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ABSTRACT

Inductive power transfer (IPT) systems use the
principle of magnetic coupling to transfer power
through the air gap. A wireless battery charger is
used as a case study. The resonant inverter is used
to generate the high frequency current transmitting
through the power pad. The basic topologies give
the large inverter current with the large conduction
loss. This paper proposes the LCL resonant voltage
source inverter using low power device rating. The
proposed IPT system has two operating points with
different powers required. The ZVS operation region
and two operating points are validated by the AC
sweep of actual load and the frequency response of
entire system. Finally, the experimental results at
two operating points with the efficiency comparisons
are included to verify the proposed system.

Keywords: Inductive Power Transfer, LCL Reso-
nant Inverter

1. INTRODUCTION

In the past decade, the transportation industry
is a major sector of primary energy consumption.
The greenhouse gas emission has been continuously
increased. Many manufacturers have awareness of
global concerns and develop researches of a new gen-
eration of electric vehicles (EVs). EVs consume elec-
trical power from the batteries inside EVs. The EV’s
battery charger can be classified as conductive and
inductive battery chargers. Conductive charging sys-
tems use direct connection between EVs terminal and
distribution system. The limitation of the conductive
charger in the charging mode is the safety issue. The
fire or electric shock might occur due to the conduc-
tive charger contact, especially in the hazardous area
[1].

Inductive charging technique use the principle of
inductive power transfer (IPT) to transfer electrical
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power from the transmitter coil coupling through the
receiver coil without physical contact. Resonant in-
verter has adopted for transfer power through air gap.
The structure of inductive power transfer system can
be shown in Fig 1. The inverter produces a sinu-
soidal current in a frequency range of 10 - 40 kHz.
The transmitter pad inductance (L1) is resonated by
the primary compensation capacitance C1 in order
to produce the large reactive current (I1) creating
high flux density. This could minimize the VA rating
of inverter for a given load, as the transmitter side
produced only real power [2]. The transmitter and
receiver pads act as air core transformer (low cou-
pling coefficient). The receiver pad inductance (L2)
is resonated by the pickup compensation capacitance
(C2). The voltage across C2 is rectified and then the
switch mode controller enables the resonant circuit to
operate at a desired quality factor (Q) [3].

The power losses of IPT system consist of conduc-
tion loss, switching loss and loss due to loosely mag-
netic coupling. The loss from loosely magnetic cou-
pling is unavoidable because the nature of power pads
like air core transformer (This paper does not focus).
The ferrite set is used for improving coupling coef-
ficient that results in increased output power. The
conduction loss depends on the current and the ESR
of each component. The conduction loss can be re-
duced by using low ESR component. The power pad
and high frequency inductor should be built by low
ESR conductor such as Litz wire. The switching loss
depends on the switching frequency and ZVS condi-
tion. The switching characteristics of each semicon-
ductor device strongly depend on the operating tem-
perature and the internal device parameters that have
relatively large discrepancies. The high ESR leads to
forward voltage drop and conduction loss, reducing
the system efficiency.

Fig.1: Structure of inductive power transfer system.
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In the compensation section, there are four basic
possible topologies categorized by circuit configura-
tions. Firstly, a series-compensated secondary circuit
is able to supply a stable voltage and reflect only real
component to transmitter side. Secondly, a parallel-
compensated secondary circuit can supply a stable
current but it reflects the capacitive load to trans-
mitter side. Thirdly, a series-compensated primary
circuit is required to reduce its high voltage and elim-
inate the power device with large current rating in or-
der to carry the high transmitter current. Fourthly,
a parallel-compensated is usually used to provide a
large circulating transmitter current [4].

