ. The
resonant current Iso(2) is detected to determine whether it is
entering the tolerance region. If the tolerance region is reached,
the phase-shift angle is selected to drive S11–S14. Otherwise, it
will continue to increase the phase angle to reach the tolerance
region. The synchronization method shown in Fig. 7 is only a
single loop. In the implementation, Iso(2) is detected continually.
If the phase restarts drifting, the system will repeat adjusting the
phase of the R pickup until Uac and Uac(2) are in phase.

In the synchronization method, to obtain a high re-
sponse speed, a special current track circuit is designed and
implemented. Fig. 8 presents the schematic of this circuit.

Iso(2) =
M2L

2
s(1)

Ls(2)M
2
1Rl(1)

√√√√( |Uac|M
Lp

+

∣∣Uac(2)

∣∣M2

Ls(2)
cos 30◦

)2

+

(∣∣Uac(2)

∣∣M2

Ls(2)
sin 30◦

)2

(27)

Iso(2) (30
◦)

Iso(2) (0)
=

√(
|Uac|M

Lp
+

|Uac(2)|M2

Ls(2)
cos 30◦

)2

+

( |Uac(2)|M2

Ls(2)
sin 30◦

)2

|Uac|M
Lp

+
|Uac(2)|M2

Ls(2)

≈ 97% (28)
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Fig. 8. Current track circuit.

As can be seen in Fig. 8, there are five parts in the synchronization
circuit: current hall sensor, peak current hold circuit, dynamic
current detection circuit, synchronization determining circuit,
and peak current reset circuit.

The principle of the synchronization circuit is explained as
follows. According to the above analysis, the synchronization
status is determined by whether Iso(2) reaches its peak value.

1) Synchronized: Iso(2) reaches its peak value.
2) Not synchronized: Iso(2) is lower than its peak value, and

the inverter phase of the R pickup should be adjusted to
make the current reach the peak value.

To realize the above objective, a peak current hold circuit is
designed by using two operational amplifiers, including A and
B, to track the peak current and hold it. To reduce the influence of
disturbance, a tolerance region is set around the peak value. To
make the synchronization circuit adaptive for load and mutual
inductance variation, a reset circuit is used to reset the peak
current. Every part of the synchronization circuit can be given
as follows.

1) Current hall sensor: A current hall sensor is utilized to
detect current Iso(2) in the inductance Lso(2) of the R
pickup.

2) Peak current hold circuit: A peak current hold circuit is
utilized to obtain and maintain the peak value of Iso(2).
The operational amplifier A is utilized to track the peak
current and the operational amplifier B works as a voltage
follower to hold it.

3) Dynamic current detection circuit: The dynamic current
Iso(2) is rectified by D3 and filtered by C2.

4) Synchronization determining circuit: A comparator will
detect whether the current Iso(2) reaches its peak value, and
the field-programmable gate array (FPGA) controller will
adjust the inverter phase of the R pickup to approach its
peak value via a status signal. On this basis, R5 and R6 set
a tolerance region to reduce the influence of disturbance.

5) Peak current reset circuit: If the F pickup needs to track
lower power level, the FPGA chip makes the peak current
hold circuit reset, and then Iso(2) tracks the low power
level.

When A and B are synchronized, the output power of the F
pickup can be obtained by

Po(i) = |A+B|2Rl(1). (29)

As seen from (22) and (29), compared with operation mode
1, operation mode 2 provides higher power.

Fig. 9. Equivalent circuit diagram of R pickup in operation mode 2.

