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Abstract-In conventional inductive power transfer (IPT)
systems, the output voltages are regulated by either the user-
end DC regulators or the front-end inverters via wireless
communications. However, the bulky sizes of the DC
regulators and the communication devices may deteriorate the
power densities of the receivers. To this end, a communication-
free voltage regulation scheme is proposed for an LCL-S
compensated IPT system by controlling the switched LCL
compensator at the primary side. By measuring the front-end
AC current of the transmitter resonator at the nominal
condition, the output voltage of the IPT system can be
estimated without any communication feedbacks. Based on
the estimated output voltage, the primary-side controller can
automatically switch on the desired compensated inductors,
such that the output voltage can track the reference. The
proposed scheme is validated by the simulation results in
PSIM9.0.

Keywords—Inductive  power transfer LCL-S
compensation, communication-free

(IPT),

I. INTRODUCTION

The electric vehicle (EV) industry has provided a wide
range of possibilities for the future transportation [1]-[8].
This occurrence has led researchers to investigate this
technology, such as the Wireless Power Transfer (WPT)
systems, especially to the Inductive Power Transfer (IPT)
systems [3]-[8]. Nonetheless, the EV sector is not the only
one focused on this particular technology of the IPT
technology [9]-[11]: wearables, medicines, applications
where the possibility to introduce the human hand is not
available, etc. It is due primarily to overly advantage of the
total isolation between the primary/transmitter (typically a
full-bridge controlled inverter) from the secondary/receiver
(typically a full bridge diode rectifier). This fact makes this
technology an excellent option for the future of the battery
charger systems when the separation between the power
source and the load is a priority.

The output voltage regulations of practical IPT systems
are implemented by user-end DC regulators or the front-end
inverters with the output feedback signals via wireless
communications [12]-[18]. A schematic diagram of using a
user-end DC regulator to control the output voltage of an
IPT systems is shown in Fig. 1(a). Obviously, the existence
of the DC regulator will increase the receiver size and may
require additional power supply for the DC regulator. A
schematic diagram of using a wireless communication
device to feedback output voltage to the front-end inverter
is shown in Fig. 1(b). The wireless communication devices
will not only enhance the volume of both the transmitter and
the receiver, but also brings additional high cost. Therefore,
it is necessary to develop a cost-effective scheme to regulate
output voltages of IPT systems without using DC regulators
and wireless communication devices.
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Fig. 1: Timing diagrams of the gate signals for the inverter.

This paper bridges the research gap by introducing a new
switched LCL-compensation scheme at the front-end to
regulate the output voltage without any communication
between the transmitter and the receiver. The LCL-S
compensation gains the merits of (i) null reflected reactance,
(ii) continuous or discontinuous current operation, (iii) high
efficiency at low-quality factor, (iv) variable frequency
control to close to unity power factor, and (v) elimination
of VAR loading for high power applications, as compared
to the four basic compensation schemes, i.e., series-series
(SS), series-parallel (SP), parallel-series (PS), and parallel-
parallel (PP) compensation schemes [19]. Inherited from
the conventional LCL-S compensation scheme, the
proposed switched LCL-S compensation scheme possesses
these aforementioned advantages, whereas extends the
controllability by changing the fixed compensated inductor
at the primary side to switched compensated inductors in
multiple strings. The combinations of these inductor strings
render the equivalent impedance of the IPT system alters,
such that the output voltage can be regulated.

This paper is organized as following: (1) in Section II,
the conventional LCL-S compensated IPT systems is
briefly reviewed; (2) in Section 11, the IPT system with the
proposed switched LCL-S compensator is analyzed; (3) in
Section 1V, simulation results are exhibited to validate the
effectiveness of the proposed scheme to regulate the output
voltage of the IPT system; and (4) in Section V, conclusions
are drawn.

