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Abstract

Curved coils constructed by flexible printed circuit board (PCB) or hand-wound
Litz-wire have been steadily becoming popular due to its applicable potential
on devices that have a curved body. Inductive Power Transfer (IPT) systems
based on curved coils and flexible ferrite sheets may provide more flexible
charging solutions for various electronic devices such as rice cookers and ro-
bot vacuum cleaners. Power repeaters are also used in IPT systems to extend
wireless charging range by guiding magnetic fields to the receiving coil. The
interaction of these three topics could be inspiring. In this paper, two adjust-
able power repeaters are applied to an IPT charging system with various
curved receiving coils designed for vacuum cleaners. Two power repeaters
share the identical structure as the Tx coil and could be rotated to mirror
symmetrically. The input and output power are calculated by analyzing the
equivalent circuit model. The self-inductance, mutual inductance, and coupling
coefficient of the proposed system are obtained via finite element method si-
mulation with variable rotating angles. Three typical IPT designs have also
been simulated in ANSYS Maxwell and compared with the proposed mag-
netic design. The comparison indicates the enhancing feature of the passive
power repeaters on coupling performance and the ability to guide the mag-
netic flux for better magnetic field coupling. Furthermore, two types of
co-simulations defined by the power source via Simplorer are conducted to
explore how much power could be transferred. The tuned system is shown to
be able to provide about 32 W under 100 kHz operating frequency for charg-
ing the battery of a robot vacuum cleaner. The results from theoretical calcu-
lation and simulation align well with each other.
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Robot Vacuum Cleaners

1. Introduction

Since the late 19 century, when the concept of transferring power without wires
was proposed by Tesla, Wireless Power Transfer (WPT) has been developed
greatly from thoughts in the brain to practical applications in electronic devices,
industrial equipment, electrical vehicles and many other electrical fields. Com-
pared with transferring power through direct connections of wires and cables,
wireless power transfer utilizes the interaction among the primary side, the sec-
ondary side and the alternating electromagnetic field for power delivery. The
energy is transferred from the primary side to the secondary side by using the
electromagnetic field. This energy transfer technique offers simplicity, portabili-
ty, and safety. The near-field WPT technology could be classified as Inductive
Power Transfer (IPT) or Capacitive Power Transfer (CPT). IPT has become a
popular and mature technology in industrial applications like Automatic Guided
Vehicle (AGV) [1], electronic devices charging [2], electrical vehicle charging [3]
[4] [5] [6], biomedical implants [7] [8], lighting systems [9] [10], and many oth-
er applications.

This paper deals with the IPT technology, where the power transfer capacity is
significantly influenced by the distance between the primary coil—the transmit-
ter (Tx) and the secondary coil—the receiver (Rx). The larger the distance, the
lower the power transfer could be observed. A similar effect is also caused by
misalignment between the Tx and Rx. Under coil misalignment, the magnetic
field leakage increases, and the lower portion of the magnetic flux is received by
the Rx. In order to increase the power transferred, the magnetic flux leakage
must be addressed. Several methods such as magnetic shielding [11] [12] and
adding the third coil [13] [14] have been proposed to concentrate the magnetic
flux and reduce the leakage of magnetic fields. Sometimes it is difficult or im-
practical to add an extra coil between Tx and Rx, so adding coils next to Tx be-
comes another choice for researchers [15]. Those added coils might passively
interact with the existing magnetic field between Tx and Rx [16] [17] or could be
generated by an extra circuit or power supply to produce extra magnetic fields
between the original coils. Both the design and position of power repeaters may
influence the distribution and direction of the original magnetic field produced
by the Tx coil, so it can be used to guide and enhance the transferring range of
IPT systems. For example, in [18], the power is transferred through several
power repeaters which are perpendicular to the Rx step by step, and the proto-
type shows the ability to charge a cellphone on the top of repeaters.