IV. BOUNDARY CONDITION OF REVERSE ENERGY INJECTION

Fig. 9 depicts the equivalent circuit diagram of the R pickup
in operation mode 2. The boundary condition gives a limitation
for reverse energy injection. In the strengthening mode, if input
voltage of the R pickup is not large enough, it will block energy
reverse injection process and make R pickup work as a receiver.
The boundary condition gives a minimum input voltage of R
pickup. The battery of the R pickup can be expressed as a series
connection of voltage source E2 and resistance Rm(2). Applying
superposition theorem, Um(2) can be expressed as follows:

Um(2) =
πUacMM2Rm(2)

2
√
2LpLso(2)

(
M2

1Rl(1)

L2
so(1)

+
M2

2Rm(2)

L2
so(2)

) − E2. (30)

Then, the current Im(2) can be expressed as follows:

Im(2) =
Um(2)

Rm(2)
. (31)

The energy PE(2) received or delivered on battery E2 can be
expressed as

PE(2) = E2Im(2). (32)

Equations (30)–(32) show that when Um(2) > 0 and PE(2) >
0, the battery receives energy; when Um(2) < 0 and PE(2)<0,
the battery delivers energy for other pickups. Therefore, we must
satisfy Um(2) < 0 to make the energy transfer reversely. Usually,
when the battery is used as a power source, its resistance Rm(2)

is relatively small. According to (30), when Rm(2) is relatively
small, generally Um(2) < 0. Therefore, the energy can be easily
reversely transferred.

When the system works in operation mode 2, F pickup re-
ceives energy from the primary and the R pickup. Equation
(33) indicates that the energy is inversely injected from the R
pickup to the F pickup. Under such condition, the energy PFB

transferred by the R pickup can be obtained as follows:

PFB =
Uac(2)M2

Ls(2)

(
UacML2

so(1)

LpM2
1Rl(1)

+
Uac(2)M2L

2
so(1)

Ls(2)M
2
1Rl(1)

)
.

(33)

V. PERFORMANCE ANALYSIS

As mutual inductances and equivalent resistances dynami-
cally change during the moving charging process, it is necessary
to analyze and evaluate the effects of these variations on the
system performance under the two operation modes. The output
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Fig. 10. Variation of Uo(1) with the mutual inductances and the loads in
operation mode 1. (a) Variation of Uo(1) with mutual inductances. (b) Variation
of Uo(1) with load resistances.

Fig. 11. Variation of Uo(1) with the mutual inductances and the load in
operation mode 2. (a) Variation of Uo(1) with M1 and M2. (b) Variation of
Uo(1) with M1 and Rl1.

voltage on the load in mode 1 can be obtained as follows:

•
Uo(1) =

•
UacMM1Rl(1)

LpLso(1)

(∑2
i=1

M2
i Rl(i)

L2
so(i)

) . (34)

Through the theoretical analysis, Fig. 10 shows the variation
of the output voltage Uo(1) with the mutual inductances and the
loads. It can be seen from Fig. 10(a) that, Uo(1) undergoes a
raising and falling process with the increase of M1, and a falling
process with the increase of M2. From Fig. 10(b), it can be seen
that Uo(1) increases with the increase of Rl(1) and decreases with
the increase of Rl(2).

When the system works in mode 1 with only one pickup, the
output voltage on the load can be expressed as follows:

•
Uo(1) =

•
UacLso(1)M

LpM1
. (35)

When the system works in mode 2, the output voltage of the
F pickup can be expressed as follows:

•
Uo(1) =

Lso(1)

M1

⎛
⎝ •
UacM

Lp
+

•
Uac(2)M2

Ls(2)

⎞
⎠ . (36)

Through the theoretical analysis, the variation of Uo(1) with
the mutual inductances and the load in operation mode 2 is shown
in Fig. 11. As can be seen from Fig. 11(a), Uo(1) decreases with
the increase of M1 and increases with the increase of M2, the
maximum of Uo1 is 270 V when M1 = 5 μH, M2 = 16 μH, and
the minimum of Uo1 is 50 V when M1 = 20 μH and M2 = 8 μH.
As can be seen from Fig. 11(b), Uo1 is independent of the load.

Fig. 12. Experimental setup.

