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Abstract. In the modern age of technology where everything is powered
via physical wires, once considered a technical marvel has now become a
bane. Wireless power transfer is the key to the future of power transfer, in
this paper a 1kW WPT system is designed and simulated for an PMBLDC
motor driven autonomous vehicle. This paper focuses in detail about the
variation in performance of the coils and the overall system when ferrite
cores and aluminum shielding is considered along with the coils. It provides
a comprehensive analysis on the misalignment of transmitter and receiver
coils in different orientations and distances. The results indicate a significant
increase in power transfer and efficiency of the system when extra
components such as cores and shielding are also implemented. It is oriented
towards increasing the efficiency of powering autonomous vehicles used in
various sectors such as automobiles, information technology, aerospace,
robotics, precision and domestic equipment, etc.

1 Introduction

WPT is a relatively new concept but is very promising and can lead us to the future by
changing the primitive way of charging electronics through physical wires. By implementing
WPT we can remove the need to use wire which prohibits the implementation of an
application in many ways, thus making electronics more flexible and dynamic.

Autonomous vehicles have various applications and can be implemented in many more
categories of technology for simple use cases such as cargo transfer to complex cases such
as the production of microprocessors at the nanometer level. This can be achieved by
integrating the WPT system with such autonomous machines. This not only leads to an
increase in efficiency but also reduces time and dependency on the charging of machines or
to provide constant supply to applications through wires.
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This combination can be implemented in any field. One such application which is widely
adopted and used now is EVs. The main adversity of EVs is the charging of batteries through
electric charge stations. This can be solved using a WPT system, which can be implemented
according to the requirement of the EVs.

2 Designing of WPT system for autonomous vehicle

In designing a WPT system, various considerations and factors are considered according to
the already established standards for wireless power transfer. The following considerations
were taken account while designing the WPT system for an autonomous vehicle.

2.1 Area consideration

The area present in the autonomous vehicle considered in the project is shown in Fig 1.

ELECTRIC VEHICLE

35cm

O T a—
RECEIVER COIL 12.5cm

TRANSMITTER COIL W

Fig 1. Block Diagram of dimensions of electric vehicle

When designing a WPT system for an electric vehicle we need to consider the area available
to place the coil, the cost of material used, the dimensions of the coil required to provide the
required power output, without compromising on efficiency and performance characteristics
on varying loads [2]. Thus, taking into consideration all the above requirements the receiver
coil is designed accordingly with a radius of 26 cm [10].

2.2 Coil design

Designing transmitter and receiver coils for a WPT system plays a vital role. The following
considerations are taken into account in designing efficient coils [11].

2.2.1 Litz wire

In this project, a type 2 construction type litz wire is considered. This type of construction is
widely preferred for high-frequency WPT systems. It consists of bundles of twisted type 1
litz wire. In addition, a single film coating thickness is also considered in order to reduce the
diameter of the wire. Finally, an outer insulation of double nylon is used in order to protect
the litz wire from external effects and insulate flux lines from coming out of the wire.
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2.2.2 Number of turns

For this project a circular coil is considered with zero pitch, this makes the number of turns
a crucial factor in achieving the required coupling coefficient and inductances. Formula (1)
provides the number of turns to be considered for a coil.

__ Outer radius — Inner radius

(1

" Thickness of the conductor

This formula provides the number of turns used in transmitter and receiver considering the
radius of outer and inner circles, along with thickness. Thus, providing a value more
appropriate to the type of conductor used and the dimensions of the coil.

2.2.3 Inductance of coils

To design a hardware model of a WPT system. We need to calculate the self and mutual
inductance of the coils, as they dictate how the flux is acting in the coil and around the coil.
The formula (2) provides the self-inductance of a coil [5].

