Two-Transmitter Wireless Power Transfer with LCL
Circuit for Continuous Power in Dynamic Charging

Abstract—Wireless power transfer is a safe and convenient method for charging electric vehicles (EV). Dynamic
charge can further reduce the needs of high capacity, heavy
and costly batteries. Long transmitter coils provide steady
power flow for certain distance. However coupling between
the long coils with small coils is prone to field leakage and
lower efficiency. Therefore, simultaneous two-transmitter
method is proposed to emulate the long transmitter coils.
LCL configuration is used for each transmitter to allows
inverter sharing.
Keywords—Wiress Power Transfer, LCL, Dynamic
Charging, Neumann formula, Two-Transmitter

I. I NTRODUCTION
Electric vehicles are cleaner, quieter and more efficient compared to internal combustion engine. More
importantly, the energy can be generated from renewable
sources such as solar power and wind power. Dynamic
charge [1]-[6] has been researched recently to solve
the long charging time and further increase the appeal
of EVs to general users [1]. Existing dynamic system
[2], [3], [4] have long transmitter tracks that are well
suited for large vehicles. Other example of long track
system proposed by [5] has small vertical air-gap. When
coupling long coil with small receiver, the efficiency
is lower. This phenonema is explained using Neumann
formula and maximum efficiency formula. Additionally,
leakage maybe higher as the smaller receiver cannot
capture the field [7], [8] .
Since long coils for dynamic charge results in low
efficiency, [6] used small transmitter (ground pad) and
pulsed power when the vehicle is detected. In this
paper, a method to provide continuous power and high
efficiency is proposed. With continuous power, constant
current charging which is the desirable charging method
for battery and EDLC [9] can be implemented. Small
transmitters are arranged along the ground, two transmitters are activated at a time when the EV passby.
Impedance inverter LCL circuit is used [6], [10] to ensure constant current in the activated transmitters. When
the vehicle moves away, the no-load condition will cause
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Figure 1. Compensation methods of wireless power transfer.

zero reflected impedance from the receiver circuit to the
primary circuit [11], [12]. Having constant current in the
transmitters will not short circuit the inverter as in the
primary series-compensated configuration and therefore
multiple transmitters can be connected in parallel to an
inverter. Futhermore, the compensation does not depend
on the changes of the load and mutual inductance as in
the primary parallel-compensated configuration [12]. Efficiency analysis and optimised load is also proposed for
the two-transmitter system. Experiments were performed
to verify the proposed method.
II. L ONG C OIL C ONSIDERATION
A. Maximum Efficiency
The equivalent circuits of six basic compensation
methods are shown in Fig. 1. They are the series-series,
series-parallel, parallel-series, parallel-parallel, uncompensated primary-series and uncompensated primaryparallel. The maximum efficiency of all six configurations is given in (1) [13].
ηmax =

X
√
(1 + 1 + X)2

(1)

where
X = k 2 Q1 Q2 =

(ω0 M )2
r1 r2

(2)

and k is the coupling coefficient, Q1 and Q2 are the
quality factors of transmitter and receiver respectively.

Figure 4. Plot of maximum efficiency vs lateral displacement.
Figure 2. Neumann formula calculation method.

Figure 5. Illustration of the proposed method.

Figure 3. Fabricated 3 meter coil and receiver coil

Equation (1) tells us that the maximum efficiency will
be close to 1 if X is much larger than 1. Mutual inductance, M is calculated using Neumann formula which
will be explained in the next subsection. Coil resistance
r1 and r2 are obtained from real measurements.
B. Neumann Formula