TABLE I
PARAMETERS OF THE TRACK WPT SYSTEM

VI. EXPERIMENTAL VERIFICATION

In order to verify the proposed method, an experimental
system is set up as shown in Fig. 12, which wirelessly charges for
two moving robots. FPGA chip (EP2C5T144C8) is selected as
the main control unit and MOSFET SiHG32N50D as the main
switching component. The experimental system consists of one
primary side, one track unit, and two pickups. The primary coil
and the pickup coils are circular coils with 100 mm diameter and
the track coil is an 800 mm straight coil. The air gap between
primary side and track is 30 mm, which is the same as the
distance between the pickups and track.

In the resonant topology design, an LCL topology is selected
for the primary and pickups, and a series LC topology is selected
for the track unit. In the mode 1 test, the primary with 35 V dc
input voltage provides energy for the track and the two pickup
loads with 8 Ω resistance.

In the mode 2 test, the dc input voltage of the primary and
the R pickup are both 35 V, and they provide energy for the F
pickup with 8 Ω resistance. The current track circuit is utilized
in the R pickup for synchronization between the R pickup and
the primary. The driving signals of the inverters in the primary
and R pickup are given by the FPGA controller, and the system
parameters are tabulated in Table I.

To verify the proposed method, three kinds of tests can be
carried out as follows:

1) operation test in mode 1 with two pickups receiving
energy;
2) operation test in mode 1 with one pickup receiving energy;
3) operation test in mode 2.
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Fig. 13. Operation model 1 with two pickups. (a) Driving signal of MOSFET
Sp1, current in the primary inductance Lpi and output voltage in two pickups.
(b) Driving signal of MOSFET Sp1 and current in the track.

Fig. 14. Operation model 1 with one pickup.

A. Operation Mode 1 With Two Pickups

Fig. 13 shows experimental waveforms in the operation
mode 1 with two pickups. Fig. 13(a) shows the driving signal
of MOSFET Sp1, the current in the primary inductance Lpi, and
the output voltage of two pickups. Fig. 13(b) shows the driving
signal of MOSFET Sp1 and the current in the track. As can be
seen from the two figures, Uout(1) = 21.6 V, Uout(2) = 12.4 V,
It = 7.98 A, and then it is calculated that Pout(1) = 58.32 W
and Pout(2) = 19.22 W.

B. Operation Mode 1 With One Pickup

According to (14) and (16), when there are fewer pickups in
the operation mode 1, it provides more current for the track and
higher power for the pickups. Fig. 14 shows the driving signal of
Sp1, the current in the track, and the output voltage on the load
in the operation mode 1 with one pickup. It can be observed
that, compared with Fig. 13(a), the output voltage on the load
increases from 21.6 to 28.6 V and the output power increases
from 58.32 to 102.25 W in Fig. 14. Simultaneously, compared
with Fig. 13(b), the current in the track increases from 7.98 to
10.7 A. It is known that the experimental results are all consistent
with the theoretical results.

C. Operation Mode 2

The experimental results of the operation mode 2 are shown
in Fig. 15. Fig. 15(a) and (b) show the driving signals of Sp1
and S21, the current Iso(2) in inductance Lso(2), and the output
voltage Uout(1) when Uac and Uac(2) are in phase or not in
phase. Fig. 15(c) shows the driving signal of Sp1 and S21, and
the current in the track when Uac and Uac(2) are in phase. By
comparing Fig. 15(a) with (b), it can be seen that when the
driving signals of Sp1 and S21 are not in phase, both the output
voltage Uout(1) of the F pickup and the current Iso(2) in the R
pickup decrease, which is consistent with the theoretical result. It

Fig. 15. Operation mode 2. (a) Uac and Uac(2) are in phase. (b) Uac and
Uac(2) are not in phase. (c) Uac and Uac(2) are in phase.

