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Abstract. In recent years, research on resonant inductive coupling wireless power transmission
(WPT) systems has been dominant for use in wireless chargers due to their flexibility and particular
use compared to conventional cable charging systems. This paper presents a simulation study of
the effect of changing the copper wire cross-section i.e. circular and rectangular cross-section wire
on the coil’s parameters. Two types of compensation topologies SS (series-series ) and SP (series-
parallel) are used for symmetrical and unsymmetrical coils The theoretical analysis and modeling
of both compensation topologies were carried out and each time the impact on the efficiency of
energy transmission was determined. The result shows that the SP topology offers better efficiency
than the SS when Tx and Rx are asymmetrical.

Keywords: WPT, IPT, WPT Caoils, Circular Coils, Circular Cross Section Wire, Rectangular Cross
Section Wire, SS Compensation Topologies, SP Compensation Topologies.

1 Introduction

Resonant inductive coupling wireless power transfer (WPT) has become one of the most
requested technologies in recent years, such as in biomedical equipment, mobile phone charger,
and electric-car. Nikola Tesla first presented the idea of WPT In the late 19th century[1]. WPT
systems can be used as a workaround to eliminate certain cable-related charging risks and
provide the power required by on-demand charging devices, making them more flexible and
energy-efficient, it also helps to make the contact-free devices waterproof and dustproof [2].
WPT can be classified into two classes Far filed (radiative) WPT and Near filed (non-radiative)
WPT [3].

Far-field technologies use electromagnetic waves propagating power as same in radio
transmit signals. This technique was used to control radio frequency identification (RFID) using
ultra-high frequency (UHF) detection without the need to use batteries and with a wide
operations range [4]. The tradeoff between directionality and transmission efficiency is one of
the disadvantages of the far-field system. Using high-gain antennas various microwave RF
devices transferring power with an efficiency of 90% over kilometers distance [5],[6].

In 2007, the Massachusetts Institute of Technology (MIT) Researchers, proposed a non-
radiative WPT technique that uses magnetic resonance coupling (MRC) [7]. They have been
using four of 30 cm diameter self-resonant coils to the light of 60-watt bulb at a range of 2 m
and output efficiency of 40% [7]. In 2010 the A. P. Sample presents a WPT system with 70%
efficiency for a distance range of 0-70 cm that has a receiver coil with fixed-load that moving
to almost any position within the transmitter range [8].

The near-field WPT transfer the energy from the transmitter coil to the receiver coil and its
operation based on the resonant magnetic coupling. Typically, the resonant frequency of the
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coils is calculated from the self-inductance of the coils with a capacitor that added to the circuit
to works as compensation elements.[9],[10]. Inductive resonant WPT technology can be a good
way to charge mobile phones, robot, implantable medical devices, etc. Nonetheless, inductive
resonant WPT gives advantages compared with other technologies at the short and medium
distance range, but this technique remains restricted as a result of changing in resonance
frequency with any changing in distance between the transmitter (Tx) coil and the receiver (Rx)
coil that effects on the efficiency [11],[12]. Several studies were carried out to improve
efficiency. The WPT circuit model and resonant frequency analysis were achieved in [13]. A
technique for maximizing the efficiency of the WPT method using SS topology is proposed
in[14]. Series and parallel compensation topology analysis for inductive WPT was carried out
to achieve optimal efficiency and load voltage achieved in [15]. WPT with hybrid compensation
topologies that give constant output voltage and current to use for charging batteries are
discussed in [16]. An overall theory on SP-combined topology and equations of efficiency has
been studied in [17]. The analyses of WPT with Series-Series (SS) and Series-parallel
(SP)compensation topology are provided in[18].

The coil shape is impacting on the efficiency and it is a very important parameter on the
design, also has an effect on the distance of the power transformation of the WPT system, so
different shapes of the coils can be selected for various applications such as circular helix coils
that used in [19],[20], whereas in [21],[22] planar spiral coils were used, while in [23],[24] the
coils used have a square helix shape.

