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Abstract - An Inductive Wireless Power Transfer
(IWPT) system is enhanced to have high lateral
misalignment tolerance. Analytical and experimental
comparison among the four basic capacitive
compensation (CC) topologies is made to get the
appreciated and optimized high lateral misalignment
tolerance of the IWPT system. These four basic
topologies are the Series-Series (SS-CC), the Parallel-
Series (PS-CC), the Series-Parallel (SP-CC), and the
Parallel-Parallel (PP-CC) topologies. The SS-CC topology
is the most appropriate method for optimizing a high
lateral misalignment tolerance in the IWPT system. Its
advantages include the independence of its resonance
frequency of the misalignment in addition to having high
voltage and current gains in addition to having a zero
phase shift angle at any misalignment, which is better for
low switching losses.
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1. INTRODUCTION

Researchers shed light on power transfer without
wires as it has multi economic and environmental
benefits; for instance, the safety and the ease of
maintenance. The method of transferring power
wirelessly depends on different factors such as the safety
and the distance between the power source and the
system’s load. Although the methods of transferring
power wirelessly through microwaves [1], laser waves
[2][3][4], or the electric field [5] is secure. the magnetic
field is considered to be the most secure at specific
frequencies [6]. In the Inductive Wireless Power Transfer
(IWPT) system, the efficiency is optimized by both the
shape [7] [8] and the capacitive compensations. The
capacitive compensation parts can be connected in series
or parallel in both sides of the IWPT system that leads to
four basic topologies of capacitive compensation which
are the SS-CC [9] [10] [11], PS-CC, SP-CC, and PP-CC
topologies.

In this paper, the IWPT system is investigated

according to its positive impacts that match the
requirements of the new electric systems[12]. The IWPT
system transfers power from the primary coil to the
secondary coil through a magnetic field, with different
types of planar geometry coils such as circular or
rectangular. Yet, although circular geometry shows better
coupling between the primary and secondary coils of the
IWPT transformer [13], this research focuses on
rectangular geometry because of high tolerance to
misalignment between the primary and secondary coils
of the IWPT transformer which holds the optimum
capacitive compensated IWPT system.

2. THEORETICAL ANALYSIS

The short-range IWPT system is used to transfer
power from the primary coil to the secondary coil
without a physical connection. As shown in Figure 1, the
primary side of the induction circuit consists of an
internal resistance r1 and a self-inductance L1 and the
secondary side circuit also composes of an internal
resistance rz and a self-inductance L;. Both sides are
coupled by a mutual inductance M. When an alternating
voltage Vin is applied to the primary coil, a current I»
flows in the secondary coil which is connected to
resistive load R;.

Vin = Ep sin(wt + 0) [V] (D

IWPT Transformer

Figure 1. The short-range IWPT system.

The IWPT systems are improved by enhancing the
coupling between transmitting and receiving coils.
Figure 2 shows that the coupling enhancement in the
IWPT systems can be achieved by high lateral
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misalignment tolerance geometry design as well as
through the phenomenon of resonance. As mentioned
earlier, coils with square and rectangular geometries are
better for misalignment tolerance. Therefore, the square

shape was chosen as a suitable design for this research
since the research focuses on developing the
misalignment IWPT  system.

tolerance of the
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Figure 2. Block diagram for optimizing the IWPT system.

The resonance phenomenon can be implemented in disadvantages. These four capacitive compensation

the IWPT systems by connecting the capacitors in
parallel or series with the IWPT’s coils to suppress the
drop in efficiency that occurs due to power losses. These
connections result in four basic topologies for capacitive

topologies are used to imply the resonance phenomena.
Figure 3 shows the four basic topologies. They are
discussed because of their advantages in terms of small
size and low cost.

compensation. Each of which has its advantages and
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Figure 3. The capacitive compensation topologies of the IWPT systems.
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While a knowledge of the characteristics of the
resonant circuit and its resonant frequency properties is
essential, there are many theoretical analysis ways for
the multi-resonant circuits. Therefore, the two-port
network analysis has been expressed as a simple analysis
method for analyzing the complex resonant circuits. The
analysis using the two-port network circuit started in the
1920s [14]. The fundamental parameters of the total
network are as flows:

Vl] Fll Flz] VZ]
= . 1
)=l w2l )

The total system’s fundamental parameter matrix
[Fan] is defined as follows:

Fll FIZ]
Foul = . 2
[ all] F21 FZZ ( )

In the overall resonance circuits, the F parameters of
each resonance circuit with its capacitive compensation
are divided into two F parameters, Fp, and Fs, which are
called primary fundamental parameters and secondary
fundamental parameters respectively. The overall
fundamental parameters [Far] are presented as a
cascaded of both of the primary and secondary
fundamental parameters as follows:

Fi; F
[Fad = [B] =R = [ 2.