N?(D,—N(Th))? _ 39.37
16D,+28N(Th) 106

L(H) = @

N = Number of turns
D, = Diameter of Outer Radius of coil
Th = Thickness of the coil

The mutual inductance of the coils is given by the following formula (3) [6].
M = K LTLR (3)

K = Coupling Coefticient
Ly = Self inductance of Transmitter coil
Lg = Self-inductance of Receiver coil

3 Block diagram
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Fig. 2. Block Diagram of autonomous vehicle in combination with a WPT system
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The entirety of the WPT system integrated with an autonomous vehicle can be seen in Fig 2.
This block diagram can be divided and explained in two parts, wireless power transfer system
and the autonomous vehicle.

3.1 Wireless power transfer system

Wireless Power Transfer System contains various components. It primarily contains a
voltage source which provides the required DC output, this output is fed into a two level H
bridge inverter. The inverter helps in the conversion of DC to AC supply, this supply is used
to excite the transmitter (primary coil). A compensation network of series-series C type is
used to match the impedance of source and load circuits [2][6], as well as help in increasing
the efficiency of the system. The main aim of using series-series compensation is to tune the
resonant frequency of source and load circuits.

The receiver (secondary coil) obtains voltage via the principle of mutual inductance, the
obtained current is then run through a compensation network similar to the one used in the
transmitter side. The stabilized output is then run through a rectifier to convert the obtained
AC voltage into DC, to store the output power generated by the WPT system in a battery [6].

3.2 Autonomous vehicle

This part of the circuit contains the driving mechanism, driveshaft, DC battery and electric
drive system. DC battery is used to store the output from the WPT system, thus powering the
entire drive mechanism of the autonomous vehicle. The DC power obtained from the battery
is then converted into 3 phase AC power where the signals are lagged by 120 degrees. The
inverter is then used to power a permanent magnet BLDC motor which is the heart of the
drive system, thus providing the necessary mechanical output to move the mechanical
transmission of the vehicle.

4 Ansys model

Ansys finite element analysis software was used in this work to simulate computer models
of structures and electronics to understand electromagnetism. Using Ansys Maxwell, a top
electromagnetic field simulation tool, we can examine coil parameters such as mutual
inductance, coupling coefficient, and the self-inductances of the transmitter and receiving
coils. A finite element study of the coil constructions was also finished using the Ansys
Maxwell software, and graphs of the magnetic field distribution were made [9]. Numerous
coil configurations have been developed to compare and evaluate the efficiency, cost, and
weight of wireless power transfer. Comparisons between the coil systems with ferrite cores,
with ferrite cores and aluminum shielding and without any of these components have been
made.
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4.1 Simulation of coils without ferrite cores and aluminium shielding

The below proposed simulations are done with the considerations mentioned above, air is
considered as the medium around the coil setup. Battery specification in Table 1 and coil
parameters in Table 2, are considered common for all the simulations below [4][6].

Table 1. Battery specifications of autonomous vehicle

PARAMETER VALUE
Capacity 20,000 mAh
Voltage 48V
Power IKW
Table 2. Coil parameters
PARAMETER TRANSMITTER RECEIVER
Rout 260mm 125mm
Rin 87mm 41.6mm
Current 25A 20A
Turns 28 17
Thickness of coil 6 AWG 8 AWG
Distance between
100mm
coils

Fig 3 displays the simulation of the coils placed in a core-less medium with the surrounding
environment being air. This simulation is done with a distance of 100mm between the

transmitter and receiver [9].
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Fig 3. Simulation of coils without ferrite core; (a) Horizontal view of coils; (b) Vertical view of coils
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Table 3 represents the ansys output results obtained from the simulation of the coils without
cores and shielding. The results depict the self-inductances, coupling coefficient and mutual
inductance values of the coils. A coupling coefficient of 0.199 indicates efficient coupling

and flux linkage between the coils.

Table 3. Ansys output for without cores and shielding case

PARAMETER VALUE
Frequency 85 kHz
Coupling Coefficient of each coil 1.0000
Coupling Coefficient between both coils 0.199
Transmitter Inductance 0.293 mH
Receiver Inductance 0.047 mH
Mutual Inductance 0.022 mH

4.2 Simulation of coils with ferrite

Table 4 represents the input coil parameters used for the simulation of coils along with the
implementation of ferrite cores of 2mm thickness [3][4][8].

