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Abstract

This paper analyzes the use of a wireless power modulator (WPM) in a cubic wireless charging container. The relay coil acts as a WPM capable of boosting or
decreasing the output power. By designing the self-resonant frequency and the relative position of the WPM, different power flow regulations can be
realized. The experiment is carried out on a cubic wireless charging container with a diameter of 1 m to verify the effects of the WPM.
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Introduction

Inductive Power Transfer (IPT) is revolutionizing the convenience
of energy conversion and the product value of a myriad of next-
generation electrical and electronic consumer devices and applica-
tions!'-3l. Qutput power is a critical consideration for the practical
implementation of IPT systems. High-power transfer ability provides
the possibility to extend the power transfer distance. However, due
to the loosely coupled transformer characteristics of IPT systems, the
power transfer capability generally drops rapidly with transmission
distance. The typical exponential decay curve of efficiency concern-
ing the transfer distance (i.e., d) in a two-stage IPT system is shown
in Fig. 104,

To increase the power transfer distance, relay coils are employed
in the IPT system. Relay coil-based IPT systems can be classified into
three types: the four-coil IPT system[>-7), the three-coil IPT
system8-14], and the domino IPT system['5-17], Among these types,
in the domino IPT system, relay coils are typically placed in a fixed
location, primarily applied to insulation. In contrast, the locations of
relay coils for the three and four-coil IPT systems are relatively flexi-
ble. Relay coils have practical applications in WPT by enhancing
transmission efficiency and range. They are used to extend charg-
ing distances in electric vehicle (EV) charging, enable simultaneous
power supply to multiple devices in smart homes, improve charg-
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Fig. 1  Exponential decay curve of the efficiency as a function of
transmission distance d for a two-stage IPT system[*,
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ing efficiency for biomedical implants, and facilitating remote power
delivery in harsh environments such as high-temperature industrial
settings or underwater. Thus, relay coils are widely applicable in
fields such as transportation, smart devices, industrial automation,
and healthcare.

In 2007, an MIT team successfully transferred 60 W of power to
the load over a 2 m transmission distance using a four-coil IPT
systembl. Subsequent studies revealed the pivotal role of the two
additional coils in the four-coil WPT systems for impedance match-
ingl®7l. In the study by Chen et all], a tuning method is imple-
mented to transfer the required power with maximum efficiency. In
the study by Cheon et al.l”}, detailed explanations for the impedance
matching of the four-coil IPT system to maximize power transfer are
presented.

It is indicated in the research by Kiani et al.8] that the three-coil
WPT can achieve higher output power than the four-coil WPT
system. And the three-coil WPT system is being implemented in
implant devices®- 11, Comparisons of the system efficiency between
the two-coil and three-coil WPT systems are discussed in previous
researchl12-141,

Most existing research on relay coil systems has been conducted
on conventional planar-type IPT systems, with insufficient investiga-
tions into spatial IPT systems. Relay coils show great potential for
spatial IPT systems due to their beneficial power transfer characteris-
tics. Spatial IPT systems exhibit excellent misalignment tolerance
and allow for flexible placement of the receiver. The application of
spatial IPT systems in containers has been widely studied('8-21], |n
previous studies!'®19, the cavity transmitter adopts the form of an
octagonal prism structure and cubic structure. These spatial IPT
systems provide power to receivers located all around the container
at a fixed angle. In the study by Mao et al.l2%, a double-layer coil
structure based on the octagonal prism structure has been
proposed to uniform the magnetic field (B-field) distribution. In the
study by Wang et al.2", a folded coil design for the spatial IPT
system based on the cubic and octagonal prism structure has been
proposed.

However, wireless charging containers face the challenge of low
power transfer capability due to the flexible locations of the
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receiver. Therefore, investigations into the use of relay coils in wire-
less charging containers are necessary. The wireless power transfer
system with a wireless power modulator (WPM), as mentioned, has
been widely applied to implant devices!'®'], and portable equip-
ment. Additionally, cubic wireless charging containers have been
used in small-scale applications, such as biomedical implants('], and
large-scale applications, such as wireless charging rooms('?l. One of
the primary issues with wireless charging containers is that the
received power is relatively low due to weak coupling and the small
size of the receiver coil. Therefore, this paper proposes using a WPM
in wireless charging containers to regulate power and improve the
WPT system.

