4507

% IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 67, NO. 6, JUNE 2020

A Load-Independent LCC-Compensated
Wireless Power Transfer System for Multiple
Loads With a Compact Coupler Design

Chenwen Cheng“, Fei Lu

Abstract—This article proposes a novel wireless power
transfer (WPT) system for multiple loads. Multiple coils are
used as power repeaters to enhance the power transfer ca-
pability over a long distance and each power repeater cor-
responds to a load. The inductor-capacitor-capacitor (LCC)
compensation method is used for each repeater coil in
the system, which ensures load-independent currents flow-
ing through the loads. Thus, flexible power control can be
achieved for all the loads without affecting each other. In or-
der to save space, the compensation coil is integrated with
the repeater coil to realize a compact design. Bipolar coils
are used for both the repeater coil and compensation coil.
The undesirable coupling coefficient between the repeater
coil and its compensation coil can be eliminated by putting
them perpendicularly. The compensation coil is not only
used to achieve resonant condition for the system, but also
transfers energy to the next repeater coil via the magnetic
coupling between them. The operational principle has been
explained in detail. An experiment platform with six loads
has been built and the experimental results are provided
to validate the effectiveness of the proposed WPT repeater
system. The maximum efficiency can reach 86.6%.

Index Terms—Bipolar coil, compact coupler design,
inductor-capacitor-capacitor (LCC) compensation, load-
independent output currents, multiple loads, wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology has been
developing fast in recent years, which provides a new
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energy transfer method via the magnetic field [1]. In the conven-
tional WPT system, only one load gets power from the source.
However, the WPT system with multiple loads is interesting and
deserves to be studied, as it can be used in some applications
where the simultaneous charging of many electronic devices at
different locations is possible.

In [2], a WPT system with two concentric receiving coils was
designed. The two receiving coils are decoupled by alternating
the winding direction of turns in one of the coils. A multi-load
WPT system with different resonant frequencies for the receiv-
ing coils was designed in [3]. By setting the operational fre-
quency of the transmitting coil equal to the resonant frequency
of a receiving coil, the load connected to this receiving coil
will obtain power. However, only one load can receive power
at a specific frequency. A WPT system with multiple receivers
was proposed in [4] for the battery cell voltage equalization.
The printed circuit board technology is adopted to make the
receiving coils in the same plane, which collect power simulta-
neously from a big transmitting coil. In this system, the coupling
coefficients between any two receiving coils are assumed zero.

An alternative structure to transfer power wirelessly to multi-
ple loads simultaneously is to use the repeater coils, which has
been adopted in [5]-[7] to increase the power transfer distance.
However, only one load is connected to the last coil, whereas
the intermediate coils do not power any loads. In [8], the load is
connected to each repeater coil so that the power can be trans-
ferred to these loads simultaneously. However, the load power
is coupled with each other in such a topology, which means that
when one load power changes, the power received in other coils
will vary greatly. Thus, a load-independent WPT system needs
to be studied to facilitate the power control.

Usually, compensation circuits with capacitors and induc-
tors are used to improve the WPT system’s performance, which
can be classified as series—series (SS) [9], series—parallel [10],
parallel-series [11], parallel—parallel [12], inductor-capacitor-
capacitor (LCC)-LCC [13], etc. It is reported in [13] that the
output current of the LCC-LCC compensated WPT system is
constant when neglecting the coil parasitic resistances. More-
over, the amplitude of the load current is proportional to the
coupling coefficient [13], which is different from the SS com-
pensation topology where the amplitude of the load current is
reversely proportional to the coupling coefficient [14]. Thus,
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the WPT system with the LCC compensation topology is much
safer because the high load current can be avoided when there
is a misalignment between the coils.