This paper study the effect of changing the Copper wire cross-section on the coil’s parameter
and design symmetrical and asymmetrical coils and also study the effect of the compensation
topologies on the efficiency of the power transmission.

2. Theoretical Background of Resonant Inductive Coupling WPT

A resonant inductive coupling WPT consists of two-stage that operating in the same resonant
frequency to allowing high-efficiency power transmission [7]. A typical RLC circuit can be used
to model this system, as illustrated in Figure 1. The Tx coil that connected in the source side is
magnetically coupled with the Rx coil that connected to the load side. the power transmission
efficiency of the system is determined by two factors:

1) The resonators quality factor (Q) which is defined by[25]:

Q=ryc=x - @)

Where: w, = v% indicates the resonant frequency,

L: indicates to the self-inductance of the primary L, or L, for the secondary stage.

C: indicates to the compensation capacitor of the primary C; or C, for the secondary stage.
R: indicates to the equivalent resistance of the primary side R; or R, for the secondary side
As the Q factor increases the power transformation increase and power loss decrease [25].

2) The mutual inductance between the Tx and Rx coils (M) which is defined by[25], [7]:

M= kL7 L. 2



Where Kk is the coupling coefficient between the Tx and Rx coils identified by the distance
between the coils. Which is defined by equation (3) below for circle coils[25]:

1
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Where: h is the air gap (distance) between the two coils Tx and Rx of the WPT, Rx.
r1 and r; are the radii of the Tx and the Rx coils respectively.

The resonant inductive coupling WPT approach can be transfer power to a distance longer
than the inductive coupling WPT approach (without resonant) because of the compensation
element in the magnetic resonant coupling circuit, it has almost no harm to humans because it
is non-radiative and it doesn't need line of sight path [26]. One of the resonant inductive coupling
WPT approach disadvantages is susceptible to misalignment, also other disadvantages, when it
used for charging multiple devices the resonant frequency is difficult to adjust [27].
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Fig.1 equivalent circuit of resonant inductive coupling WPT.
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Two compensation topologies are used in this paper SS and SP as shown in Figure 2. The
equations of efficiency of the SS circuit is derived using Kirchhoff’s voltage law (KVL) [28]:
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Fig.2 (a) WPT with SS compensation topologies (b) WPT with SP compensation topologies
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Also, the efficiency of the SP compensation topologies circuit is derived in [28]:
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3. Design and Simulation of Symmetrical and Asymmetrical Circular Coils

The most common coil structure in the WPT system is spiral design because the
electromagnetic field characteristics are very limited and compact size. A research was carried
out on many coils with structure circular helix, square helix, planar spiral[29]. The previous
study has shown that the coils with a circular helix structure give the highest efficiency, also
under optimal load, it gives the largest air gap as compared with the other structures, while the



planar spiral structure gives the bad efficiency as compared with the other coils structures. In
the WPT system. The optimal load is the load value to achieve maximum efficiency. Another
research was conducted on the shape of the coil [30]. It was found that Circular geometries have
been found to offer better coupling between the Tx and Rx coils when alignment is perfect
between it, while the square coil structure is better if the Tx and Rx coils are not perfectly
aligned.

The circular coils structure is chosen for this research because of the above-described
advantages. By using the MAXWELL software four different coils are designed by using two
types of wire cross-section as shown in Figure 3. In the first and second cases, similar size coils
are designed one by using circular cross-section wire and the other case by using rectangular
cross-section wire as shown in Figure 4. (a)&(b), while in the 3@ and 4" cases the Tx coil has
been kept in the same size while the receiver coil has been minimized, also by using circular
and rectangular cross-section wire as shown in Fig.4 (¢) & (d)

@ (b)

© (D
Fig. 4 (a) Symmetric coils with circular cross-section wire, (b) Symmetric coils with rectangular cross-
section-wire, (c) Asymmetric coils with circular cross-section-wire, (d) Asymmetric coils with
rectangular cross-section-wire.