IPT systems can be bulky and relatively large. In order to keep their size to the
minimum, planar coils are frequently used. Planar coils could be fabricated on

printed circuit boards (PCBs). The disadvantage of these planar coils is higher
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eddy current loss [19] [20]. If needed, planar PCB coils [2] [21] [22] and Litz-wire
coils [23] could be fabricated into curved rectangular or circular shapes, so IPT
systems could be applied to more devices that have a curved body, such as rice
cookers, robot vacuum cleaners or rockets with a cylindrical body. Besides, the
flexible ferrite sheet could be combined with the curved coil and provides mag-
netic shielding. All features above raise the possibility of designing an IPT sys-
tem with curved coils and power repeaters in a cylindrical cleaning appliance.

In this research, an IPT system that consists of a planar Tx coil and a curved
rectangular spiral Rx coil with two adjustable passive power repeaters is pro-
posed. The system is designated to be used with a vacuum cleaner battery. The
expected power level is supposed to be higher than the rated charging power of
20 W, and the operation frequency can be 100 kHz. Two passive power repeaters
are introduced to enhance the power transfer capability of the system. If needed,
the power repeaters can be adjusted manually to fit various Rx coils (depending
on the vacuum cleaner size). The adjustment of two power repeaters is con-
ducted as mirror-symmetric rotating with a certain angle 6 along a corner of the
repeater. The coupling between Tx and Rx with different rotating angles of
power repeaters was explored. A co-simulation in Ansys Maxwell was conducted
to obtain the uncompensated outputs with a 20 Q resistive load which simulates
as a load. Most commercial batteries of vacuum cleaners have their own charg-
ing modules embedded inside and are compatible with multiple adapters. Those
adapters could provide various direct current (DC) outputs such as 19 V - 0.6 A,
20V -1A,225V-1.25A,and 25V - 1 A. One typical DC output 20 V- 1 A is
selected and the rated equivalent load resistance is 20 Q in calculation and si-
mulation. Moreover, three different structures of coil designs were compared
and evaluated according to the coupling performance and power transfer per-
formance. The proposed magnetic design was also tuned with two capacitors in

series, and 32.2 W of output power is achieved with an input power of 32.6 W.

2. Proposed IPT System with Curved Coils and
Power Repeaters

In Section 2, the proposed IPT system is presented from the magnetic coil design

and the circuit design on both primary and secondary side.

2.1. Coil Setup

Figure 1 shows a diagram of the coil setup of a proposed IPT system for robot
vacuum cleaners. The yellow cylinder represents the body of the robot vacuum
cleaner. The secondary part is placed close to the inner surface of the cleaner.
There is a curved rectangular coil (green) and a curved flexible ferrite (grey).
The secondary circuit is set to operate with compensated network. The network
consists of a tuning circuit and a rectifier to convert alternating current (AC) to
DC, then provides enough power to the load. The primary side consists of a

three-turn spiral coil (shown in dark orange) with flat ferrite sheets (grew) are
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Figure 1. The Diagram of proposed coil setup with two power repeaters from (a) top view and
(b)orient view. (a) The top view of the proposed system; (b) The orient view of the coil setup.

set as shown in Figure 1. The central coil and ferrite sheet works as a conven-
tional Tx. Two passive power repeaters (blue) are placed on both sides without
any excitation. The purpose of the power repeaters is to guide the magnetic flux,
which allows power transfer in a case of misalignment. In this research an as-
sumption was made that two power repeaters can be manually adjusted to fit
multiple Rx coils with different curvature radius.
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On the one hand, ferrite material (grew) is utilized to enhance the magnetic
field. The ferrite sheets with high permeability collect and guide edge magnetic
flux generated by Tx coil. It is important to mention that the flexible ferrite sheet
used on the Rx side may have different characteristics compared to hard ferrite

sheets used on the primary side, but both could help guide the magnetic field.