Fig. 16. Dynamic regulation process of the system. (a) Variation of the
output voltage Uout(1) and track current It. (b) Variation of the input current
Ip_in(dc), the input voltage Udc in the primary side, and Uout(1). (c) Variation
of the voltage URpickup_R(dc), the current IRpickup_R(dc) in the R pickup
side, and Uout(1).

can be observed from Figs. 14 and 15(c) that the track current in
operation mode 2 increases from 10.7 to 16.9 A when compared
with that in operation mode 1. Also, it can be observed in Figs. 14
and 15(a) that when Uac and Uac(2) are in phase, the output
voltage increases from 28.6 to 42.1 V and the output power of
the F pickup increases from 102.25 to 221.55 W. This verifies
that the power transfer capability is strengthened after R pickup
reversely injects energy.

D. Dynamic Regulation Process of the System

The dynamic adjustment process of the system when it
changes from operation mode 1 to operation mode 2 is shown
in Fig. 16. Fig. 16(a) shows the output voltage Uout(1) of the F
pickup and track current It during the switching process of the
operation modes and phase-shifting regulation. Fig. 16(b) shows
the input current Ip_in(dc), the input voltage Udc of the primary,
and Uout(1). Fig. 16(c) shows the voltage URpickup_R(dc), the
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current IRpickup_R(dc) of the R pickup, and Uout(1). In the
experimental system, the load of the R pickup consists of a
resistance and a dc power source connected in parallel. The
ON/OFF of the two branches is controlled via switches.

When t < t1, the resistance branch of the R pickup is “ON”
while the power source branch is “OFF,” and the system works
in the operation mode 1, in which the converter of the R pickup
works as a rectifier, and the R pickup receives energy.

When t = t1, the converter of the R pickup changes from
rectifier to inverter, the operating frequency of the inverter is
the same as that of the primary, and the resistance branch is
OFF. During this time, the primary and R pickup inverters are
not synchronized. The resistance branch may be short-circuited
due to the different phase of the primary and R pickup inverters.
The reflected impedance from the R pickup to the track coil
will decrease. This causes the track current and the voltage
received by the F pickup to increase. Furthermore, the input
power increases as the output power increases. Thus, the primary
current increases. Therefore, from Fig. 16, it can be seen that It,
Ip_in(dc) and Uout(1) increase slightly.

When t = t2, the power branch is ON, and the controller in
the R pickup maintains Uac and Uac(2) in the same phase via
phase-shifting adjustment with an adjustment time τ . After that,
the system works in operation mode 2. It can be seen from
Fig. 16 that It, Ip_in(dc) and Uout(1) increase significantly, the
input current of the R pickup is reversed, and the R pickup
changes from receiving energy to transmitting energy. The phase
of Uac and Uac(2) can be adjusted to the same less than 1 ms.
Meanwhile, the switching process is stable, and large voltage
and current spikes do not occur in any part of the system.

When the system operates in mode 1 with one pickup, the
output voltage of the pickup can be given by

Uout(1_1) =
πUacMLso(1)

2
√
2LpM1

= 28.6V. (37)

When the system operates in mode 2, the output voltage of
the F pickup can be given by

Uout(1)(2) =
πUacMLso(1)

2
√
2LpM1

+
πUac(2)M2Lso(1)

2
√
2Ls(2)M1

= Uout(1_1) + Uout(1_2) = 42.1V. (38)

When the system operates in mode 2, the power received by
the F pickup can be given by

Pout(1) =
U2
out(1)(2)

R1
=

1

R1

(
Uout(1_1) + Uout(1_2)

)2
= 221.55W. (39)

The reverse energy provided by the R pickup to the F pickup
can be given by

Pout(1)(RPickup) =
1

R1

(
U2
out(1_2) + Uout(1_1)Uout(1_2)

)
= 71.04W. (40)

TABLE II
COMPARISON OF EXPERIMENTAL RESULT

TABLE III
VARIATION OF THE MUTUAL INDUCTANCE Mi WITH THE MOVING DISTANCE

The power provided by primary to the F pickup can be given
by

Pout(1)(primary) =
1

R1

(
U2
out(1_1) + Uout(1_1)Uout(1_2)

)
= 150.51W. (41)

Table II gives the comparison results between mode 1 and
mode 2.