Il. A BRIEF REVIEW OF THE CONVENTIONAL LCL-S
COMPENSATED IPT SYSTEMS

The circuit diagram of a typical LCL-S compensated IPT

system is shown in Fig. 2. Here, both the compensated

capacitors (i.e., Cp and Cs) are in resonances with the coil
inductances (i.e., L, and Ls), respectively, as
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Fig. 2. Circuit diagram of a typical LCL-S compensated IPT system.
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where o is the switching angular frequency of the IPT Besides, the equivalent load re5|§tance R; satisfies
system. The compensated inductance L; equals to the self- R, =—Ry (2.5)

inductance of the primary coil (i.e., L; =L, ). The
switching signals S; and Sz, Sz and S, are controlled to be
complimentary and the switching signals S; and Ss, S» and
Sz are in phase. The timing diagrams of the four gate signals
are depicted in Fig. 3.
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Fig. 3: Timing diagrams of the gate signals for the inverter.
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Fig. 4. Equivalent circuit of the conventional LCL-S
compensated IPT system.
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Based on the circuit diagram in Fig. 2, an equivalent
circuit of the conventional LCL-S compensated IPT system
can be depicted, as shown in Fig. 4. Here, the parameters
Vi1, d11, d21, Vo1, ip1, isy, and vsr are the fundamental
components of vi, i1, i2, V2, ip, is, and vs, respectively.
According to the Fourier analysis, the peak values of the vi1,

i11, Va1, and isy, i.e., Vi1, l11, Va1, and I satisfy
4

Vip = ;Vdc (2.1)

I = gldc (2.2)
4

V3 = ;Vo (2.3)

Based on the equivalent circuit and the Kirchhoff’s laws,
. . . . 1

Vi1 = jwlyiyg + (111 - lpl)m (3.1)

. . . 1 AW

joMiy, = (]a)LS + Tl + RL) is1 (3.2)
Due to the compensated inductance L; is designed to
equalize the primary coil (i.e., Ly = Lp), by substituting (1)
into (3.1) and (3.2), respectively,

_ _ ip1

U11 —_ _ja)Cp (4.1)
jwMiy = Ryig 4.2)
By substituting (4.1) into (4.2) to eliminate iy,
. M
ls1 = Lp—Rivll (5.1)
and
Vgy = Evll (5.2)

Based on (5.1) and (5.2), the amplitudes of the parameters
hold

M
Iy = Ls\’l—R’l“Vll (6.1)
V3 = ;Vll (6.2)

By substituting (2.1), (2.3), (2.4) and (2.5) into (6.1) and
(6.2),

(7.1)

: (7.2)

p

Apparently, the output voltage of the conventional LCL-S
compensated IPT system are dependent on the self-
inductance of the primary coil (i.e., Lp), mutual inductance
between the primary and secondary coils (i.e., M), and the
input DC voltage (i.e., Vi). The output current of the
conventional LCL-S compensated IPT system also depends
on the load resistance (i.e., RL).

1. IPT SYSTEMS WITH THE PROPOSED SWITCHED LCL-S
COMPENSATORS

By changing the fixed compensated inductor L in Fig. 2

to switched compensated inductors (as shown in Fig. 5), the

equivalent impedance of the IPT system can be regulated

by controlling the switches in series with the compensated

inductors (i.e., St1, Si2,...,51n). By assuming the switched

compensated inductors as an equivalent compensated

inductor Ly, an equivalent circuit of the IPT system with the

switched LCL-S compensator can be plotted, as shown in
Fig. 6.
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Fig. 5. Circuit diagram of the IPT system with the proposed switched LCL-S compensator.
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Fig. 6. Equivalent circuit of the IPT system with the switched
LCL-S compensator.
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Based on the equivalent circuit and the Kirchhoff’s laws,

. . . . 1
V11 = ]O)Lxlll + (lll - lpl) ja)Cp (8.1)

. . 1 ) . , ,
(111 - lPl)j—wcp = jwLpiy — joMig (8.2)

. . , 1 A
JjoMiy, = (]a)LS + Tt + RL) i1 (8.3)

By substituting (8.2) and (8.3) into (8.1) to eliminate i1 and

Iply
= 1
s1 = 8LpRL, Lx .
=20 +wM<Lp—1>]

(9.1)

V11 (9.2

V31 = L_p+n2wM Lx_.\;
M 8RL \Lp

Based on (5.1) and (5.2), the amplitudes of the parameters
hold

1
Iy = Vi1

| vy
V3 = :
[y ey
By substituting (2.1), (2.3), (2.4) and (2.5) into (10.1) and
(10.2),

(10.1)

V,, (10.2)

8

I, = - = “Vge  (111)
(s

Vo = ——Vo (112
[y (s

By taking partial derivativi :)f \/20 (;4V(29I’ Lxin (11.2),
Vdc(r“w Lo—Ly
Z—]‘fz= LIZJ(SRL)(p )§ (12)