2.2. Circuit Analysis

Figure 2 shows a compensation network circuit diagram of the system for
charging a robot vacuum cleaner battery. The primary side is set to operate with
the mains 230 V, 50 Hz Alternating Current (AC). It is adapted to Direct Cur-
rent (DC). Then the DC is converted into AC with 100 kHz for generating an al-
ternating magnetic field. A compensation network is used to tune the operation-
al frequency with the resonant frequency. Two power repeaters are placed in a
position as shown in Figure 2. The receiver is equipped with compensation
network and a rectifier. The repeater could be mirror symmetrically rotated
through 6 to make sure the repeater could get close to the Rx coil at an optimal
angle, which could lead to a better coupling performance.

The IPT system was analyzed using the Finite Element Method. To focus on
the magnetic model, the system was not powered by the mains, but by a 10 V
100 kHz sinusoidal voltage function. This is shown in Figure 3. The Tx coil and
Rx coil are considered as pure inductors Z,and L, without inner resistance,
which means there is no real power loss in these inductors. Also, the inner resis-
tance of wire and other components are neglected, so the system is close to an
ideal loss free system. Two tuning capacitors C, and C; are added in series with
L, and L, respectively achieve high compensation.

The value of inductance, capacitance and operating frequency satisfy follow-
ing:

wlLC =1 (1)

The input power and output power could be obtained as:

Repeater

o || oo | oo [ seomsmr 1 acoo [ o
Adapter Inverter tiF:) o 1 X tiF:: N Rectifier ery

Repeater

Figure 2. Circuit diagram of proposed system for battery charging.
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Figure 3. Equivalent circuit of the proposed system with series tuning and a 20-ohm resistive load.

P, =15-Re(Z,,) )
P

2
o = 15 °R 3)
where 7, is the primary current, I is the secondary current and Z is the reflected
impedance of the secondary side to the primary side.

1, is obtained as:

V, V,

l,=-"= . (4)

Zy Z,+jol, +-
jaC,
and the reflected impedance of the secondary side to the primary side Z, is:
C()Z M 2
Z, = 5
sr Z ( )

S

where M is the mutual inductance, Z; is the impedance of the secondary circuit.
The impedance of the secondary side is obtained as:
. 1
Z, =R+ jolL +— 6
s Joly jaC. (6)

If the input current 7, is known, the output current /, could be calculated via

the loop current method:

joL 1 - joMI | + E +RI, =0 (7)
jaC

s

Table 1 shows the calculated results of the parameters mentioned above. Un-
der series compensation condition with a rated load, the system is supposed to
transfer 32.2 W power to the load. Those input and output parameters would be
verified through co-simulation later and relevant comparison would be con-
ducted.

3. Simulation Study on Coupling Performance and Power
Transfer of Proposed Design

After the introduction of the magnetic design and numerical analysis of the

DOI: 10.4236/jemaa.2022.145005

52 Journal of Electromagnetic Analysis and Applications


https://doi.org/10.4236/jemaa.2022.145005

A Lietal

equivalent circuit of the proposed system, two kinds of simulation were con-
ducted to demonstrate the magnetic coupling and power transfer capability via
different software packages. In simulation study of magnetic coupling, a
3D-FEM simulation software Ansys Maxwell was used to demonstrate the mag-
netic design of coils with power repeaters. Model of the system is shown in Fig-
ure 4, the curvature radius of the curved Rx coil and the ferrite sheet are the
same 110 mm, and the radian angle of them is 0.5m. The height of the ferrite
sheet on Rx side is 64 mm. On the Tx side, the size of ferrite sheets is 58 mm X
64 mm x 1 mm and the outer radius of coils is 27.5 mm with three turns. The
width of coils is 2 mm, and the thickness is 1 mm, as shown in Table 2 and Fig-
ure 4.

Table 1. Calculated results of the equivalent circuits.