A novel multiload WPT system using repeater coils is pro-
posed in this article and the LCC compensation is adopted for
all the repeater coils. In each LCC compensation circuit, there
are two compensation capacitors and one compensation induc-
tor. Usually the compensation inductor occupies more space,
which increases the system’s volume. In order to save space for
the LCC-compensated WPT system, different coupler pads with
compact coil design methods have been proposed [15]-[18]. In
[18], bipolar coils are adopted for the compensation inductors,
which are placed perpendicularly to each other to eliminate the
coupling effect between the two compensation coils. Unipolar
coils are used for the main coils so that the coupling effects
between the compensation coils and the main coils can also be
eliminated. In this article, the bipolar coils are adopted in the
proposed WPT repeater system for not only the compensation
coils but also for the repeater coils. The repeater coil and its
corresponding compensation coil are placed perpendicularly so
that the coupling effect between them can be eliminated. As a
result, the repeater coil and its compensation coil can be placed
coaxially to achieve a compact design. One of the innovations
in this article is that the compensation coil is not only used to
achieve the resonating state for the system, but also coupled
with its next repeater coil. Thus, energy can be transferred from
the compensation coil to its next repeater coil.

Such a design can be proved to have the load-independent load
current characteristics, as will be shown in Section II, which is
the most significant contribution of this article. The proposed
WPT system can be used to power the gate drivers of the power
electronics switches in a multi-level converter [19]. In such
an application, the reference potentials of these switches are
different from each other, an isolated power supply should be
used for each gate driver. Because no direct contact is needed in
the proposed WPT system, high insulation level can be ensured.
An experimental setup with six loads has been built to validate
the effectiveness of the proposed topology.

Il. SYSTEM DESCRIPTION
A. System Structure

The structure of the proposed WPT system using LCC com-
pensation topology is shown in Fig. 1. There are (N + 1) LCC
units in the system, i.e., LCC #0—#N, each of which consists
of a repeater coil L,, a compensation coil Ly, , and two com-
pensation capacitors C, and Cy, (n =0, 1,2, ..., N). LCC
#0 is connected to the inverter and functions as the transmitter.
LCC #n (n =1, 2, ..., N) receives power from its previous
LCC circuit via magnetic coupling between Ly, 1) and Ly,
and transfers power to both the local load and the subsequent
LCC circuit via magnetic coupling between Ly, and L, .
Thus, L, and Ly, can be regarded the receiving and transmit-
ting coils, respectively. Usually the load circuit should contain
a rectifier to transform the ac power to a dc source for the load.
Considering that the current flowing through and the voltage
across the rectifier are in phase, the load can be regarded as

resistive [13]. Thus, the real load is modeled as load resistors
R, (n=1,2,..., N) for simplification, which is connected
in series with the corresponding compensation coil Ly,,.

In the proposed WPT system, only the magnetic coupling
between Ly, 1y and L, (n=1,2, ..., N) is considered while
the coupling between other coils is too small so that they can be
omitted with the coil design method proposed in Section III. It
can be seen that Lf(n,l) (n=1,2, ..., N)not only functions
as the compensation inductance, but also transfers power to the
next LCC circuit via the magnetic field. The mutual inductance
and coupling coefficient between L, _1y and L,, is defined as
M, and k,, respectively, which have the relationship

kn = Mn,/

Ly -Luy, n=12...,N. (1)

B. Working Principle Analysis

The fundamental harmonics approximation (FHA) method
is used to analyze the system. Then, the circuit model of the
proposed WPT system using the LCC compensation method
can be obtained, as shown in Fig. 2(a). wy is the operational
angular frequency of the system. V) is the output voltage of
the inverter. I,, and Iy, (n =0, 1,2, ..., N) are the currents
flowing through L, and L, , respectively, the directions of
which are positive when the currents flow into the dot terminals
of these coils. The voltages across the load resistances are noted
as Vi, Vo, ..., V,, respectively.

In the LCC-compensated WPT system, the inductances and
capacitances should meet the following equation to achieve a
resonant condition [13]:

n=20,1,2,...,N.
)

When neglecting the magnetic saturation of the inductances
and the nonlinearity of the inverter, the system can be re-
garded as a linear circuit. Thus, the superposition theory can
be used to analyze the operational principle of the proposed
WPT system. The load resistance can be replaced with a volt-
age source whose value equals the voltage across the resistance
V., n=1,2,..., N). Then, the effects of the input voltage
Vi and the load voltages V', can be analyzed separately, as
shown in Fig. 2(b) and (c).