In general, the parallel compensated primary cir-
cuit is suitable for IPT system because it gives the
large transmitter current and large power transmit-
ting to the receiver side. The parallel compensated
primary circuit uses the current source inverter (CSI)
that requires the large inductor to maintain the con-
stant current on the DC side. The CSI is controlled
by the overlap angle of the driving signals to ensure
the short circuit in the commutating intervals. The
output power can be regulated by the controlled DC
input only. To eliminate the limitations of parallel
compensated primary circuit and the CSI, the LCL
resonant inverter is therefore proposed. The addi-
tional series inductor is designed for regulating the
output inverter current and acted as a transfer source
connected between the voltage source inverter (VSI)
and the parallel compensated primary circuit. The
transmitter current can be larger than the inverter
current if operating in high quality factor (Q>1), so
the power rating of switching devices can be reduced.

This paper is organized as follows. The system
configuration is described in section 2. The opera-
tional regions of the proposed system with ZVS condi-
tions are investigated in section 3. The experimental
results are shown in section 4. Finally, the conclusion
is included in section 5.

2. SYSTEM CONFIGURATION

2.1 Power Pads

The power output of an IPT system is calculated
by the product of open circuit voltage (Voc), short
circuit current (Isc) and the quality factor of the re-
ceiver pad as shown in equation (1) [4].

Pout = SuQ = VocIscQ = ωI21
M2

L2
Q (1)

Su is the uncompensated power ;
ω is the angular frequency ;
I1 is the transmitter current ;
M is mutual inductance ;
Q is the designed load quality factor.

Referring to this equation, the output power is
composed of the resonant inverter term (ωI21 ), and

coupling term (M2/L2), dependent on the geometry
of power pads, and the quality factor of the reso-
nant load on the secondary side. The inverter term
(ωI21 ) is limited by power device rating, and switching
and conduction losses. The coupling term (M2/L2)
mainly depends on height and size of both power
pads. To achieve the high efficiency, it is necessary
that both power pads have the highest coupling term
(M2/L2).

An IPT system transfers electrical power through
air gap by means of magnetic coupling. Past research
efforts on power pad designs include solenoidal, pla-
nar, circular, and DD pads [4]. In the solenoidal pad,
the flux pattern is arranged in a polarized bar. The
planar pad exploys a ferrite arrangement to produces
unsymmetrical flux distribution. Similary, the circu-
lar pad is made of a spiral copper wire and behaves
as a single-sided flux coupler due to the ferrite place-
ment at the bottom of the pad. The key advantage
of the circular pad is its large vertical flux linking
the other circular pad positioned precisely above the
transmitter. On the other hand, the DD pad is de-
veloped based on the circular pad using two circular
pads connected in series. The DD pad have better
coupling ability in comparison to the circular pad.
The solenoidal pad, planar pad and DD pad have
complex structure and asymmetrical flux distribution
[4]. The circular pad structure is selected in this work
because of its symmetrical structure. The misalign-
ment between coils in a practical operation of an EV
have made the circular pad a desirable choice. The
adopted design in the paper is based on the circular
pad designs in [5].

The power pad consists of copper winding and fer-
rite set. The copper winding is composed of 100
strands of AWG31 Litz wire. The circular pad is de-
signed to cope with 3,800 VA at a vertical distance of
100 mm. The power pad layout is illustrated in Fig
2. The ferrite set is designed for guiding magnetic
flux and improving power transfer capability. Each
long ferrite leg is composed of three I core with a di-
mension of 8×10×139 mm. And each short ferrite is
composed of two I core with same dimension. The
copper winding diameter (C) is approximately 57%
of the pad diameter (D) and a hole diameter (A) is
approximately 12% of the power pad diameter. The
power pads used in this paper are implemented as
depicted in Fig. 3.

In this system, the ferrite set is basically de-
signed for improving mutual inductance between
power pads. Fig. 4 shows a comparison of the mutual
inductance of the coils with and without ferrite bars.
At 100 mm, the mutual inductance M is increased
from 77 uH to 132 uH and the difference becomes
smaller as the distance is increased.
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Fig.2: Power pad layout.

Fig.3: Power pad.

Fig.4: A comparison of mutual inductance for de-
signs with and without ferrites.