Mutual inductance between two coupled coils is given
in (3) where the coils are divided into small sections
shown in Fig. 2.
I I
µ0
dl1 .dl2
M=
(3)
4π C1 C2 D
dl1 and dl2 are the differential length of these small
sections of transmitter and receiver respectively. Term D
is the distance between the sections. Mutual inductance
is sum of mutual inductance contributed by each of these
small sections.
For mounting at the EV Toyota Coms in the laboratory, a 10 turn receiver, outer size (40x40) cm receiver is
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chosen. Transmitter length is extended to achieve larger
charging coverage. The overlapping area of the coils is
similar with using identical transmitter and receiver case.
The resulted mutual inductance is similar, however with
a longer transmitter, the coil resistance is larger. From
Neumann calculations, when using identical coils and
with 10 cm vertical gap, the mutual inductance is 22.98
µH and the coil resistance is measured to be 0.26 Ω.
Therefore using (1) and (2), the maximum efficiency is
95.9%. A 10 turn, (40x300) cm transmitter shown in
Fig. 2 is fabricated and the coil resistance is measured
to be 1.52 Ω. The mutual inductance calculated using
Neumann formula when placing the (40x40) cm receiver
10 cm above the middle of long transmitter is 19.41 µH
and the maximum efficiency is reduced to 88.6%. Fig. 4
shows the efficiency plot vs lateral displacement of the
receiver when the vertical gap is 10 cm. The 0 cm point
is refer to the center of transmitter. If longer transmitter is
used, the maximum efficiency will tend to reduce further.
III. T WO TRANSMITTERS TO ONE RECEIVER WITH
LCL
Since coupling a long transmitter with small receiver
results in low efficiency and may cause field leakage to
the environment, simultaneous charging from two small
transmitters is proposed. The receiver coil is made longer
than the transmitter coils. Fig. 5 shows an illustration
of the proposed method where the transmitter coils are
arranged along the ground. When the receiver is above
the first and second transmitter, these two transmitters are
activated. When the receiver is moving towards the third
transmitter, the second and third transmitter are activated
and so on. LCL circuit is used for each transmitter to

j(ω0 L3 −

1
)=0
ω0 C 3

(7)

Since the transmitter current is constant, receiver current
I3 will be constant if we can ensure the sum (M1 + M2 )
is constant. Thus power received by the load will also
be constant.
A. Efficiency Analysis
Figure 6. Equivalent circuit of the proposed method.

allow multiple small transmitters to be connected in parallel to a common inverter. Constant current is achieved
at the transmitters and the low coupling condition or noload condition will not short circuit the inverter.
Fig. 6 shows the equivalent circuit of the proposed
wireless power trasnfer system. The components at the
primary side are designed such that:

The transfer efficiency is given in (8).
η = ηpri × ηsec

(8)

RL
RL + r3

(9)

where
ηsec =

and
1
1
ω0 L11 =
= ω0 L12 −
ω0 C11
ω0 C12
1
1
= ω0 L22 −
ω0 L21 =
ω0 C21
ω0 C22
1
Z11 = r11 + j(ω0 L11 −
)≈0
ω0 C11
1
Z21 = r21 + j(ω0 L21 −
)≈0
(4)
ω0 C21
Resistor r11 and r21 are the parasitic resistance of the
inductor L11 and L21 respectively and is assumed to be
sufficiently small. Looking at the I11 and I12 current
loop:
−j
I12
ω0 C11
−j
I22
(5)
V1 = Z21 I11 +
ω0 C21
Since impedance Z11 and Z21 are zero, transmitter
current I12 and I22 are constant. Furthermore applying
the same design in every parallel branch and from the
I3 current loop:
V1 = Z11 I11 +

ηpri =

|I3 |2 (RL

Substituting (6) into (10) and cancelling the common
terms, we obtain:

ηpri =

where secondary resonance is implemented:
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(ω0 M1 +ω0 M2 )2
(RL +r3 )
(ω0 M1 +ω0 M2 )2
+ r12
(RL +r3 )

(11)
+ r22

Equation (8), (9) and (11) have the same structure as
the series-series wireless power transfer. Therefore the
same maximum efficiency equation with modification
can be used. In this two transmitter case, the maximum
efficiency is the same as (1). However the X is now
given as:
(ω0 M1 + ω0 M2 )2
(r12 + r22 )r3

X=

(12)

and the load for maximum efficiency is:

I12 = I22
0 = I3 (RL + r3 ) + jω0 M1 I12 + jω0 M2 I22
jω0 (M1 + M2 )
I3 = −
I12
(6)
(RL + r3 )

|I3 |2 (RL + r3 )
(10)
+ r3 ) + |I12 |2 (r12 ) + |I22 |2 (r22 )

s
RLmax =

r3



(ω0 M1 + ω0 M2 )2
+ r3
r12 + r22



(13)

Equation (13) is modified version of the maximum
efficiency load equation from [14].