In Fig. 2(b), only the input voltage V, is considered while
all the load voltages V', are shorted. The additional suffix "a"
in the currents such as Iyy , and Iy , indicates that these
currents are generated by V. First, the last unit LCC #N is
considered. Since Ly resonates with C'yy according to (2),
the impedance of the parallel circuit of Ly and C' y is infinite,
which results in an open circuit for C'y . Thus, the current flowing
through Ly and Cy,i.e., I y , is zero. Then, the induced voltage
in coil Lyy_1) generated by Iy 4, i€., jwgMy Iy 4, is also
zero. Similar to LCC #N, Ly _1) resonates with C'y(y_1) and
another open circuit forms for C'y _;. Thus, the current flowing
through Ly _; is zero. The analysis process can be implemented
one by one iteratively starting from the last unit to the first one.
For the LCC unit #n, it can be found that Ly, resonate with
C'ty, and an open circuit forms for C), . Thus, I, , is zero where

1/&)(2) = Lfn 'Cfn = (Ln - Lfn) O,
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Fig. 1. Structure of the proposed WPT system using LCC compensation.
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Fig. 2. Circuit analysis of the proposed WPT system using FHA method. (a) Equivalent circuit model using FHA method. (b) When only V; is

applied. (c) When only the other voltage sources are applied.

nranges from O to NV, i.e.,

I,,=0 n=0,1,2,...,N. 3)

As aresult, the induced voltages caused by I,, , in the com-
pensation coils Ly, 1) is zero as well.
Then, the currents flowing through the compensation coils

Li, n=0,1,2, ..., N) are equal to the currents flowing
through the respective compensation capacitance C',, (n = 0,
1,2, ..., N), which can be calculated as

Ito,="Vo/jwoLso
Ifn,a = MnIf(n—l),a,/Lfn7

Fig. 2(c) shows the circuit model when only the load voltage
sources V,, (n=1,2, ..., N) are applied. The additional suffix
"b" in the currents such as Iy ; and I, ; indicates that these
currents are generated by the load voltage sources V,, (n =1, 2,
..., N). The input voltage source Vj is shorted. Then, L,,, C,,,
and C/,, form a parallel resonant circuit, which can be treated

!
n=1,23,...,N @

as an open circuit. Thus, the current flowing through L, equals
Zero, i.e.,

I;,, =0, n=0,1,2,...,N. 5)

Then, the induced voltage jwo M, If,—1), » in L, is zero.

In order to calculate the currents flowing through the repeater

coils, LCC#N can be considered first. Then, the currents flowing

through the repeater coils in the other units can be deduced
iteratively, which is summarized as

Iny=Vin/jwLsn
I, :Vn/ijLfn :
’ n=20,1,2,...,N -1

+ Mn+lIn+l,b/Lfn;

(6)

The real currents flowing through the coils in the system are
the sum of the currents when considering V|, and the other load

voltages V,, (n = 1, 2, ..., N), respectively, which can be
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calculated as follows by taking (3)—(6) into account:

Ijo =100+ I0=Vo/jwoLyo

Ifn = Ifn,a + Ifn,b

:MnIf(nfl)/LfTH )
Iy=Iy,+1Iny,=VnN/jwLsn
I,=1,,+1,,=V,/jwyL¢,
’ o fJenly n=0,1,...,N—1
+Mn+lIn+l/Lfn7
(7

As can be seen from (7), all the currents flowing through the
compensation coils Iy, (n=0,1,2,..., N)are in phase, which
lags V by 90°. Because the loads are considered resistive, V',
is also in phase with I'y,, (n = 1,2, ..., N). The current in the
repeater coils I, lags Iy, by 90° based on (7). Because I, and

V,, are opposite in phase, the unit power factor can be achieved
for the inverter.

n=12...

C. Load-Independent Load Currents

As can be seen from (7), the load currents that flow through
the compensation coil Ly, in the repeater units are only related
to the input voltage V), the angular frequency wy, the mutual
inductances between adjacent units M,,, and the compensa-
tion inductances Ly, . The load resistances will not affect the
magnitudes of the load currents if neglecting the parasitic resis-
tances. Thus, the load-independent load current characteristics
are obtained, which is especially suitable for practical applica-
tions with variable loads. When one load changes, it will not
affect the currents in other loads so that the load power can be
adjusted flexibly without the need of introducing complicated
control strategies.