2.2 Equivalent Circuit of IPT System

The IPT system has four basic topologies as shown
in Fig. 5. The equivalent circuits of different IPT
system topologies are classified as series-series (SS),
series-parallel (SP), parallel-series (PS) and parallel-
parallel (PP). The first word stands for circuit con-
figuration in the primary side and the second word
stands for circuit configuration in secondary side.
The parallel primary circuit has been used with the
current source inverter (CSI). It generates the volt-
age with high frequency across the resonant load, re-

sulting in the current with high frequency flowing
through power pad. The CSI requires a large in-
ductor to make a constant current on the DC side.
Thus, the structure of CSI is typically large. The
series primary compensation circuit uses the voltage
source inverter (VSI) to supply the current with high
frequency flowing through the power pad. Based on
this VSI topology, its voltage rating is low and the
current rating is high. Oppositely, in the CSI topol-
ogy, its voltage rating is high and the current rating
is low [6].

The secondary compensation circuit has two pos-
sible topologies based on configurations of the sec-
ondary resonant circuit. The series compensation
circuit as shown in Fig. 6 and parallel compensa-
tion circuit as shown in Fig. 7. In these Figures,
the L2 is defined as the receiver pad inductance, C2

is the secondary compensate capacitance, RL is the
load of secondary resonant circuit. The impedance of
secondary circuit (Z2) is given by as follows.

Z2,series = jωL2 +
1

jωC2
+RL

Z2,parallel = jωL2 +
1

jωC2 + 1/RL

(2)

Fig.5: IPT basic topology equivalent circuit.

Fig.6: Mutual inductance model with series sec-
ondary compensation.

To achieve the maximum power transfer capability,
the secondary resonant circuit should be operated at
the resonant frequency (ω0).
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Fig.7: Mutual inductance model with parallel sec-
ondary compensation.

ω0 =
1√
L2C2

(3)

The reflected impedance (Zr) from the secondary
side referring to the primary side is given by [7].

Zr =
ω2M2

Z2
(4)

Under the resonant condition, the reflected
impedance of series secondary compensation circuit
is only resistive load while the reflected impedance of
the parallel secondary compensation circuit is capac-
itive load. The reflected impedance of secondary side
(Zr) is given as follows.

Zr,series = RL

Zr,parallel =
M2RL

L2
2

− j
ω0M

2

L2
(5)

In this paper, the parallel secondary compensation
circuit is chosen for the receiver unit because it can
directly be connected to load and operated at no load
condition.

Total secondary impedance is reflected through the
primary side. The equivalent impedances depending
on secondary compensation circuit topologies are ex-
pressed in (6).

Zeq.series=

(
ω2
0M

2

RL
+R1

)
+ jω0L2

Zeq.parallel=

(
M2R

L2
2

+R1

)
+jω0

(
L1−

M2

L2

) (6)

2.3 LCL Resonant Inverter

The LCL resonant inverter is simply constructed
by series and parallel resonant circuits. The series in-
ductor is connected to parallel resonant tank for reg-
ulating inverter current supply to resonant load. The
equivalent circuit of LCL resonant inverter is shown
in Fig. 8. In this application, the LCL resonant in-
verter was chosen due to the following advantages.

• The LCL resonant inverter has low inverter cur-
rent when operating at high Q (Q>1) [7]. For
this reason, the conduction loss is minimized and
the power device rating can be lower.

• The transmitter current (I1) is always constant

regardless of load. The output power is directly
controlled by varying I1 [7].

The equivalent inductance (Leq) is the combina-
tion of self-inductance of transmitter pad (L1) and
the reflected inductance from the secondary side. The
equivalent resistance (Req) is the combination of in-
ternal resistance of transmitter pad and the reflected
resistance from secondary side. The expressions of
equivalent inductance and resistance are summarized
in Table I. The values of R1 and R2 stands for internal
resistance of each power pad.

Table 1: Equivalent inductance and resistance.

Series topology Parallel topology
Leq L1 L1 − (M2/L2)
Req (ω2

0M
2/RL) +R2 (M2RL/L

2
2) +R1

Fig.8: LCL resonant inverter equivalent circuit.