Table 4. Coil parameters

PARAMETER TRANSMITTER RECEIVER
Rout 260mm 125mm
Rin 87mm 41.6mm
Current 25A 20A
Turns 28 17
Thickness of coil 6 AWG 8 AWG
Distance between coils 100mm
Thickness of Ferrite core 2mm

Fig 4 represents the simulation of coils which are placed along with a ferrite core of 2mm on
both coils. This simulation is done with 100mm between the transmitter and receiver. It
displays the linkage of flux lines and represents the magnetic vector lines inside and between
the coils [9].



E3S Web of Conferences 391, 01188 (2023) https://doi.org/10.1051/e3sconf/202339101188
ICMED-ICMPC 2023

Ansys B [uTesla) Ansys
et M 8659523 -

(a) (b)

Fig 4. Simulation of coils with ferrite core; (a) Horizontal view of coils; (b) Vertical view of coils

Table 5 represents the ansys output for the simulation of coils with ferrite cores on both the
plates. From the results it can be concluded that, the coupling coefficient increased to 0.265
from 0.199. The self-inductances and mutual inductances values also have an increase in
value, indicating an overall increase in coil performance.

Table 5. Ansys output for simulation of coils with ferrite cores

PARAMETER VALUE
Frequency 85 kHz
Coupling Coefficient of each coil 1.0000
Coupling Coefficient between both coils 0.265
Transmitter Inductance 0.473 mH
Receiver Inductance 0.087 mH
Mutual Inductance 0.054 mH

4.3 Simulation of coils with ferrite cores and aluminium shielding

Table 6 represents the input coil parameters considered for the simulation of the coils which
are placed along with a ferrite cores and aluminium shielding on both the coils. This
simulation is done with a distance of 100mm between the transmitter and receiver. The
following parameters are considered for the simulation [3][4][8].
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Table 6. Coil parameters

PARAMETER TRANSMITTER RECEIVER
Rout 260mm 125mm
Rin 87mm 41.6mm
Current 25A 20A
Turns 28 17
Thickness of coil 6 AWG 8 AWG
Distance between coils 100mm
Thickness of Ferrite core 2mm
Thickness of Aluminium
shielding 2mim

The simulation of coils along with ferrite cores and aluminium shielding can be seen in Fig
5. It depicts the magnetic profile and linkage of flux of coils when cores and shielding is

considered.

f -,

Fig 5. Simulation of coils with ferrite core and aluminium shielding

Table 7 depicts the results obtained from the ansys simulation of coils with ferrite cores and
aluminium shielding. From the results it can be concluded that there is a marginal decrease
in coupling coefficient from 0.265 to 0.227, but mainly provides protection from external
factors in affecting the coil operation.
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Table 7. Ansys output for simulation of coils with ferrite cores and aluminium shielding

PARAMETER VALUE
Frequency 85 kHz
Coupling Coefficient between both coils 0.227
Transmitter Inductance 0.366 mH
Receiver Inductance 0.080 mH
Mutual Inductance 0.038 mH

4.4 Comparative analysis

Table 8 represents the comparison of results obtained in the three cases mentioned above.

Table 8. Comparison of results

Parameter Coils Coupling Inductances Mutual
coefficient inducantces
Without ferrite cores Transmitter 0.199 0.293 mH 0.022 mH

and aluminium

shielding Receiver 0.047 mH

With ferrite cores Transmitter 0.265 0.473 mH 0.054 mH
Receiver 0.087 mH

With ferrite cores and Transmitter 0.227 0.366 mH 0.038 mH

aluminium shielding

Receiver 0.080 mH

The above highlights a major increase in all the parameters when a ferrite core is used. The
ferrite core also helps in keeping the flux lines concentrated within the coils. This shows
that a simple ferrite core helps in increasing efficiency and most importantly the coupling
coefficient between the coils indicating good power transfer.