Moreover, the amplitudes of all the load currents are identical
if the following equation is met:

My=My=---=My=Lj =Ljyg=---=L;y =M.
(®)

[ll. ColL DESIGN

As discussed above, in order to obtain constant load current
characteristics, only the magnetic coupling between Ly, and
L(n+1) (n=0,1,2, ..., N — 1) is needed while the coupling
between other coils, even the repeater coil and the compensation
coil in the same LCC unit, should be designed as small as
possible so that it can be omitted. A specific coil topology
method is provided in this section.

In the system, the bipolar coil is used for both the repeater
coil and the compensation coil, as shown in Fig. 3. Both the
repeater coil and the compensation coil are square with the
side length of /1, and Ir ¢, respectively. In a LCC compensated
WPT system, the self-inductance of the compensation induc-
tor should be smaller than that of the main coil [13]. Usually
the compensation coil is small in volume. In order to increase
the magnetic coupling between Ly, and L, 1) (n =0, 1, 2,
..., N—1), the compensation coil in the proposed system is de-
signed with the same side length but a smaller coil width, i.e.,
I, = lLf and [, 1 > lw,Lf-

The whole system structure modeled using MAXWELL is
shownin Fig. 4. InLCC #n, L,,, Fe,,, and L,, form a sandwich

I I

(a) (b)

Fig. 3. (a)and (b) Repeater and compensation coils, respectively, used
in the proposed WPT system.

Fig. 4.  Simulation model of the proposed WPT system.

structure, where L,, and Ly, are fixed on the two sides of the
ferrite plate Fe,,, respectively. The repeater coil L,, is placed
coaxially with its compensation coil Ly, so that a compact
structure can be obtained. Moreover, they are placed perpendic-
ularly, so that the coupling effect between them can be neglected
[18]. A ferrite plate (Fe,) is inserted between L, and Ly,
(n=0,1,2, ..., N)with a side length of Ir.. The ferrite plates
can not only increase the magnetic coupling between adjacent
LCC units, but also suppress the magnetic coupling between
non-adjacent coils such as between Ly and L.

In the designed example of the WPT system, the distance
between two adjacent LCC units is set as d = 30 mm. The side
length of the coil is designed as [; = Iy = 150 mm. Because
of the system’s symmetrical characteristics, two adjacent LCC
units, such as LCC #0 and LCC #1, are enough to analyze the
system. k; is the coupling coefficient between Ly and L;. The
ratio between [,, 1 r and l,, 1 is defined as 7, =l 1.7/l 1. As
can be seen from Fig. 5, k; increases gradually as /,, j, increases
from 10 to 20 mm when r,, is fixed. The increasing rate of k;
slows down when [,,_j, is larger than 16 mm. Moreover, a larger
ki comes with a larger r,,. However, the influence of r,, on k;
is smaller than [,, ;. Based on the simulation results shown in
Fig. 5, l,, 1, is chosen to be 16 mm and r,, is set as 0.5, which
means [, ry is 8 mm. Thus, a high coupling coefficient k; can
be obtained.

In order to study the influence of the ferrite plate length /. on
the coupling coefficient, Fig. 6 shows the coupling coefficient
variations as [p. increases, where kg _ro, ko_1, and ko_sy are the
coupling coefficients between Lg and L ¢, Ly and Ly, and Ly and
L, respectively. ky_ro and kq_; remains very small as [p, varies
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because Ly is placed perpendicularly with L ;o or Ly . ko_sq keeps
decreasing as Iy, increases, which means a larger ferrite plate
is beneficial for enhancing the magnetic decoupling between
non-adjacent coils. k; increases first and then decreases. When
lpe is between 110 and 150 mm, k; can maintain a high value.
To minimize the influence of the undesired coupling coefficient
ko_f1, lre can be selected as 150 mm and k; is about 0.48.