The asymmetric coils designed can be suitable for use in biomedical devices [28]. The
parameter's value for the designed coils is given in Table 1.

Table.1 parameter's value for the designed coils

Symmetric Asymmetric
Tx Coil Rx Coil Tx Coil Rx Coil
Polygon Radius(mm) 15 15 15 15
Start Helix Radius(mm) 455 455 455 9.1
Radius Change (mm) 35 35 35 3.2
No. of Turns 9 9 9 7

The MAXWELL software can be used to analyze and simulate the coils designed above
using the finite element method (FEM) via using the magnetic solver with excitation current of
(1ampere). For Tx and Rx coils, the value of the self-inductance and the coupling coefficients
between them are obtained for four different air gaps as shown in Table 2 and Table 3.Figure 5
shows the magnetic field distribution of both coils pairs.

B [teslal B [teslal

. 5302E-2a4%
. BE33E-2a4
. 5575E-Ba4
. 43E7E-BAY
. 32E4E-BAY%
. ZE2ZT7E-2a4
. 1279E-2a4%
L AY4EASE-BAY
. 5984E-B@5
. B545E-B@A5
. 1682E-885
. 5351E-8@5
L 9511E-BAS
L 41Z23E-885
. 9153E-8@5
4569E-8a5

MWk wdE Nwo ™ F BN F

B [teslal

. BB7ZE-DEY

GE35E-BEY
4516E-BEY
9112E-BE5
3116E-B@5
5495E-BE5
20E6E-BES
9793E-BEE6
8837E-BEE
B73AE-AR6
1235E-BEE6
1572E-B@7
3556E-B@7
B208E-Ba7
9669E-BAS

. 4319E-0E5

(c)

F550E-BaY
G392E-BaY
SZZ2GE-BaY
i3 65 E-BEaY
Z8394E-BaY
1725E-BaY
B562E-BaY
3954E-BES
2293E-BB5
BE31E-B05
8978E-BB5
TIDGE-BES
SEYGE-BES
5985E-@E5
2323E-BB5
G183E-Ba7

L B - T B S S S

B [teslal

« FS4ZE-DEY
. 1933E-284
+117HE-BES
. 5Z219E-E85
. TS63E-DB5
+ 5553E-E85
. TIGZE-DBS

1
1
8
5
3
2
1
1. 18924E-085
8. B456E-AA6
5. 4717E-BRE
3. F22ZE-0B6
3
1
1
7
5

. SIZBE-DBG
 FEZYE-DBE
L 171FE-EEE
. 97BSE-DET
HZZOE-DET

(d)

Fig. 5: (a)Magnetic field distribution of asymmetric coils with circular cross-section wire, (b) Magnetic
field distribution of symmetric coils with circular cross-section wire, (c) Magnetic field distribution of
asymmetric coils with rectangular cross-section wire, (d) Magnetic field distribution of symmetric coils
with rectangular cross-section wire,



Table.2 Coils simulation result parameter for a circular cross-section

Distance Symmetrical Asymmetrical
mm
(mm) Lx(uH) Lr«(uH) M (uH) K Lx(uH) Lerx(uH) M (nH) K
30 12.9 12.9 4.1 0.32 12.9 1.9 633.4 0.126
50 12.7 12.9 2.2 0.17 12.9 1.9 360.2 0.072
60 12.5 12.9 1.61 0.1268 12.9 1.9 264.8 0.0351
90 10.3 12.9 0.53 0.05 12.9 1.8 88.2 0.018
Table.3 Coils simulation result parameter for a rectangular cross-section
Distance Symmetrical Asymmetrical
mm
(mm) Lx(uH) Lex(uH) M (uH) K Lx(uH)  Lex(uH) M (nH) K
30 13 13 4.01 0.31 12.9 1.98 527 0.12
50 12.8 13 2.2 0.16 12 1.98 293 0.06
60 12.6 13 1.611 0.125 11.4 1.98 175 0.04
90 10.4 13 0.53 0.05 11.4 1.98 84 0.017

Where: (Ltx ) is the transmitter coil self-inductance, (Lryx) is the receiver coil self-inductance.