As can be seen in Table II, compared to the operation mode 1,
on the condition that Uac and Uac(2) are in phase, the power
transfer capability significantly increases via reverse energy
injection of the R pickup. On the contrary, on the condition that
Uac and Uac(2) are not in phase, the output power of the F pickup
decreases significantly. It can be seen that the synchronization
plays an important role in the strengthening mode.

E. Variation Range of the Mutual Inductance During Motion,
and the Influence of the Mutual Inductance Variation on the
System Performance

This article focuses on the track application such as AGV
moving along a stationary track. In this application, the relative
movement between track and pickups is relatively small. Mu-
tual inductance variation range is analyzed through COMSOL
software. The COMSOL analysis model and magnetic field of
the coupling mechanism are shown in Fig. 17.

In the COMSOL analysis model, the track coil is a 110 cm
straight coil, and its width is 20 cm. The pickup coil is a circular
coil with 10 cm diameter. The air gap between the track coil and
the pickup coil is 3 cm. The starting position of the pickup coil
movement is the center of the track coil. Within the range of
coil movement shown in Table III, the variation of the mutual
inductance Mi (i = 1, 2) between the two coils is shown in
Fig. 18, and it is listed in Table III.
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Fig. 17. COMSOL analysis model and magnetic field of the coupling mech-
anism. (a) COMSOL analysis model. (b) Magnetic field of the coupling
mechanism.

Fig. 18. Variation of the mutual inductance Mi with the moving distance.

Fig. 19. Variations of the output voltage Uo(1) and the efficiency η with the
mutual inductance Mi in operation mode 1 (Normal mode). (a) Variation of
Uo(1) with Mi. (b) Variation of η with Mi.

Under the condition of the mutual inductance Mi variation
shown in Fig. 18 and Table III, the influences of the Mi variation
on the output voltage Uo(1) and the efficiency η in two operation
modes are shown as follows.

In operation mode 1, as can be seen from Fig. 19, when M1 and
M2 vary from 9.33 to 10.53 μH, the output voltage Uo(1) varies
from 16.6 to 18.8 V, and the efficiency η varies from 91.12%
to 92.05%. So ΔUo(1) = 2.2 V, Δη = 0.93%. And the change
ratio of Uo(1) is 12%.

In operation mode 2, as can be seen from Fig. 20, when M1

and M2 increase from 9.33 to 10.53μH, the output voltage Uo(1)

varies from 46.3 to 40.5 V, and the efficiencyη varies from 91.9%

Fig. 20. Variations of the output voltage Uo(1) and the efficiency η with the
mutual inductance Mi in operation mode 2 (Strengthening mode). (a) Variation
of Uo(1) with Mi. (b) Variation of η with Mi.

Fig. 21. Design method of track coil. (a) Typical track system structure.
(b) Design steps of track system.

to 93%. So ΔUo(1) = 5.8 V, Δη = 1.1%. And the change ratio
of Uo(1) is 12.8%.

VII. DISCUSSION

A. Design Method of Track System

Fig. 21(a) shows a typical track system structure. In the system
designed in this article, the track resonant capacity plays an
important role as it should meet the rated power requirement of
each pickup with reduced costs.