Parameters Value
Za (Q) 2.98 +j0.0089
Z,(Q) 3+0.33
I, (A) 3.29 - j0.36
I, (A) 0.06 +j1.27
I (A) 3.31
L(A) 1.27
Pin (W) 32.6
Pouwr(W) 32.2

[

64

(@

l ®)

45°

R=110

64

(c) @

Figure 4. Geometry of (a) Tx coil, (b) Rx coil, (c) power repeaters, and (d) Rx coil.
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Table 2. Specific sizes of models in Maxwell.

Coil Setup Size
Tx outer radius (mm) 27.5
Tx inner radius (mm) 20.0
Tx width (mm) 2.0
Tx gap between turns (mm) 0.5
Tx turns 9
Rx height (mm) 64.0
Rx turns 10
Rx curvature radius (mm) 110
Rx radian angle 0.5m

In order to determine how much power could be delivered through the mag-
netic design, two different co-simulations involving Maxwell and Simplorer were
conducted. One is the system without compensation where the Tx is with an AC
current of 1 A and 100 kHz. Under this condition, the open circuit voltage V.
and short circuit current /. were obtained separately. Then the output power of
the uncompensated system was calculated. The other model was set to be
equipped with series compensation on both sides (the primary and the second-
ary side), which makes the system work under fully tuned situation. The system
was supplied with a 10 V 100 kHz, then input and output power was obtained
from that co-simulation. The equivalent circuit of the latter co-simulation was
also established and relevant parameters were calculated to be compared with
the simulation results. One point that should be mentioned is the inner resis-

tance of wire, coils and other components were ignored.

3.1. Field Distribution and Coupling Performance of Coils with
Power Repeaters via Maxwell

Geometric models of the circular Tx coil with ferrite sheet, the curved rectangu-
lar Rx coil with ferrite sheet and two power repeaters with ferrite sheets are set as
shown in Figure 1 and Figure 4. The air gap between the Tx coil and the Rx coil
is 10 mm. A 1-amp sinusoidal current with 100 kHz is applied to the Tx coil. A
typical magnetic field distribution when two power repeaters were rotated 30°
along the neighboring edge parallel to x-axis is shown in Figure 5. It could be
observed that the magnetic field distribution was symmetric. Two crossing parts
of the Rx coil which was close to the neighboring edges have higher density.
Numerical results are shown in Table 3, followed by Figure 6, when power
repeaters approached close to the Rx coil, self-inductance of Rx and mutual in-
ductance between Tx and Rx presented the same rising tendency, but the coupl-
ing coefficient only went upstairs slightly. Self-inductance of the Tx coil re-

mained stable because power repeaters might mainly influence the Rx coil in the
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Figure 5. Magnetic flux density distribution of repeaters at 30°.

Table 3. Self-inductance and mutual inductance between Tx and Rx under different ro-

tating angle.
Inductance and Coupling Coefficient
Rotating
Angle (*) Self-Inductance of Tx Mutual Inductance Coupling
and Rx (uH) (uH) Coefficient

0 13.62, 76.37 11.42 0.354
10 13.66, 77.43 11.61 0.357
20 13.71, 79.10 11.88 0.360
30 13.79, 82.36 12.30 0.365
40 13.92, 90.65 13.04 0.367

system. The coupling performance between two coils was also enhanced when
power repeaters were rotating closer to the Rx coil. This indicates that for a
curved Rx coil with a certain curvature radius, the coupling performance with
Tx coil would grow better when power repeaters get close enough to the Rx coil
as possible. This adjustable feature of power repeaters could provide different
curved Rx coils with the ability to achieve the best coupling state. An interesting
point raised from the magnetic flux distribution of the magnetic design is that
the magnetic flux lines were guided to the Rx coil by power repeaters on both
right and left side. This distribution pattern could be changed to a circle pattern
if the magnetic flux density on the right side distributes in opposite direction.
Under this circumstance, the magnetic flux would start from center Tx coil to
the left power repeater, then goes to Rx coil, next goes to the right power repea-
ter, and finally goes back to the Tx coil. This circle running pattern of magnetic
flux is similar to the distribution in an IPT system with Double-D pads, which is
a popular wireless power transfer coil design. To achieve this, modifications on
Tx coil and Rx coil design can be considered and power repeaters would need to

have their own power supplies forming active power repeaters.
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Figure 6. Self-inductance of (a) Tx, (b) Rx, (c) mutual inductance, and (d) coupling coefficient against rotating angle.