3
Each capacitive compensation side is connected in
series or parallel with the IWPT transformer to obtain
the phenomenon of resonance on both sides of the
system. In terms of the capacitance for the primary
capacitive compensation (Ci), equation (4) shows
fundamental matrix parameters of primary series
capacitive compensation cascaded with the mutual
inductance, while equation (5) shows fundamental
matrix parameters of primary series capacitive
compensation with the mutual inductance, as follows:

1

T +j0)L1 + —C 1
i (b M)
Fp, = jw 1 4)
! 1
joM

T1+jwly

o T n+jolly—M) 5)
oy = JeM .
P o, + e lntie@m0) e (r + jo(Ly — M))

joM

On the other hand, in terms of the capacitance for
the secondary capacitive compensation(Cz), equation (6)
shows fundamental matrix parameters of secondary
series capacitive compensation, while equation (7)

shows fundamental matrix parameters of secondary
parallel capacitive compensation as follows:

. 1
F, :[1 Ty + Ry +jw(L, — M) + ] ©

JjwCz
) 1

7 +jw(l, — M)
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In terms of Figure 3 and equation (1), the impedance
(Zin) and phase shift (f) from the input side are
expressed by equation (8) and equation (9), respectively
as follows:

V. Vv, V. F.
Zinz_lz_l*_Zzﬁ, (8)
LV, L Fyy
Im(Z;,)
0= tan‘l{ = } 9)
Re(Zin)

The output current can be expressed by the
relationship between the voltage of the output and its
impedance as shown in equation (10):

V

L, =—.
2 R,

(10)

Both of the voltage gain Av and current gain A; can
also be expressed by the ratio of V2 and Vi, and the ratio
of Iz and I, respectively, which can be calculated by
using both of equation (2) and equation (10) as follows:

Vs R,

Ay=2=— "L (11)
Vi (R Fiy) + Frp

A= (12)

L (RFa)+Fpy

The efficiency (@) of the IWPT system is the product
of both the voltage gain Avand current gain A;as follows:

n = Ay * A; x 100. (13)
3. RESULTS and DISCUSSION

The multifunction generator (NF WF-1974) is
utilized to generate the 100 kHz signals. It is connected
to the high-speed bipolar amplifier (NF HSA 4014),
which provides power to the IWPT system with 50 W.
Furthermore, Litz wires are used to make the windings
as shown in Figure 4. The configuration of the
transmitter and receiver coils is illustrated in Figure 5.
Their specifications are shown in Table 1.
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Figure 4. The experimental coils of the IWPT system.

Figure 5. The coil’s configurations.

Table 1. The configuration of the transmitter and
receiver coils of the IWPT system.

Compressions Primary coil | Secondary coil

Inner diameter [mm] 60 60

Outer diameter [mm] 200 200

Number of winding Turns 32 32
[turns]

Self-inductance [uH] 0.1585 0.1633

Impedance [Q] 0.36 0.41

Resonance freq. [kHz] 100

Input voltage (V1) [V] 20

Load (R.) [Q] 100

As a numerical discussion of the misalignment issue of
the IWPT system, the capacitance value of the capacitive
compensation should be taken into consideration. When
the secondary capacitive compensation is set for all the
basic topologies as shown in equation (14):

1 1
- (14)

) a) .
WoL, " [GL,

Considering that the inductance ratio L is the ratio of
primary inductance to secondary inductance, the
primary capacitive compensation for all topologies is
expressed in Table 2 which figures out that the SS-CC
topology at the resonance on the primary side does not
depend on the coupling between the coils. The others get

CZI

affected by it directly. Generally, any misalignment will
affect strongly all the capacitive compensation topologies
except the SS-CC topology. While the resonance
frequencies of the rest of the topologies are greatly
affected by the coupling factor (k), conceding that any
misalignment effect on the capacitance values will
significantly affect the resonance frequency too.

Table 2. The comparison of the four basic topologies in
terms of capacitive compensation of the primary side
and its resonance frequency.