In this paper, a relay coil is implemented in a cubic wireless charg-
ing container which has a diameter of 1 m. The relay coil acts as a
WPM capable of boosting or decreasing the output power. Two criti-
cal effects of the WPM, namely the resonant frequency of the WPM
and the distance between the WPM and the transmitter and receiver,
are analyzed. Different sets of experiments are conducted, and some
interesting findings from the experiments are summarized.

Theoretical analysis of WPT systems with WPM

In this section, the WPT system of the wireless power container
configured with a WPM is theoretically analyzed. Firstly, the
magnetic field inside the container is simulated and compared using
Ansys Maxwell for the following scenarios: (1) Coil | working individ-
ually; (2) Coil Il working individually; and (3) Both sets of coils work-
ing simultaneously. Then, the circuit of this WPT system is simplified
and analyzed.

Analysis of magnetic field models inside the container

Following the folded coil design for the cubic wireless charging
container proposed in previous research(2], the two coils (Coil | and
Coil Il) in the container are orthogonal in space and connected in
series, as illustrated in Fig. 2. According to the study by Wang et
al.l, utilizing a 33% folding coil configuration within a cubic
container results in a more uniform internal magnetic field with
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reduced deviation, making it a more suitable design for experimen-
tal purposes compared to other percentage configurations, so the
folding ratio of each coil is set at 33%.

The two orthogonal folding coils are capable of generating rela-
tively uniform magnetic fields within the wireless charging
container. Operation of a singular coil allows the receiver to harness
significant energy in a specific direction (2r of solid angles), a
phenomenon that will be substantiated through ensuing experi-
mental validation. The concurrent operation of both coils, when
connected in series, facilitates the synthesis of a magnetic field,
thereby enabling the receiver to absorb significant energy from all
directions (4=n of solid angles). The distribution of the magnetic field
inside the container, during the operation of one of the coils in the
transmitter (Coil | & Coil Il), is shown in Fig. 3.

The transmitting coil utilized in this experiment consists of two
orthogonal sets of coils. When an alternating current of identical
frequency and phase is passed through these coils, it generates two

7
i

Fig. 2 Coil winding and current flow profile of the container. (a) WPT
system for wireless charging incubator configured with a WPM, (b) Coil |
in transmitter, (c) Coil Il in transmitter.

Fig. 3 Magnetic flux distribution inside the wireless charging container for one coil (Coil Il for example) operation. (a) Horizontal plane, (b) top view of
magnetic flux distribution, (c) vertical plane, (d) side view of magnetic flux distribution.
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orthogonal magnetic fields. These fields combine to form a single
spatial magnetic field. As shown in Fig. 4, due to their perpendicular
orientation, the magnetic fields do not interfere with each other but
result in a 90° phase difference in the receiving coils. This configura-
tion allows the receiver to capture the same amount of energy
regardless of its orientation in perpendicular planes. To reduce the
number of variables and simplify the experimental procedure, this
study focuses on a single transmitting coil. In practical applications,
the overall effect would be the superimposition of the two coils.

Analysis of circuit model for a wireless charging
container configured with WPM

The equivalent circuit model of the WPT system with WPM can be
simplified as a three-coil WPT system as shown in Fig. 5a, and the
simplified equivalent circuit model is shown in Fig. 5b. The transmit-
ter, WPM and receiver are adopted series compensated topology
and the inductance for the transmitter, WPM, and receiver are
denoted as L, Ly, and L, respectively. C;, Cy, and C, are the
compensated capacitors. M,y M,y and M,, represent the mutual
inductance between L, and Ly, Ly, and L,, L, and L,, respectively.