The primary equivalent circuit consists of the re-
flected impedance as shown in Fig.9.

Fig.9: Primary equivalent circuit.

As seen in this figure, the parallel admittance (Yp)
is expressed as follows.

Yp = jωC1 +
1

jωLeq +Req
(7)

To obtain the pure resistive admittance condition,
the imaginary part of Yp should be zero, and then the
C1 is shown in equation (8)

C1 =
Leq

(ω0Leq)2 +R2
eq

(8)

The total impedance (Ztotal) of LCL resonant load
is expressed as equation (9).
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Ztotal(jω)=
Req−ω2C1LbReq+jωLb+jωLeq−jω3LbLeq

−ω2C1Leq+jωC1Req

(9)
At the resonant frequency, the expression of total
impedance of LCL resonant load becomes equation
(10)

Ztotal(ω0) =
ω0L

2
bR(L2

eqω0 + jR(Lb + Leq))

−Leqω0 −R2(L2
b + LbLeq + L2

eq)
(10)

According to the total impedance of LCL resonant
circuit, the power angle (ϕ) can be found as follows.

ϕ=arg{Ztotal(jω0)}=arctan(
Req(Lb + Leq)

L2
eqω0

)>0 (11)

By means of the current divider, the ratio of trans-
mitter and inverter currents is given by

I1
Ib

=
1

jωC1Zp(jω)
(12)

where Zp is the impedance of parallel resonant
tank. It is expressed as follows.

Zp = (
1

jωC
)//(jωLeq +Req) (13)

Referring to equation (12), the current gain at the
resonant frequency can be found as follows.

∣∣∣∣L1

Ib
(ω0)

∣∣∣∣ = Lb

Leq

√
C1LbReq

2(lb + Leq)

Leq
3 + 1

(14)

The transmitter current can be expressed as fol-
lows.

I1 = αIb cosϕ (15)

The α value is the amplifying factor of the LCL
resonant inverter. In fact, it is a ratio of Lb and Leq.

α =
Lb

Leq
(16)

The inverter’s output power can be formulated as fol-
lows.

P = V 2
1 Re{Ztotal(jω)

−1} (17)

Expanding equation (17), yields

P =

(
Vm

πα

)2
8 cosϕ

Req
(18)

Referring to equation (14), the transmitter cur-
rent in LCL resonant tank (I1) can be greater than

the inverter current (Ib) when Lb is higher than Leq.
Consequently, the conduction loss of the inverter can
be minimized. However, increasing the α value will
reduce both inverter current rating and inverter out-
put power. According to equation (18), the inverter’s
output power depends on the α value.

In this section, the details of LCL resonant inverter
and design considerations are explained. Next section
will describe the frequency response and the opera-
tional region of LCL resonant inverter.

3. OPERATIONAL REGIONS AND AM-
PLIFYING FACTOR

As known, the LCL resonant load has highest fre-
quency response when operating at its resonant fre-
quency. The high precision LCR meter (Keysight
E4980A/AL) is used to analyze the frequency re-
sponse of LCL resonant load. The equivalent circuit
for analyze in this section is shown in Fig. 10. The
parameters of this circuit as concluded in Table 2.
The frequency responses are measured by the meter
as shown in Fig 11.

Fig.10: IPT system resonant load equivalent circuit.

Table 2: Equivalent inductance and resistance.

Parameter Value Parameter Value
Lb 803 µH L1 295.5 µH
Rb 0.15 R1 0.15

C1 = Cp1 + Cp2 320 nF L2 309.7 µH
k 0.37 R2 0.15
M 111.94 µH C2 200 nF
RL 10 α 3

Fig.11: Measured frequency response of resonant
load.

The measured frequency response in Fig. 11 has 3
operational regions which are separated by the zero-
phase angle (ZPA). Starting with the lower frequency
range to fa is so called Mode 1. Then, from the fre-
quency fa to fb is called Mode 2 and lastly, the fre-
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quency fb to higher frequency is called Mode 3. In
Mode 1, the phase angle of the system impedance
is positive, so the inverter current is lagging and
the ZVS is appeared during the switching device is
turned on. In Mode 2, the phase angle of the system
impedance is negative so the inverter current is lead-
ing and the non-ZVS is appeared during the switching
device is turned on. However, Mode 2 is not recom-
mended to operate because non-ZVS during turn-on
will be damaged the devices.