The design steps of track system can be illustrated in
Fig. 21(b). The track resonant capacity, turns of the track coil
NTo, the pickup coil Nsi(o), and the rated power Pout_i(o) are
initialized. Then, the inductance LT can be calculated with (42).
The mutual inductance Mi can be calculated with (43)–(45) and
compared with Mi_required. If Mi is higher than Mi_required, the
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output power Pout_i can be calculated. Or it will continue to
increase the turns of NT and Nsi with a fixed ratio (NS/NT).
If Pout_i is lower than Pout_i(o), it will continue to increase
the track resonant capacity PT (PT = UT IT, where UT is the
induced voltage of track coil), until it finally meets the rated
power requirement

LT =
μoN

2
T

π

(
wT ln

lT
DT /2

+ lT ln
wT

DT /2

)
(42)

Lsi = μorsiN
2
si

(
ln

8rsi
Dsi/2

− 2

)
(43)

ki =
2rsi
lT

(
rsi√

w2
T + 4h2

i

)3

(44)

Mi = ki
√
LTLsi. (45)

μ0 is the permeability constant. NT, lT, and wT are the turns,
length, and width of the track coil, respectively, and DT is the
wire diameter of the track coil. Nsi and rsi are, respectively, the
turns and the average radius of each pickup coil, and Dsi is the
wire diameter of each pickup coil. ki and hi are the coupling
coefficient and height between the track coil and each pickup
coil, respectively.

B. Future Application in EV Area

In dynamic wireless charging mode for EV, the ground exci-
tation coils work as segment track coils. The proposed method
can be utilized to increase track power capacity for the require-
ment of transient large power. It is especially useful for such a
system with rapid power variation. However, there are several
challenges in EV application as follows.

1) In the transient process from normal to strengthening
mode, system resonance parameters should be designed
carefully to avoid energy spike.

2) In EV dynamic charging, the switching of track coils will
bring challenges to fast dynamic response of the controller
in the strengthening mode.

3) In the track design of the proposed method, the dynamic
EV wireless charging will cause dramatic mutual induc-
tance and power variation. Seeking an optimum design
for track resonance system is complicated. A multiple-
objective design algorithm is needed to balance the system
construction cost and power requirement.

C. Method is Generalized to More Than Two Sources

When there are n pickups in the system, the first pickup is
assumed as F pickup to receive power, and the other pickups are
as R pickups to inject power reversely.

The current in the inductance Lso(i) of the R pickup can be
given by

•
Iso(i) =

MiL
2
s(1)

Ls(i)M
2
1Rl(1)

((
|Uac|M

Lp
+

n∑
i=2

∣∣Uac(i)

∣∣Mi

Ls(i)
cos θi

)

+ j
n∑

i=2

∣∣Uac(i)

∣∣Mi

Ls(i)
sin θi

)
(i = 2, 3 . . . n) (46)

Fig. 22. Active rectifier and operating waveform. (a) Mode 1. (b) Mode 2.
(c) Mode 3. (d) Mode 4. (e) Operating waveform.

where θi is the relative phase angle between Uac and Uac(i). The
current Iso(i) approaches its peak value when θi approaches
0, which indicates that Uac and Uac(i) are in phase. There-
fore, the peak value of Iso(i) can be utilized to evaluate the
synchronization state of Uac and Uac(i). When Uac and Uac(i)

are not synchronized, we can adjust the phase of the R pickup
to make Uac and Uac(i) in phase.

If there are multiple R pickups in the system, it is necessary
to improve the response time of multiple R pickup controllers.

D. Output Voltage Regulation Through Active Rectifier

In the proposed system, a full-bridge converter is used in the
pickup, so the converter can be used to adjust the output voltage.
The analysis of the active-rectifier control method is as follows.

The active rectifier and operating waveform are shown in
Fig. 22. There are four stages in one operating period, and the
input voltage of the active rectifier Uo(i) can be expressed as
follows:

Uo(i) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
0 0 < ωt < βi

Uout(i) βi < ωt < π

0 π < ωt < π + βi

−Uout(i) π + βi < ωt < 2π

(47)

where βi is the conduction angle of the active rectifier and
Uout(i) is the output voltage. The rms value of Uo(i) can be
given by

Uo(i)_rms =
2
√
2

π
Uout(i) cos

βi

2
.(0 < βi < 180◦) (i = 1, 2) .