Lo\? (n2e 2 < 272

G (o) ()|
Based on the derivations in (11.2) and (12), a plot of V,
versus Ly can be depicted as shown in Fig. 7. The maximum

output voltage (i.e., Vyax = LﬂVdC) can be achieved by
p

controlling the equivalent compensated inductance

equaling the inductance of the primary coil (i.e., Lx=Lp).
When the output voltage is required to be less than the
maximum output voltage, the equivalent compensated
inductance is controlled based on (11.2) by switching on
proper inductor strings. The mutual inductance and the load
resistance can be preliminarily measured or estimated using
the identification methods in [17].
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Fig. 7. Plot of Vo versus Lx for the IPT system.
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IV. SIMULATION RESULTS

Simulations are carried out in PSIM 9.0. The parameters
of the IPT system are listed in Table 1. Initially, the
conventional LCL-S compensation is adopted, whereas the
compensated inductance (i.e., L) is changed with different
parameters. The simulated curves of the output voltage (i.e.,
Vo) versus the compensated inductance (i.e., Lx) for
different load and mutual inductance conditions are plotted
in Fig. 8. Apparently, the simulated curves are similar to the
analytical curve in Fig. 7.

Table 1: Specifications of the IPT system in simulation

Parameter Symbol Value
Nominal frequency fo 100 kHz
DC voltage source Vic 21V

Transmitter coil
inductance Ly 492 uH
Receiver coil inductance Ls 49.2 uH
Transmitter c_;ompensated C, 51484 nE
capacitance
Receiver cqmpensated C. 51484 nE
capacitance
Filter capacitance Cs 100 uF
Nominal load resistance RL 10
No_mlnal mutual M 9.84 uH
inductance
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Fig. 8. Simulated curves of Vo versus Lx for different load and
mutual inductance conditions.

Then, a switched compensator with three compensated
inductor strings are adopted. The inductances of the three
strings are L;=38 uH, L,=46 uH and Ls;=1.2 mH,
respectively. By controlling the switches Si1, Si2 and Sis,
the output voltage of the IPT system with the proposed
switched LCL-S compensator can be regulated. Three cases
with different mutual inductances and load conditions are
investigated, as provided in Table 2. In case 1, both the
mutual inductance and load condition are nominal. The
output voltage reference is changed from 3 V to 3.5 V. In

case 2, the mutual inductance is nominal, whereas the load
resistance is 0.5 Q. The output voltage reference is changed
from 3 V to 2 V. In case 3, the load condition is nominal
while the mutual inductance is 24.6 uH. The output voltage
reference is changed from4 Vto 8 V.

Table 2: Case studies of the IPT system with three
compensated inductor strings

Case Mutual Load Output voltage
number | inductance resistance reference (V)
(uH) Q)
1 9.84 10 3V>35V
2 9.84 05Q 3Vv>2V
3 24.6 10 4V>8V

Fig. 9 show the waveforms of the switching signals Si1,
Si2 and S.3 and the corresponding output voltages of the IPT
system in the three cases. In case 1, all the switches S 1, Si2
and S.3 are ON at the beginning. At the time t=0.01 s, the
switch Sy » is turned OFF while the switches Si1 and Sy s are
still ON. Accordingly, the output voltage is changed from 3
V to 3.53 V. Obviously, the output voltage is well-regulated
to the reference. The corresponding currents of iy, iLp, and
iLs are shown in Fig. 9(a). In case 2 (as shown in Fig. 9(b)),
the switch Si1 is ON while the switches Si, and S 3 are OFF
initially. At the time t=0.01 s, all the three switches are ON.
Accordingly, the output voltage is changed from 2.954 V to
1.995 V. Apparently, the output voltage is also well-
regulated to track the reference in case 2. Similarly, in case
3 (as shown in Fig. 9(c)), the output voltage is controlled
from 3.97 V to 8.02 V, which tracks the reference
accurately.

SL1
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V. CONCLUSION
g In this paper, switched compensated inductor strings are
g proposed to substitute the fixed compensated inductor of
a the classic LCL-S compensation for IPT systems to regulate
the output voltages at the front-end without using wireless
1 communications between the transmitters and the receivers.
0 The proposed scheme can improve the power densities of
1 the receivers of the IPT systems by eliminating the bulky
2 DC regulators and communication devices. Simulation
results have verified the analysis of the relationships
10 between the output voltages and the compensated
g inductances. The output voltages are also validated to track
3 the references accurately in different mutual inductance and
0.004 0.008 0.012 0016 002 load conditions.
Time (s)
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