IV. POWER TRANSFER CAPABILITY ANALYSIS

In Section II, the load characteristics of the proposed LCC
compensated multiload system is analyzed using the superposi-
tion theory. It is verified that the amplitudes of the load currents
are constant and regardless of the loads when neglecting the
coils’ parasitic resistances. In practical applications, the para-
sitic resistances are inevitable, the influence of which on the
load currents will be analyzed here.

The reflected impedance is used to facilitate the analysis pro-
cess, which is the equivalent impedance of all the subsequent
coils in a designated coil. For the compensation coil Ly in
LCC #N, the reflection impedance Z; y is equal to 0 because
there is no other coil after Ly . Then, the impedance in each
coil can be calculated one by one from the last coil as

Zin =0
Z’n = (WOL,fn)Q/(Tfn +Rn + an)a n = Oa1727~ . ~7N

an :(‘UOMf(nJrl))Q/(TnJrl + Zn+1)a n=0, 1727 o 7N -1
)

Normalized load resistance R/Rj,

Fig. 7. Load current variations against the increasing load resistance
(k=10.5, Q= 200, and Q; = 100).

where Z,, and Z,, are the reflection impedances in coil L,, and
Ly, respectively; and 7, and 7y, are the parasitic resistances
of L, and Ly, respectively. If the quality factors of L,, and
Ly, are defined as @), and Q)y,,, respectively, r, and ry, can
be calculated as

Tn:woLn/anrfn:w()Lfn/anv n=0,1,2, ...,N.

(10)
Based on the coil design method proposed in Section III, all
the repeaters are identical, so are the compensation coils, i.e.,

Q=Q=-=Qnv=0Q,
Qr=Qp=-=Qyn = Q. (1D)

The coupling coefficients between adjacent units are also
identical, i.e.,

ky =ky = =ky =k. (12)

Then, the currents flowing through each coil can be calculated
iteratively using the reflection impedance defined in (9) as

Iy ==V /(ro + Zy)
Ifn = jWOLfn,In,/(rfn + R, + an)7
I, = _jWOMnIf(nfl)(rn + Zn),

n=0,12...,N.

n=123,...,N
(13)
Based on (8)—(13), the load currents are obtained when the
load resistances vary, as shown in Fig. 7, where k = 0.5, Q =
200, and Q¢ = 100. It is assumed that all the load resistances
are identical to facilitate the analysis, i.e.,

Ry=Ry=---=Ry=R. (14)

It needs to be clarified that although in the analysis the load
resistances are the same, it does not mean in real applications
all the loads should be identical at any time. The proposed WPT
system can also work normally with different load resistances
as validated in Section V.

In order to facilitate comparisons, the load resistances and
currents are normalized by dividing their base values defined as
follows:

Ry =woM, I, =Vy/Ry. (15)

It can be seen from Fig. 7 that the load currents decrease grad-
ually as the load resistance R increases. The farther the distance
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Fig. 9. System structure of the experimental setup.
(a)
TABLE |

39 CIRCUIT PARAMETERS OF THE EXPERIMENTAL SETUP

3

S Parameter Value Parameter Value

g Vie 30V I3 200kHz

g Lo~Ls 120uH Lo~Lys 29.5uH

= Qo~0s 200 Op~0p 120

Co~Cs 6.96nF Co~Cp 21.84nF
k 0.49 d 30mm
I
Fig. 8. Lastload current variation against (a) coupling coefficient kand = -lo
the quality factor of the repeater coil Q (R/R;, = 0.2 and Q; = 100) and o
(b) coupling coefficient k and the quality factor of the compensation coil
Qs (R/Ry, = 0.2, Q = 200).
[ f

between the load and LCC #0, the faster the load current drops. i
For example, when the normalized load resistance increases o Is
from 0.1 to 0.7, the normalized load current I, decreases from 1
0.9746 t0 0.8683, whereas I ¢ decreases from 0.9433 t0 0.7116. O ® _wro @ i
Thus, the last load current can be regarded as the criterion for g b el Rl I v
judging the constant load current characteristics. If the last load jass == == === = Bt
current drops less when R increases, the system will have better Fig. 10. Experimental load current waveform.

constant load current characteristics.