The above study represents how ferrite cores and aluminium shielding effect the inductance
values of the coils drastically. In the case of no cores and shielding, the coil performs poorly,
with less mutual inductance and coupling coefficient values when compared to the other two
cases. In the case of coils with ferrite cores, it increases the inductance and coupling
coefficient values drastically, but some residual flux is lost to the surrounding environment
[3]. In order to solve this issue, we consider the coil along with ferrite cores and aluminium
shielding. The aluminium shielding helps in stopping the escape of flux and provides
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protection from the outside environment to the coils. The implementation of aluminium
shielding is also very easy and cost effective, making it preferable for such WPT applications.

4.5 Misalignment of coils in different orientations

Misalignment of transmitter and receiver is common in WPT systems, as often there might
be a small misalignment of coils irrespective of perfect positioning. In order to understand
the changes in inductance and coupling coefficient values, in this project misalignment cases
in the X, Y, and Z directions are considered. The below Fig 6 displays the simulations done
at a distance of 25mm, 50mm and 75mm in X direction, 25mm in Y directions and 150mm
in Z direction, from the actual position.
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Fig 6. Simulation of coils with ferrite core and aluminium shielding; (a) Horizontal view misalignment
in X-axis by 25mm; (b) Top view misalignment in X-axis by 25mm; (c) Horizontal view misalignment
in X-axis by 50mm; (d) Top view misalignment in X-axis by 50mm; (e) Horizontal view misalignment
in X-axis by 75mm; (f) Top view misalignment in X-axis by 75mm; (g) Horizontal view misalignment
in Y-axis by 25mm; (h) Top view Misalignment in Y-axis by 25mm; (i) Horizontal view misalignment
in Z-axis by 150mm; (j) Top view misalignment in Z-axis by 150mm

The misalignment displayed in Fig 6, showcase how the coils are positioned when they are
placed away from the actual position at different distances. It shows how the flux linkage
decreases between the coils, causing a decrease in coupling coefficient as the distance from
the actual position increases.

4.6 Misalignment analysis

Table 9. Misalignment output

PARAMETERS | L(Transmitter) | L(Receiver) Inlt\i/llilcttl; i:llce CCO:lflgiliIelﬁ ¢
X-25mm 0.474 mH 0.088 mH 0.053 mH 0.262
X-50mm 0.477 mH 0.088 mH 0.050 mH 0.247
X-75mm 0.481 mH 0.088 mH 0.046 mH 0.226
Y-25mm 0.474 mH 0.088 mH 0.053 mH 0.261
Z-150mm 0.468 mH 0.085 mH 0.033 mH 0.164

11
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Thus, considering all the above misalignment cases, here below is the comparison of the
cases considered. The above table clearly depicts the change in inductances of the coil,
mutual inductances and coupling coefficients. As the inductances of the coil relatively stay
similar, we can observe a major change in mutual inductances and coupling coefficients. As
the misalignment increases from 25mm gradually to 75Smm on X-axis the mutual inductance
between the coils and coupling coefficient gradually decreases from 0.262 to 0.226.
Misalignment in Y-axis also provides similar output as its counterpart in the X-axis
simulation. Finally, the misalignment case in the Z-axis is done only to understand the change
in values of parameters, but in a practical approach as the distance between the transmitter
and receiver are fixed this case is not possible. It can be observed that an increase in distance
between the coils in Z-axis leads to a drastic drop in all parameters, indicating weak flux
linkage between the coils.

5 LT spice model

LT Spice is a software based on analog electronic circuit simulation software used for
analysing electrical circuits to obtain power, voltage and current characteristics at different

terminals of the circuit. The efficiency of the coil structures designed can be obtained using
this software. An LT spice model is built to simulate and understand the working of the WPT
system as whole. In order to understand how the WPT system works in different conditions,
two models are considered, without cores and shielding and a case with cores and shielding.

5.1 LT spice model for only coils

In this scenario ferrite cores and aluminium shielding are not considered. Thus, the model is
simulated in accordance with those inductance values as seen above. The compensation is
tuned in order to achieve higher efficiency. Table 10 represents the input parameters are
considered in this model.