In Mode 3, the phase angle of system impedance
is positive similarly to Mode 1, but in this region the
magnitude of system impedance is lower than one of
Mode 1, therefore, Mode 3 can be operated in the
higher power condition.

3.1 Operational Regions

As mentioned previously, the frequency response
has 3 regions which are separated by the zero-phase
angle of the system impedance. In this sub-section,
the waveforms and the ZVS and the non-ZVS opera-
tion.

• Mode 1: In this mode, the phase angle of to-
tal impedance is positive. The resonant load
becomes the inductive load. In this operation,
the zero voltage switching (ZVS) condition is ap-
peared during the switching device is turned on.
The simulated waveforms in Mode 1 is shown in
Fig. 12.

• Mode 2: In this mode, the phase angle of total
impedance is negative. The resonant load be-
comes the capacitive load. During the switching
device is turned on, the non- ZVS condition is
appeared. The switching loss is occurred. The
simulated waveforms in Mode 2 is shown in Fig.
13.

• Mode 3: This mode is actually similar to Mode
1. The phase angle of total impedance is posi-
tive. The resonant load becomes the inductive
load. During switching device is turned on, the
ZVS condition is appeared. The simulated wave-
forms in Mode 3 is shown in Fig. 14. The differ-
ent behavior between Mode 1 and Mode 3 will
be discussed in the next section.

Fig.12: (Top) Vinv vs Ib. (Bottom) Vs1 vs Is1 @ fs
= 16 kHz.

According to the frequency response of impedance’s
phase angle depicted in Fig. 11, there are two zero

Fig.13: (Top) Vinv vs Ib. (Bottom) Vs1 vs Is1 @ fs
= 18 kHz.

Fig.14: (Top) Vinv vs Ib. (Bottom) Vs1 vs Is1 @ fs
= 20 kHz.

phase angle (ZPA) points. The first ZPA is at the
lower frequency labelled as fA and the second ZPA
is at higher frequency labelled as point fB . The fre-
quency at fA is a parallel resonant tank frequency
between Leq and C1. The frequency at fB is the
LCL resonant frequency. The frequencies at these
two points are expressed in following equations (19)
and (20) [9].

fA =
1

2π
√

LeqC1

(19)

fB =
1

2π

√
Leq + Lb

LeqLbC1
(20)

3.2 Amplifying Factor

This section mainly discusses the effects of the
α variations. The analysis has been performed by
the simulated frequency response. The simulated fre-
quency response in Fig. 15 shows the effects of unity
amplification (α = 1). At the resonant frequency
(i.e., f ≈ 25 kHz), the Ib is increased to I1. Thus,
this operating point can achieve the highest power
transfer condition. At the anti-resonant frequency of
I1 (i.e., f ≈ 17 kHz), the Ib is minimized. Thus, this
operating point cause the lowest conduction loss.

The simulated frequency response in Fig. 16 shows
the effects of the low α (In this case, the α value is
0.4). At the resonant frequency (i.e., f ≈ 32 kHz), the
I1 is lower than Ib. In this case, the conduction loss
cannot be reduced when operating at the resonant fre-
quency. On the other hand, the simulated frequency
response in Fig. 17 shows the effects of the high α (In
this case, the value is 4). At the resonant frequency
(i.e, f ≈ 21 kHz), both Ib and I1 are increased to their
maximum values. The I1 is higher than Ib, depend-
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ing on the α value. Although the increasing α value
can reduce the inverter current rating, the α value
affect the I1 as well as the power to be transferred.
In order to analyze the impact of the α variation, the
unity voltage source with varying frequency is used
as input of resonant load. The frequency responses
of the system parameters with the input variation are
depicted in Figs. 18 through 20.