4. Inductive Coupling WPT Realization

As shown in Figure 6, the simulation software ANSYS Simplorer is used to simulate a
schematic diagram of the SS and SP topology. The designed coils are imported from Maxwell
software and putting it in the circuit, the software automatically takes the coils parameter to the

circuit.
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Fig.6: (a) Simulation circuit of SS topology (b) Simulation circuit of SP topology

The efficiency is calculated at the resonance frequency f = 100 KHz. The results of Tables
2 and 3 with an air gap distance of 30 mm are used to calculate the capacitance values. In the
case of symmetrical structure, the calculated capacitance values for the transmitter side and the
receiver side were C = 0.194 uF. whereas, C = 1.333 pF for the small coil on the receiver side



and C = 0.194 for the large coil in an asymmetrical design. It is worth noting that the circuit has
been supplied with Vs=12 and loaded with RL=10Q. The values of Rdc and Rac can be
calculated and the result shown in Table 4 takes into account the skin effect of the stranded wire

standard at f = 100 kHz.

Table.4 DC and Ac Resistance

Cross- Symmetric Asymmetric
section wire Rdc (TX:RX) Rac (TX:RX) Rdc Tx (mQ) Rac Tx (mQ) Rdc Rx (mQ) Rac Rx (mQ)
mg mQ
Circular 8.47 32.1 8.47 32.1 2.726 104
Rectangular 13.34 37 13.34 37 4.212 11.8

5. Simulation Results
The simulation is performed for previously designed coils using two types of compensation

circuits, i.e. SS and SP topologies for four different air gap distances. The efficiency is
calculated from the reading of the wattmeter that measured the input and output power. Figure
7 shows the calculated efficiency for coils with circular and rectangular cross-sections with air
gap distances of 30 mm, 50 mm, 60 mm and 90 mm. For both coils with either a circular or
rectangular cross-section, it can be concluded that the use of the SS compensation circuit with
symmetrical or asymmetrical design leads to higher efficiency for almost all distances than the
use of the SP compensation circuit. For example, for a circular cross-section with the
symmetrical design, the efficiencies at 30 mm of an air gap correspond to 94.2% and 73% for

SS or SP.

100 100
80 80 \
60 60 \
R 40 R
= §40
3 20 520
o =
E m
w o0 0
30_ 50 60 90 30 50 60 90
Air gap between Tx & Rx (mm) Air gap between Tx & Rx (mm)
e Symmetric SS Symmetric SP e Symmetric SS Symmetric SP
Asymmetrical SS Asymmetrical SP Asymmetrical SS Asymmetrical SP
@ (b)

Fig.7 Chart of efficiency with various topologies and distance of the circular coils (a) Rectangular cross-
section wire coils (b) Circular cross-section wire coils



6. Conclusion

A WPT system circuit has been modeling using two types of coils symmetric and
asymmetric Each coil was first designed using a circular cross-section wire and then using a
rectangular cross-section wire. The efficiency of power transmission for the modeling circuits
was examined using SS and SP compensation topologies

The overall results show that the symmetrical coils in, which the Tx and Rx coils are the
same sizes, give higher energy transfer efficiency when an SS compensation circuit is used.
While the asymmetrical coils, in which the Tx coil is larger than the Rx coil, a higher energy
transfer efficiency has been achieved using SP compensation topologies.

It was also found from the results that the symmetrical coils with rectangular cross-section
wire are more efficient in transmitting the power over the near distances (30mm) than the
circular cross-section wire, while the circular cross-section wire is the better in the other
distances. In the latter case, the asymmetric coils with a circular cross-section wire gave better
efficiency for power transmission over all distances than the rectangular cross-section wire.
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