Wireless Power
Transfer

This simplified model and the following equations already
consider the possible ohmic losses caused by the power supply, the
inverter and the rectifier. It also considers the cross-coupling
between the receiver and transmitter coils. From the simplified
circuit model in Fig. 5b, The impedance of the transmitter loop, the
WPM loop and the receiver loop can be expressed respectively as:

J

Zi =Ry + jwoLy — ——- (D
(1)()C1
Zy =Ry + jwoLy — )
woCy
Zy =Ry + Reg + jwolr — J 3
a)()Cz

where, Z;, Zy, and Z, are the impedance of the transmitter loop, the
WPM loop and the receiver loop respectively. According to Kirchhoff
voltage law (KVL), the three loops in system can be expressed as:

— - . - -

Vin =211 + jwoMimIy + jwoM 21> “4)
. — - . -

0= jwoMiyIy +Zyly + jooMay I 5)

B, B

Fig. 4 Top view of magnetic flux distribution when different coils operating and their relationship. (a) Coil | operating, (b) Coil Il operating, (c) Coil | and

Coil Il operating.
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(a) Equivalent circuit model for the proposed WPT system, and (b) the simplified circuit model.
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0= jwoMi 1y + jooMamlIy + 221 (6)
N

where, Vi, is the voltage vector of the equivalent simplified AC input
- = - .

power supply vi,, I, I;, and [, are the current vectors of the i, iy,

and is.

Then, the output current and power flow to the load P, can be
expressed as:

T (kvakom + k1o Qu) Li— ™
[Xo—2jkiprkonki2)lwoLy N Ly "
2
Py =D R, ®)
where,  Xo= k2,00 +K,0u +K, 01+ Q10u0s. ki = —,
M M Filu
ko = —=_, kjp=——=_ are the coupling coefficients, and
VL Ly p VL, L,
0= L, Oy = M, 0, = 2_ are the quality factors.
(L)0L| (/.)()LM wo

The output power is dependent on the impedance of the trans-
mitter, receiver, and the WPM, as well as the mutual inductance
between the coils as can be seen from Eqns (7) & (8). For a given
system with fixed coil parameters, the impedance can be regulated
by adjusting the operating frequency. Here, to simplify the analysis
and based on a practical IPT system, the resonant frequencies of the
transmitter and receiver are set to be the same as the operating
frequency. The resonant frequencies of the relay coil are set at differ-
ent values. The mutual inductance of the coils is regulated by adjust-
ing the placement of the WPM. The performance of the power flow
regulation of the WPM is demonstrated in the experiment.

Experimental investigation based on the design
of placement of WPM

Experiment setup

Two different types of experiments for the WPT system with WPM
were conducted. In the first type of experiment (Experiment A), the
resonant frequencies for the transmitter, WPM, and receiver are set
the same. In the second type of experiment (Experiment B), the reso-
nant frequency for the WPM is intentionally set differently from the
resonant frequency of the transmitter and receiver. It has been
proposed by Yang et al.22l that biasing the frequencies of the WPM
differently from the transmitter and receiver can regulate the output
power capability. Hence, different resonant frequencies of the WPM
are designed in this paper to explore their performance in the cubic
wireless charging container.

The photograph of the coil structure used in the experiment is
shown in Fig. 6. Coil Il was activated in this experiment. The trans-
mitter coil, receiver coil, and WPM coil are tuned with capacitor
series compensation. The receiver was fixed at the center. The main
parameters of the system are listed in Table 1.

The operating frequency of 100 kHz is commonly used in both
academic and industry applications. This frequency typically does
not interfere with other wireless communication devices (e.g., Wi-Fi,
Bluetooth), which minimizes the impact on surrounding electronic
equipment and offers an advantage in terms of electromagnetic
compatibility. Additionally, on the one hand, the components, such
as inverters and controllers for the 100 kHz systems are relatively
inexpensive and readily available, making them suitable for the
experiment. On the other hand, this frequency is followed by the Qi
standard, which is widely used in real applications.

In the experiment, distance represents the length of the line
connecting the center of the receiver and the center of the WPM.
The diameter D of the receiver coil is used as the reference value for
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Fig.6 Photograph of the experimental setup.