3.2. Coupling Performance Comparison of Proposed Design with
Three Typical Designs via Maxwell

In order to evaluate the function of power repeaters in the proposed system,
three typical designs are considered. Those designs were simulated under the
same simulation setup in Maxwell as the proposed system in section A (listed
above), including self-inductance of Tx and Rx coils, mutual inductance and
coupling coefficient between Tx and Rx. Despite the proposed system simulated
before, three different designs were considered from the Tx coil, Rx coil and
power repeaters. As shown in Figure 7, (a) is the proposed system including a
circular Tx coil with a ferrite sheet, two power repeaters that share the identical
structure as the Tx coil, and a curved Rx coil that is designed as three square
sub-coils with a curved ferrite sheet. Design in (b) removes power repeaters
compared to (a), design in (c) replaces the Rx coil with a curved rectangular coil,
and design in (d) replaces the Tx coil and power repeaters with a curved rectan-
gular coil.

Figure 8 presented the comparison of simulated results of four designs men-

tioned above. First, for the proposed designs with/without power repeaters, it
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(d)

Figure 7. Different Tx/Rx coupling structures with and without power repeaters. (a) Proposed design; (b) Single

Tx without repeaters; (c) Single curved rectangular Rx; (d) Single curved rectangular Tx.
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Figure 8. (a) Inductance and (b) coupling coefficient comparison of the proposed design with typical designs.
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could be obtained that power repeaters could enhance the self-inductance of Rx
and strengthen the coupling between Tx and Rx to some extent, besides, power
repeaters may not influence the self-inductance of Tx coil. Next, if the Rx coil in
proposed system was replaced with a curved rectangular coil in Figure 7(c),
both self-inductance of Rx and coupling coefficient would drop a little. Then,
according to Figure 8, design in Figure 7(d) had the largest self-inductance of
both Tx and Rx, but had the smallest mutual inductance, as well as coupling
coefficient, which indicates this design may increase the self-inductance, but two
coils may not couple well with each other. Compared to the circular coil design
in Figures 7(a)-(c), the model of curved rectangular Tx coil in simulation has
less overlapping area facing to the Rx coil. This might be the reason of showing

high self-inductance of Tx and Rx but a bad coupling performance.

3.3. Co-Simulation of Proposed System via Simplorer

Based on the self-inductance of both Tx and Rx coil and mutual inductance be-
tween them, further electrical simulation could also be conducted in Ansys Sim-
plorer. This calculation was based on the self-inductance and the mutual induc-
tance values already determined in the earlier stage (in Maxwell). As shown in
Figure 9, for the first co-simulation, an uncompensated network was con-
structed with the same current supply, which guarantees the input current is 1A
for both situations. The magnitude of V,. and I, that could be obtained from
Figure 9 were 10.94 V and 0.21 A respectively. For uncompensated system, the
power can be transferred at max power condition could be calculated by:

P EIVY (8)

2 oc " sc

The value of P, is 1.1 W under this condition. Moreover, V,.and . obtained
from uncompensated network could also be used to predict how much power
could be transferred with series compensation. As the self-inductance of the R,
coil Z, has been obtained in Maxwell which is 82.4 uH at 30°, a 30.8 nF capacitor
C, connected in series with this inductor would make sure the system work at a
fully tuned state. The power factor of the secondary side with a pure resistance R
at 20 Q can be obtained from:

L.
R
so the quality factor of the secondary side is 2.6, then the output power at a fully

Q= > 9

tuned state could be gained as:

P, =QV, I (10)
and the output power P, is 6.0 W. Compared to 1.1 W under uncompensated
state, adding tuning capacitors would hugely increase the power transferred
through the proposed system.