(48)
It can be seen from (48) that the output voltage can be adjusted

by the conduction angle βi. Its regulation ability on the output
voltage Uout(1) in two operation modes is shown in Fig. 23.
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Fig. 23. Variation of the output voltage Uout(1) with βi in two operation
modes. (a) Operation mode 1. (b) Operation mode 2.

Fig. 24. Dynamic output voltage regulation performance analysis. (a) Varia-
tion of Uout(1) with β1 in operation mode 1. (b) Variation of Uout(1) with β2

in operation mode 1. (c) Variation of Uout(1) with β1 in operation mode 2.

In operation mode 1, as can be seen from Fig. 23(a), when
both β1 and β2 vary from 0° to 180°, the range of the output
voltage Uout(1) is 0–60 V. In operation mode 2, as can be seen
from Fig. 23(b), when β1 varies from 0° to 180°, the range of
the output voltage Uout(1) is 0–70 V.

To demonstrate the dynamic regulation performance with β1

and β2, the regulation response is given in Fig. 24.
As can be seen from Fig. 24, under the regulation of the active

rectifier, whenβ1 andβ2 change from 0° to 85° and then to 170°,
the transition time is less than 5 ms, and the overshoot on the
output voltage is less than 2%. Therefore, the transition process
is stable, and there is almost no overshoot on the output voltage.

The output voltage regulation performance in two operation
modes is listed in Table IV.

As can be seen from Table IV, in operation mode 1, when β1

changes from 0° to 85° and then to 170°, the range of Uout(1)

is 1.7–18.2 V. When β2 changes from 0° to 85° and then to

TABLE IV
OUTPUT VOLTAGE REGULATION PERFORMANCE IN TWO OPERATION MODES

Fig. 25. Process of determining whether the F pickup needs more energy.

170°, the range of Uout(1) is 18.2–32.5 V. In operation mode
2, when β1 changes from 0° to 85° and then to 170°, the range
of Uout(1) is 17.2–44.5 V. Therefore, with the active rectifier,
we can realize output voltage regulation to correct dynamic
parameters tolerance influence and maintain the output stable.

E. Method of Determining Whether the F
Pickup Needs Energy

In the proposed system, the current track circuit in the pickup
is not only used to control the synchronization of multiple
sources, but also to determine whether the F pickup needs more
energy.

The evaluation process of whether the F pickup needs more
energy is shown in Fig. 25. In the operation mode 1, when the
F pickup needs more energy, the load of the F pickup Rl1 will
decrease. The current Iso(2) in the R pickup can be given by

•
Iso(2) =

•
UacMM2

LpLso(2)

(
M2

1Rl(1)

L2
so(1)

+
M2

2Rl(2)

L2
so(2)

) . (49)

Equation (49) indicates that Iso(2) increases with the decrease
of Rl(1). When Iso(2) is detected to increase rapidly while Rl(2)

maintains unchanged, it indicates that F pickup needs more
energy and R pickup needs to inject energy reversely.

VIII. CONCLUSION

This article proposes a power transfer capability strengthening
method for multiple pickups with sharing power channel within
a long track coil. The experimental results show that the transient
excess power requirement of one pickup can be delivered from
the other pickup without increasing the primary power rating.
This improves the cost-effectiveness with reduced energy waste.
In addition, the proposed synchronization method has been
verified to maintain the primary and the reverse injection pickup
in phase at a high operating frequency. A boundary condition is
set to ensure the power can be reversely inject in strengthening
mode. The effects of the mutual inductances and the loads on the
system performance are analyzed. Furthermore, the proposed



DAI et al.: ENERGY INJECTION METHOD TO IMPROVE POWER TRANSFER CAPABILITY OF BIDIRECTIONAL WPT SYSTEM 5107

method can be used in multiple modules if energy sharing is
needed between them.
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