Table 1. Parameters for the WPT system in the experiment.
Parameters Value
Operation frequency 100 kHz

RMS value of the /; 3A
Size of the transmitter (length x width X high) TmxImx1im

Diameter of receiver 12.5cm
Turns of receiver 1
Diameter of WPM 10.5cm
Turns of WPM 1

Load 10Q
Inductance of L, 156.6 uH
Inductance of Ly, 474 pH
Inductance of L, 64.5 pH
ESRof L, 02Q
ESRof Ly, 02Q
ESRof L, 07Q

distance (per unit value*). The placement scheme of a WPM is
designed in two sets, namely Set 1 and Set 2, as shown in Fig. 7. The
main difference between the two sets is that the placement of the
WPM of one set is orthogonal compared to the other set.

Since the magnetic flux inside the wireless charging container (as
shown in Figs 3 & 4) is relatively weak at the center compared to the
interior edges of the container, the receiver is fixed at that center to
explore the effect of the WPM on the output power by different
placement to improve the WPT system. The position of the WPM can
be flexibly adjusted based on the practical location of the receiver.
Additionally, the movement of the WPM provides a flexible way to
regulate the output power.

The different placement angles of the WPM based on the angle
between the receiver coil and the WPM are categorized into four
cases. Due to the spatial symmetry of the magnetic field shown in
Figs 3 & 4, four cases (i.e., Case A, Case B, Case C, and Case D) are
executed in experiments A and B. The relative position between the
WPM and receiver in these cases are illustrated in Fig. 8.

Results of Experiment A

In Experiment A, the resonant frequency for the transmitter,
receiver, and WPM is set to the same as the operating frequency of
100 kHz. This section focuses on the effect of the placement of the
WPM relative to the receiver in the container on output power. The
power received by the receiver (power output to the load) when the
WPM is not added to the wireless charging container is initially
tested, and it is denoted as P, = 2.35 W, which serves as a reference
value in later experiments. As previously mentioned, the distance is
represented by the nominal value (per unit¥) of the diameter of the
receiver coil (12.5 cm) as a base. The relationship between the

Shang et al. Wireless Power Transfer 2024, 11: €010
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Fig.7 Two different placement scheme designs for a WPM. (a) Set 1 (left) and its top view (right), (b) Set 2 (left) and its top view (right).
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Fig.8 Placement cases of WPM in Set 1 and Set 2.

power transferred to the load and the distance (¥) is shown in Fig. 9
for each of the four different cases in Set 1 and Set 2.

It can be observed from Fig. 9a that the placement design of WPM
in Set 1 enhances the output power in most cases, surpassing the
reference value. The findings for Fig. 9a can be summarized as follows:

(1) The results of the experiment show that when the two coils
(receiver and WPM) are very close to each other and facing the same
orientation, the output power is lower than the reference value
(weakening effect).

(2) With the rotation angle increasing in Set 1, the output power
increases. The maximum output is achieved in Case D (i.e., the WPM
is coaxial with the receiver) with d* =

Shang et al. Wireless Power Transfer 2024, 11:e010

It is worth emphasizing in particular that the optimal output
power occurs when the two coils are at a distance of the receiver
diameter (distance 1* in the figure) and the same orientation, not
when they are close to each other and have the same orientation. As
shown in Fig. 9b, the performance of Set 2 is opposite to Set 1, and
the findings of Fig. 9b can be summarized as follows:

(1) In Set 2, the output power decreases as the angle and distance
between the WPM and receiver vary. The most significant power
drop occurs when the distance is equal to the receiver coil's diame-
ter (d* = 1), as seen in cases B2 and C2.

(2) As the rotation angle increases in Set 2, the reduction in
output power diminishes. Additionally, the placement of the WPM
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Fig.9 Variations of the output power to the distance for (a) cases of Set 1, and (b) cases of Set 2.

does not significantly affect the output power, as demonstrated in
Case D of Set 2.

Results of Experiment B

In Experiment B, the self-resonant frequency (SRF) of the WPM is
set differently from the operating frequency. The value of the SRF
for the WPM is shown in Table 2.

The output power can be regarded as a function of the distance
(per unit) and SRF of the WPM. The relationship between the output
power and the distance (per unit) under different SRFs is shown in
Fig. 10.

Table 2. Setting of the self-resonance point of the WPM.