Fig.15: The simulated frequency response of Ib and
I1 (α = 1).

Fig.16: The simulated frequency response of Ib and
I1 (α < 1).

In Fig. 18, the high value of α would increase the
magnitude of system impedance. For this reason, the
high value of α could reduce the transmitter current
and the output power. The relationship between out-
put power and the α value was discussed by equation
(18) in the previous section. The frequency responses
of transmitter current in terms of different α values
are depicted in Fig. 19.

Referring to Fig. 20, the phase angle of the

Fig.17: The simulated frequency response of Ib and
I1 (α > 1).

Fig.18: The magnitude of Zi at the different α
value.

Fig.19: The impact of the α variation with I1.



150 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.11, NO.2 November 2017

Fig.20: The phase angle of Zi at the different α
value.

impedance is 90 degree when operating in the low
frequency range (in case of pure inductive load). The
phase angle is decreased but its magnitude is in-
creased while the frequency is increased to the anti-
resonant frequency (fA). At the anti-resonant fre-
quency, the phase angle of the impedance is decreas-
ing to zero and then becoming the negative value
when frequency is higher. The phase angle of system
impedance is negative until the frequency is increased
to the resonant frequency (fB) while its magnitude is
decreased. At the resonant frequency, the magnitude
of impedance is lowest but the maximum power is
occurred.

Considered with the phase angle of total
impedance, when the α value is increased, the low-
est phase angle (LPA) is higher. The LPA can reach
the zero phase angle with suitable the a given α value.
Therefore, the LCL resonant inverter can be operated
in all possibilities of lagging region. The LCL reso-
nant inverter can be achieved the ZVS condition in all
operating frequencies. The LPA at zero phase degree
can be given as follows.

α =

√
(ω0Leq/Req)2 + 1

2
(21)

4. EXPERIMENTAL RESULTS

To validate the proposed system, a laboratory pro-
totype was constructed as illustrated in Fig. 21. The
150 V DC supply voltage is used as an input source.
The load (RL) of 30 ohms is connected at the receiver
side. The receiver side is tuned with the resonant fre-
quency of 20 kHz (fB). The vertical distance between
power pads is 14 cm. and the coupling coefficient is
0.37. The implementing system is designed with the
system parameters as summarized in Table 3.

The frequency response of the prototype system
can be shown in Fig. 22. Referring to the frequency
responses of phase angle of impedance, there are two

Fig.21: The phase angle of Zi at the different α
value.

Table 3: System parameters.

Parameter Value Parameter Value
L1 295.5 µH RL 30 ohm
L2 310 µH M 112 µH

(Distance = 13cm.)
C1 320 nF C2 200 nF
Rb 0.15 ohm R1 0.15 ohm
Rb 0.15 ohm Vdc 150 V
Lb 803 µH α 3

Fig.22: Frequency response of actual load.

zero phase angle (ZPA) points. The first ZPA is at the
lower frequency labelled by ”A” and the second ZPA
is at higher frequency labelled by ”B”. The frequency
at point A is a parallel resonant tank frequency of Leq

and C1. The maximum power transfer is at position
B. The operation in mode 1 is at the frequency lower
than fA. The operation in mode 2 is not preferred
due to the high switching loss. The operation in mode
3 is at the frequency higher than fB . At the same
output power level, the operation in mode 1 is desired
because the gain is large. This results in that the LCL
resonant load has two possible operating regions. If
the low power is required, the operation mode 1 is
chosen because I1 is minimized at position A, however
the operation in mode 3 is required for supplying the
high-power load.

Waveforms of the operation at point A (i.e., Mode
1) are shown in Fig. 23. The inverter is operated
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Fig.23: Top to bottom trace, Vinv, Ib, I1, VL @ 16.5
kHz (Mode 1).