For the second part of co-simulation, as shown in Figure 3, two capacitors G,
with 183.7 nF and C; with 30.8 nF were added and connected in series with the
Tx coil and the Rx coil respectively. A rated pure resistor with 20 Q was also
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Figure 9. Schemes for Ansys Simplorer simulation.

Table 4. Comparison of calculated and simulated input and output power.

Inputs and Outputs Calculated Results Simulated Results
L, (A) 3.31 3.34
L (A) 1.27 1.27
Pu (W) 32.6 33.2
Poue (W) 33.2 32.2

applied in the scheme. The power supply in this co-simulation is a 10 V voltage
source at 100 kHz. Then, in Table 4, the input and output power calculated
based on co-simulation currents and equivalent circuit theory in Part 2.2 were
summarized. It could be seen that regardless of inner resistance of components
in the circuit, the calculated results align well with the simulated results.

One point that should be emphasized again is that the inner resistance of
wires, inductors and capacitors are ignored, so there is no extra loss through

power transfer. Theoretically, the input power is supposed to equal to the output
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power, as seen from Table 4. When considering the loss of components, two
equivalent resistances should be added on the primary and secondary side re-
spectively. Due to this, the input power may increase, but the output power may
decrease and the difference between them is the power loss. In practical applica-
tions, this power loss may be demonstrated as heat in coils or circuits, which
might reduce the power transfer efficiency or even break components with a
high temperature. Also, part of energy may dissipate with the magnetic flux lea-

kage in the air gap, which lowers down the power transfer efficiency.

3.4. Simulation of Full Bridge Rectifier on the Secondary via
LTspice

To obtain a DC output on the secondary side which can charge a battery of a
vacuum cleaner, a full bridge rectifier with filter capacitor was applied after the
compensation capacitor on the secondary side in LTspice, as shown in Figure
10. The parameters in the system with power repeaters under 30° rotating angle
was borrowed. Four Schottky diodes with 5 A average forward current and 150
V breakdown voltage were used to construct the bridge and a 3.75 uF. The fil-
tering capacitor is paralleled with the load. The sinusoidal waveform of the out-
put voltage and current without rectification is converted into nearly a ripple
waveform. The output voltage across the load remained around 22.9 V and the
output current through the load remained around 1.14 A, which could satisfy
the charging standard of some commercial batteries of vacuum cleaners men-
tioned before. Under this circuit setup, the output power of the load decreased to
about 26.0 W. It could also find that the output voltage and current might expe-
rience a longer time from start to a stable ripple output than the system without

rectification in Part 3.3.

3.5. Evaluation of Power Transfer Performance

To evaluate the power transfer performance of the proposed wireless power
transfer system, the power transfer to a 20-Q rated load of two other typical

magnetic designs with and without power repeaters shown in Figure 7(b) and
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Figure 10. Scheme of the rectification network.
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Figure 7(d) were studied. Option (c) in Figure 7 is not considered for compari-
son because it has a singular rectangular Rx which causes significant flux cancel-
lation. The value of two tuning capacitors was selected to achieve full resonance
of the design without power repeaters, and other two designs were simulated
under the same circuit setup as the previous one, which means they were not
working at full resonance state. The simulated output power of three designs was
shown in Table 5.

It could be seen that the magnetic design without power repeaters would de-
liver the highest power among those designs, which is 33.8 W after rectification.
When adding two proposed power repeaters to the circular Tx coil, the power
delivery would decrease a little. During a small range of rotating angle from 0° to
20°, the power delivery reduction would be about 1.5 W to 3.5 W, but it would
reach about 5 W when the power repeater rotates more than 20°. One possible
reason for the power reduction is the power repeater in the proposed design
could not achieve power transfer enhancement without tuning, even though it
could enhance the coupling performance between the Tx coil and the Rx coil.
Compared with other two designs, the design with a curved rectangular Tx coil
could deliver about 26.0 W, which is the lowest power delivery among three de-
signs. One conclusion drawn from above simulation results is that passive power
repeaters could not enhance the power transfer capability but could change the
coupling performance of the system. Things could be different when adding ex-
tra power supplies to power repeaters, the alternating magnetic fields generated
by different sources may interact and the system may reach a resonant state
where more power could be delivered.