Table 10. Model parameters

PARAMETER VALUE

Input Voltage 190V

Input Current 26.8 A
Transmitter side Capacitance 19.08nF
Receiver side Capacitance 73.99nF
Transmitter Inductance 0.293 mH
Receiver Inductance 0.047 mH
Mutual Inductance 0.022 mH

Input Power 1.2683 KW
Frequency 85KHz

12
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The LT spice schematic used to model the system can be seen in Fig 7. The schematic is built
using T model, where the mutual inductance is considered as an inductor between the
trasnmitter and reciever inductors in the schematic.

Fig 7. LT spice schematic

Input voltage and current waveforms considered across the input voltage supply can be seen
in Fig 8. Where the black signal represents voltage and blue signal represents current.
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Fig 11. Output current waveform

The output power, voltage and current waveforms obtained from the simulation of model can

be seen in Fig 9 to 11. The specific values can be seen in Table 11. The efficiency of the
system is 64.8% which can be considered low.

Table 11. LT spice model results

PARAMETER VALUE
Output Voltage 41V
Output Current 20.805A
Output Power 822 W
Efficiency 64.8%

5.2 LT SPICE MODEL FOR COIL WITH FERRITE CORES AND ALUMINIUM
SHEILDING

In this model ferrite cores and aluminium shielding are considered while designing the model.
The main difference between the two cases is in the inductance values, weight of the model
and material used. Table 12 represents the input parameters are considered in this model.

Table 12. Model parameters

PARAMETER VALUE
Input Voltage 190V
Input Current 17.74A
Transmitter side Capacitance 26.78nF
Receiver side Capacitance 49.19nF
Transmitter Inductance 366.363 uH
Receiver Inductance 80.024 uH

14
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Mutual Inductance 38.889 uH
Input Power 1.2683KW
Frequency 85KHz

The schematic shown in Fig 7 is considered to be the same in the simulation of this case. The
only difference being the input parameters from Table 12 are considered in this simulation.
The input voltage and current waveforms can be seen in Fig 12. Where the black signal

represents voltage and blue signal represents current.
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Fig 15. Output current waveform

The output power, voltage and current waveforms obtained from the simulation of model can
be seen in Fig 13 to 15. The specific values can be seen in Table 13. The efficiency of the
system is 98.5% which can be considered a good standard.

Table 13. LT spice model results

PARAMETER VALUE
Output Voltage 50.232v
Output Current 25.116A
Output Power 1.25KW
Efficiency 98.5%
5.3 Comparative study
Table 14. Comparison of results
Coil design Power Transmitter Power Receiver Efficiency
Coil without ferrite 1.26KW 822W 64.8%
Coil with ferrite 1.26KW 1.25KW 98.5%
cores and
aluminium
shielding

The above Table 14 reflects the drastic improvement in efficiency and power transfer
between coils when cores and shielding is considered. When cores and shielding are
considered, the efficiency jumps from 64.8% to 98.5%, this shows how well the cores help
in increasing of flux linkage and how the shielding stops any loss of flux to the surroundings.
Therefore, to increase the overall efficiency of the system we can utilize cores and shielding
as they are a cost effective and easy to implement .

6 Conclusion

In this paper a wireless power transfer system is designed and simulated for a PMBLDC
motor driven autonomous vehicle of 48V battery with a capacity of 20,000mAh, a transfer
of 1kW is achieved. A detailed analysis is showcased on how external components such as
ferrite cores and aluminium shielding effect the coupling of flux between the coils. The Ansys
results indicate drastic improvement in performance and efficiency of coils when ferrite cores
and aluminium shielding are considered. Misalignment analysis is also depicted in detail for
X,Y and Z directions, where parameters such as self-inductances, mutual inductance,
coupling coefficient decrease as the distance increases. This also causes an increase in losses
of coils. An overall system is designed and simulated using LT spice for two cases, only coils

16
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and coils along with ferrite cores and aluminium shielding. The efficiency of the system has
increased significantly from 64.8% to 98.5%.
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