Figure 7. Experiment setup.

Figure 10. (a) Transfer Efficiency and (b) power for 0 cm point to
36 cm point.

Figure 8. Coil Dimension

B. Experiment

Table I
PARAMETER L IST
Parameter

Value

V1
L11
r11
C11
L12
r12
C12
L21
r21

30 V
30 µH
0.1 Ω
110 nF
55.3 µH
0.25 Ω
136 nF
30 µH
0.1 Ω

Parameter

Value

C21
L22
r22
C22
L3
r3
C3
RL

110 nF
56 µH
0.26 Ω
136 nF
88.9 µH
0.33 Ω
38.5 nF
5Ω

Figure 9. Mutual inductance plot.
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Fig. 7 shows the coils used for the experiment to
verify the proposed method. The dimensions are shown
in Fig. 8 and the component parameters are listed in
Table III. The horizontal gap bewteen two transmitters
is chosen such that sum the (M1 +M2 ) is constant where
M1 is the mutual inductance between receiver and left
transmitter and M2 is the mutual inductance between the
receiver and the right transmitter. Both the transmitters
are identical and the vertical gap is 10 cm. Plot in Fig. 9
shows the mutual inductance plots where the horizontal
axis is the position of the center of the receiver and the
0 cm point and 36 cm point are indicated in Fig. 8.
The solid lines are the calculation data using Neumann
Formula implemented in Matlab. The dotted lines are
the measurement data using open-short method with a
LCR meter. As shown by the plots, the measurement
data matches with the calculation data except for the
negative mutual inductance region where the open-short
method is not valid.
The power supply used is NF HSA4014 high speed
bipolar amplifier and the 85 kHz squarewave input
reference is provided by Tektronix AFG3021 arbitrary/function generator. The voltage and current waveforms are captured using Tektonix MSO3034 mixed
signal oscilloscope. Power and efficiency measurements
are performed using NFL PPA5530 precision power

IV. C ONCLUSION

Figure 11. Voltage and current waveforms a) Source voltage and
current at the coils, source current, Is , I11 and I21 at b) 0 cm, c)18
cm and d) 36 cm

analysers. Efficiency plots in Fig. 10(a) shows that the
efficiency maintain constant when the center of the
receiver travels from 0 cm point to 36 cm point. The
measurement data is close enough to calculation data.
RL is chosen to be the optimised load 5 Ω. The power
plots is shown in Fig. 10(b), the power across RL
remains constant throughout the experiment region. The
lower measured power is due to the reactive impedance
seen by the power source that is not accounted by
the derived equations above. The imaginary impedance
is caused by the imperfect matching and harmonics
that is present at the power source. Compared to SS
configuration, where the resonant circuit is connected
directly to the source, these harmonics from squarewave
voltage output is not filtered at the source.
The voltage source waveform, current waveforms of
the transmitters, current I12 and current I22 , and receiver
I3 are shown in Fig. 11. These waveforms remain
nearly unchanged throughout the lateral displacement
experiment therefore only one of them is shown. The
amplitude of the squarewave is 30 V and taking only
the fundamental components and according to (5) the
RMS transmitter current are:

When coupling long coils with small coils of general size EVs, transfer efficiency tend to be lower.
This phenomena is explained using Neumann formula.
Additionally, leakage field may occur as most part of
the activated transmitter is not covered by the receiver.
However long coils are able to provide steady power flow
for certain distance. Therefore, simultaneous charged by
two short transmitters is proposed to emulate the long
coils. LCL circuit is used in each transmitter to allow
inverter sharing. The coil arrangement is designed such
that, the sum of mutual inductance between the receiver
and first transmitter and mutual inductance between the
receiver and second transmitter is constant. In this way,
receiver is able to receiver almost constant power while
moving along the dynamic charging lane. The proposed
method is verified by experiments.
Future work for this paper is to account for imperfect matching and imaginary impedance viewed by
the inverter due to harmonics in the derived equations.
Secondly, a DC/DC converter will be implemented at the
receiver for charging voltage load such as batteries and
supercapacitors and power control if the vehicle goes
slightly off track.
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