In order to achieve the charging function in practical applications, further
work on the conversion from commercial AC mains electricity to DC to high
frequency AC before the primary compensation and regulation network after
rectification should be continued. Furthermore, the coil design of Tx and Rx in
this paper still have space to explore to achieve a better coupling performance
and power transfer capability. Most important, the usage of power repeaters and
the structure design of power repeaters are very limited in this paper, because
the power repeater could also be activated by extra power supply to generate its

own fields which might show some different features than the passive one when

Table 5. Comparison of simulated output power of different designs.

Magnetic Design Simulated Output Power (W)
Proposed design at 0° 32.3
Proposed design at 10° 30.3
Proposed design at 20° 31.0
Proposed design at 30° 27.8
Proposed design without power repeaters 33.8
Curved rectangular Tx 26.0

DOI: 10.4236/jemaa.2022.145005

61 Journal of Electromagnetic Analysis and Applications


https://doi.org/10.4236/jemaa.2022.145005

A Lietal

it interacts with the magnetic field between Tx and Rx. This inherent magnetic
field of the power repeaters may help with the possibility of artificial guidance to
the magnetic field, even the power flow. For the passive power repeater, several
methods, such as adding tuning capacitors to make it work at the same resonant
frequency as the operating frequency of the system, and connecting power re-
peaters in series or in parallel, could be conducted to enhance both the coupling

performance and the power delivery to load.

4. Conclusion

To conclude, in this paper, a wireless charger design of cylindrical robot va-
cuum cleaners with two adjustable power repeaters is proposed. This design
aims to charge various vacuum cleaners of different sizes but with similar bat-
tery charging levels of around 20 W. The rotating function of the power re-
peater could make the charger system compatible with various curved Rx coils.
The magnetic characteristics such as the self-inductance, mutual inductance
and the coupling of the proposed magnetic design are simulated via FEM soft-
ware, and three typical magnetic designs are also analyzed. The inductance of
both coils and coupling performance between coils under different rotating an-
gles are evaluated via simulation. The comparison results from those designs
show that power repeaters could guide more magnetic flux to the Rx side and
enhance the coupling between Tx and Rx to some extent. Next, an equivalent
circuit of the proposed design under 30° is established with series-series tuning
networks on both sides regardless of the inner resistance of components. After
that, the primary current and output current is calculated to obtain the theo-
retical input and output power of the system under full-tuning conditions. Be-
sides, co-simulation via Simplorer based on the magnetic simulation is con-
ducted from two aspects. One is the uncompensated output power under a con-
stant current source and the prediction of the output power with fully-tuned
conditions. It is obvious that adding a compensation network would greatly in-
crease the power transfer performance. The other co-simulation is based on a
20-ohm-rated resistance with series-series compensation. The current on both
sides and power are obtained and they match well with the calculated results.
The output power could reach around 32 W and this might be able to charge a
battery in multiple kinds of vacuum cleaners safe and efficiently after further
progress on conversion, rectification and coil design optimization. There is also
room for further research on IPT systems with power repeaters and curved coils.
For example, improving the tuning of high-order systems with passive power
repeaters, or we can utilize the matrix configuration of repeaters. Active power
repeaters may lead to a possibility of manipulating magnetic field distribution,
and even power flow to achieve power transfer enhancement and orientation.
The optimized magnetic design of curved coils might also enhance power trans-
fer capability, which can be applied to a series of electronic devices and ap-

pliances.
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