Fig. 8 shows the variation of the last load current Iy versus
the variations of the coupling coefficient k, the quality factor Q
of the repeater coil and the quality factor (); of the compen-
sation coil when N = 6 and R/R;, = 0.2. It can be seen that a
larger k, Q, or Q) leads to a smaller drop of I, which means
better constant current characteristics can be obtained. Compar-
ing Fig. 8(a) and (b), the quality factor Q of the repeater coil has
a larger influence on the load current than the quality factor Q) ¢
of the compensation coil.

V. EXPERIMENTAL RESULTS

An experimental setup with six loads is constructed in this
section, as shown in Fig. 9. An inverter consisting of four SiC
MOSFETs is used to generate the high-frequency ac source for the
system. The dimensions of the repeater coil, the compensation
coil, and the ferrite plate are all 150 x 150 mm, which is con-
sistent with the simulation settings discussed in Section III. The

turns numbers of the repeater coil and compensation coil are 12
and 5, respectively. The detailed parameters of the experimental
setup are listed in Table I.

Fig. 10 shows the experimental waveforms of the setup. The
input voltage V; and the input current —I are nearly in phase,
which indicates that the power factor is almost 1. Since the os-
cilloscope has only four channels, only I;; and I ;¢ are shown,
which have almost the same amplitude and phase angle.

Fig. 11 shows the amplitude variations of the six load cur-
rents against the increasing load resistance where the six load
resistances have the same value. Because of the coils’ parasitic
resistances, the load current decrease gradually, as discussed
above. The measured load currents are basically consistent with
the calculated results.

The system efficiency as a function of load resistance is il-
lustrated in Fig. 12. The solid line is the calculated efficiency,
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whereas the dots represent the measured values. The efficiency
can be calculated through dividing the total load power, which
can be obtained by multiplying the square of the load current
in (13) and the load resistance R, by the input power. When the
normalized load resistance is about 0.14, the system efficiency
can reach its maximum value of 86.6%. Considering that there
are totally six loads in the system, the efficiency is quite high. If
the coupling coefficient or the coil’s quality factor is larger, the
system efficiency can be enlarged further.

Fig. 13 shows the variations of the load current with the
increasing load resistances, where Ry = Ry = Rg = 0 and Ry,
R3, and R; have identical and varying load resistances. It can be
seen that, in this condition, the variation of the load current is
within 5%, which is small and acceptable.

Fig. 14 shows the load current with six different load re-
sistances. The red circle points shown in Fig. 14 represent the

six load current, where Ry /R, = 0, Ry /Ry = 0.018, R3 /R, =
0.055, Ry /R, = 0.083, R5 /R, = 0.111, and Rs /Ry, = 0.138,
while the blue cross points represent the six load currents,
where R;/R, =0.138, Ry/R, =0.111, Rs/R, = 0.0830,
Ry/Ry = 0.055, R5 /R, = 0.018, and Rg/R;, = 0. It can be
seen that in both the cases, the load currents remain almost
constant.

The experimental results show that the load current in the
proposed WPT system is almost load independent in different
load conditions.

V1. CONCLUSION

In this article, a novel WPT system using repeater coils for
multiple loads was proposed. The repeater coils enabled the
power transfer with a high efficiency, each of which was com-
pensated with the LCC topology and corresponded to a load.
The LCC compensation results in the load-independent cur-
rents were flowing through all the loads. Thus, the load power
could be flexibly controlled without affecting each other, which
was the most outstanding advantage of the proposed system.
In order to save space, a compact coil design was proposed,
where two bipolar coils were used for both the repeater coil
and the compensation coil in the same LCC circuit. These two
coils were placed perpendicularly with each other so that the
coupling effect between them could be eliminated even when
they were placed close to each other, which greatly decreased
the system complexity. The compensation coil was not only
used to achieve a resonant state for the system, but also to trans-
fer energy to the next LCC circuit via magnetic coupling. The
coil design technique was provided with the help of a three-
dimensional finite-element analysis (FEA) simulation tool. An
experiment setup with six loads was established and the experi-
mental results validated the effectiveness of the proposed WPT
system. The proposed WPT system can be used to power the
multiple driver circuits in a multilevel converter.
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