No. SRF of WPM (kHz) Deviation (kHz)
1 102.0 +2 kHz
2 101.2 +1.2
3 100.5 +0.5
4 100.0 0 (operation frequency)
5 99.5 -0.5
6 98.6 -1.4
7 97.9 =2.1
a 15 | T T
- 102 kHz
—+-101.2 kHz
< 100.5 kHz
Z 10 - 100 kHz
5 —-99.5 kHz
z 98.6 kHz
3 - 97.9 kHz
ERE
£ Reference
o

? b M.~

0.12 036 0.60 0.84 1.08 132 1.56 1.80 2.04 2.28
Distance (p.u.)

It can be seen from Fig. 10 that in Set 1, the WPM has a boosting
effect on the output power when the SRF of the WPM is set in a
nearby frequency range above the system's operating frequency
(> 100 kHz). This power boost effect results in an optimal value at a
certain distance, which is consistent with the conclusions of the
previous section. It is also noted that this optimal power deviates
from the nominal distance 1* (no longer the diameter of the
receiver) because of the deviation in the SRF of the WPM.

Conversely, when the SRF of the WPM is set in a nearby frequency
range below the system operating frequency (< 100 kHz), the WPM
has a weakening effect on the output power. The optimal power
weakening effect also does not occur at the distance 1%, which devi-
ates with the SRF of the WPM.

The output power as a function of the distance (*) between the
WPM and the receiver in different cases in Set 2 are shown in Fig. 11.

The results in Fig. 11 demonstrate that the designs in Set 2 and
Set 1 has distinctly different effects on the output power. In Set 2,
when the self-resonance point of the WPM is set at a frequency
above the system operating frequency (> 100 kHz), the WPM
functions as a power-boosting regulator. The optimal power boost
effect shifts with changes in the WPM's self-resonance frequency.

b 14 : :
-e- 102 kHz

: A
- 5kHz ||
g 10 100 kHz
5 8 —~99.5 kHz
z 98.6 kHz
& 6 —~97.9kHz |
5 Reference
& 4 1
s Y _ A _______ T =
o 2 4

06 08 10 12 14 16 18 20 22
Distance (p.u.)

c N——————

Reference

Output power (W)
W

- 102 kHz
——101.2 kHz
100.5 kHz
-~ 100 kHz
—-99.5kHz ||
98.6 kHz
—-—979kHz H

0 ‘
0.52 0.68 0.84 1.00 1.16 1.32 1.48 1.64 1.80 1.96 2.12
Distance (p.u.)

Fig. 10 Variations of output power with the distance (*) under the different SRFs for (a) Case D1, (b) Case C1, and (c) Case B1.
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Fig. 11 Variations of output power with the distance (*) under the different SRFs for (a) Case A2, (b) Case B2, and (c) Case C2.
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Fig. 12 Effects of the self-resonance points deviation of the WPM and output power (a) Set 1, and (b) Set 2.

Conversely, in Set 1, when the self-resonance point of the WPM is
set below the system operating frequency (< 100 kHz), the WPM
acts as a power-weakening regulator. The location of the optimal
power-weakening effect shifts with deviations in the WPM's self-
resonance frequency. The overall trend of the SRF of the WPM for
the designs of Set 1 and Set 2 with respect to the output power is
summarized in Fig. 12.

Based on the experimental results and analysis, the output power
of the receiver can be modulated using the WPM in this wireless
charging container. When the frequency of the WPM is set slightly
higher than the operating frequency and aligned with the place-
ment orientation of Set 1, a power enhancement effect can be
obtained. Conversely, when the frequency of the WPM is set slightly
lower than the operating frequency and is placed at a distance
equal to the receiver diameter as indicated by the placement orien-
tation of Set 2, a power weakening effect can be achieved.

Conclusions

This paper presents a power modulation design for a cubic wire-
less charging container configured with a WPM. The management
of the power flow can be realized in two ways, i.e., regulating the

Shang et al. Wireless Power Transfer 2024, 11:e010

position and SRF of the WPM. Based on the two designs, two sets of
WPM placement schemes are proposed. The results show that the
WPM can have both enhancing and weakening effects on the
output power of the receiver, which is a guiding significance for the
application of WPM in practical power flow regulation.
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