Fig.24: Top to bottom trace, Vinv, Ib, I1, VL @ 19.5
kHz (Mode 3).

at 16.5 kHz. In this figure, the RMS value of Ib is
650 mA while the RMS value of I1 is 4.28 A. The
inverter current is minimized and the large ratio of Ib
and I1 reduces the conduction loss. Waveforms of the
operation at point B (i.e., mode 3) are shown in Fig.
24. The inverter is operated at 19.5 kHz. The RMS
values of Ib and I1 are 3.3 A and 7.4 A, respectively.
In mode 3, I1, Ib and VL are at maximum, provided
that the inverter is operated close to fb. The ratio of
Ib and I1 in mode 3 is lower than those in mode 1,
but the output power of mode 3 is maximum. The
additional series inductor (Lb) is added to amplify the
transmitter current where the switch conduction loss
is also reduced.

Fig.25 shows the relationship between the out-
put power at the receiver side and the switching fre-
quency. The inverter is operated in the ZVS condi-
tion in mode 1 and mode 3. The resonant load in
mode 2 is capacitive, leading to an operation in the

Fig.25: Output power vs switching frequency.

Fig.26: Efficiency of LCL Resonant Inverter.

Fig.27: Efficiency vs output power among different
VSI topologies.

non-ZVS region. The operation mode 2 is not recom-
mended because turn-on process during high current
will damage the switching device. The operation in
Mode 1 results in high inverter efficiency because the
inverter current is minimized. The maximum output
power in Mode 1 is at 120 W (20% of rated power).
Mode 3 is operated in a high-power region because
the inverter operates close to the resonant frequency.
The maximum output power in mode 3 is at 490 W
(98% of rated power).

The efficiency of LCL resonant inverter with the
different mode operations is shown in Fig. 26. Mode
1 has high efficiency of 90% because this operating
frequency is the parallel resonant tank frequency (C1

resonates L1), leading to the high impedance of the
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parallel resonant tank. The operation mode 2 has
low efficiency because of operation under non-ZVS
conditions and high switching loss. Operation un-
der non-ZVS conditions leads to high voltage stress
during switching commutation. The operation mode
3 has high power capability because it is operated
in the system’s resonant frequency (highest output’s
response). At the system’s resonant frequency, the
transmitter current (I1) is amplified by the (15).
However, the output power depends on α value given
by (18). If the higher output power rating is required,
the α value must be reduced. For the best operat-
ing condition, Lb equals to Leq(α = 1), incurring the
highest power condition.

An efficiency comparison of VSI topologies for IPT
applications is shown in Fig. 27. The system power
rating is 500 W. The proposed LCL resonant inverter
with two operating regions has high efficiency (more
than 85% with low power operation). Operation in
mode 1 has 90% efficiency while the efficiency of ba-
sic topology (series compensated primary) is typically
lower because in the series compensated primary, the
inverter current is equal to the transmitter current.
When operating in high power condition, the switch-
ing device has high current stress, which will increase
the rating of switching device. The operation in mode
1 of LCL resonant inverter is in low power (10 - 40%
of rating power). When the higher power is required,
the operating mode of LCL resonant inverter changes
to mode 3 (50% - 100% of rating power). The effi-
ciency of mode 3 is reduced from mode 1 because, the
inverter current is not minimized. However, the high
dynamic response of the system incurs in high-power
condition. At the same output power level, the LCL
resonant load results in the reduced inverter current
and thus the system efficiency can be improved.

5. CONCLUSIONS

The proposed IPT system with LCL resonant load
has been successfully implemented for two possible
operating regions. The laboratory prototype of pro-
posed IPT system is designed for wireless battery
charger for EVs. When the system is initiated, the
output power is increased to the maximum power in
the operational mode 3 (i.e., constant current mode
or fast charging mode). If the lower power is re-
quired (constant voltage mode), the operational mode
is switched to operational mode 1 in order to achieve
the higher efficiency. The proposed IPT system is pri-
marily validated by experimental results. According
to these results, the efficiency in Mode 3 and 1 can
be achieved up to 80% for the transmitter current at
15 A and 90% for transmitter current at 6 A, respec-
tively. The LCL resonant inverter can be designed
to reduce the inverter current and also the switching
device’s rating.
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