Topo- | Primary capacitance | Primary resonance
logy (C1) frequency
1 1
C, =
SS T L, Gl
n Ln
1
R%C,?
PS —— R2C%L,
4 ——
Ln(R2Cy + k*Ly) (R2C, + k')
1
G
P — C,L
S L,(1-k?) )
1
(1 —KHL,C,
PP 3 (1 =KL’
L, (L,(1 — K?)? + K*R,°C, 22
(L ) 1'C2) (L,(1 — K22 + K*R,%C,)

After analyzing the circuits shown in Figure 3 by
Frequency Response Analysis (FRA) method, Figure 6
presents the behavior of the four topologies in terms of
the frequency. It shows that the primary parallel
capacitive compensation gives more efficiency than the
primary series capacitive compensation. On the contrary,
the primary series capacitive compensation delivers
more power with a higher voltage gain than the primary
parallel capacitive compensation.

Figure 7 presents the behavior of the four topologies
as a function of misalignment. It shows that the primary
parallel capacitive compensation gives more efficiency
than the primary series capacitive compensation. On the
contrary, the primary series capacitive compensation
delivers more power with a higher voltage gain than the
primary parallel capacitive compensation, but little
misalignment significantly affects the delivered power of
the IWPT system with primary parallel capacitive
compensation more than the IWPT system with primary
series capacitive compensation. In the case of the input
impedance, the misalignment affects all the topologies,
but the secondary series capacitive compensation gives
more stability. At the same time, it shows that the SP-CC
provides stable current gain, where the others need
current controllers. The advantage of the SS-CC is figured
out in phase shift variation as a function of
misalignment; it is not affected by the misalignment,
while the rest of the topologies are affected. Figure 8
shows the experimental results of the SS-CC topology as
a function of misalignment. The experiments are carried
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out to investigate the analytical result. It is noticed that
the voltage gain is inversely proportional to the
misalignment, while the current gain is proportional to
the misalignment. In the case of the phase shift and input

impedance, the misalignment has little effect. It influence
can be neglected, and the system can be considered an
excellent power transfer system.
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Figure 6 The comparison among all topologies in terms of frequency.
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Figure 8. The SS-CC topology as a function of misalignment.

Figure 9, Figure 10, and Figure 11 illustrate the
experimental results of the PS-CC, SP-CC, and PP-CC,
respectively. The behavior of the system is affected so
much in these three capacitive compensations. The
power delivered by using the SP-CC topology is higher
than the PS-CC, and the PP-CC topologies. On the other
hand, the effect of misalignment on the phase shift angle
is significant in all of them. It is affected by both the SP-

99

CC and SP-CC topologies so that the phase shift angle
becomes more positive, which means that the system
becomes more inductive. In contrast, the phase shift
angle becomes a more negative and more capacitive
system in the case of the PP-CC. It is also shown that
current gain is not stable in the case of the PP-CC
topology, but it is more stable in terms of  PS-CC

topology.
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Figure 9. The PS-CC topology as a function of misalignment.
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Figure 11. The PP-CC topology as a function of misalignment.

4. CONCLUSIONS SP-CC and PP-CC, while it is directly proportional to
the misalignment in the PS-CC. The voltage gain is
The primary series of capacitive compensation inversely proportional to the misalignment in all of
provides higher delivered power than the the SP-CC, SP-CC, and PP-CC, while it is directly
secondary series of capacitive compensation, while proportional to the misalignment in the SS-CC until
the latter gives higher tolerance to misalignment in thirty percent, then starts to be decreased. Knowing
the case of efficiency. The current is inversely that the current gain is seven times higher in the
proportional to the misalignment in all of the SS-CC, primary series of capacitive compensation than the
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secondary series of capacitive compensation; in the
case of the SP-CC, SP-CC and PP-CC, the effect of
misalignment on the phase shift angle will be
significant, as it affects both the SP-CC and SP-CC so
that the phase shift angle becomes more positive,
which means that the current lags the voltage,
which leads to more switch losses and the need to
increase the capacitive compensation, while the
phase shift angle becomes more negative and needs
to reduce capacitive compensation in the case of
the PP-CC.

Nevertheless, it is clearly noticeable that the
effect of the misalignment on the phase shift angle
in the case of the SS-CC is minimal and can be
neglected, which means it is the most appropriate
method which provides a high lateral misalignment
tolerance in the IWPT system. This paper
demonstrates originality by experiments and
numerical analysis proving that the SS-CC is better
than other topologies in terms of power losses
reduction caused by misalignment issues. This
topology shows that the phase shift is not affected
by misalignment and equals to zero. This means
that the input current and input voltage are in
phase. The analytical and experimental results are
matched and show that the appreciated topology to
optimize the misalignment tolerance is the SS-CC

topology.
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