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Enhancing the Stability of Wireless Power Transfer
System in Lateral Misalignment

Chi Dat Pham, Thanh Long Nguyen, Nam Ha-Van, Member, IEEE, and Minh Thuy Le, Member, IEEE

Abstract—This letter presents a novel transmitting coil struc-
ture consisting of tilted loops to enhance the stability of wireless
power transfer systems in the presence of lateral misalignment.
The optimal tilted angle of 50o is selected to achieve a balance
between system stability and efficiency. The power transfer
efficiency at lateral distances approximately equal to two-thirds
of the transmitter size remains above 80% of the efficiency
at the aligned position. The proposed single transmitting coil
significantly improves system stability over both short and long
transfer distances without the need for any additional circuits
and control algorithms.

Index Terms—Wireless power transfer, lateral misalignment,
coil structure

I. INTRODUCTION

W IRELESS power transfer (WPT) has increasingly be-
come an important technology for diverse applications,

such as electric vehicle charging, implantable medical devices,
robotic systems, wearable electronics, and energy harvesting
systems [1]–[3]. In a conventional WPT system, the transmit-
ting (Tx) and receiving (Rx) coils must be perfectly aligned
to maximize mutual inductance [4], [5]. When misalignment
occurs, mutual inductance diminishes, leading to a sharp
decrease in the system performance [6], [7].

Several works have been conducted to minimize the varia-
tion of mutual inductance under lateral misalignment. In [5], a
novel Rx structure comprising two orthogonal coils is adopted
to capture both vertical and horizontal components of the
magnetic field. Each coil is connected to a full-bridge rectifier.
The output DC currents of two rectifiers are combined using
a current summing technique to utilize the received power
from both coils. However, the Rx coil is bulky and requires
an external circuit combination, which is unsuitable in several
applications such as charging sensors, portable devices, or
medical implants. Furthermore, the additional diodes for the
second rectifier and output inductors for the current summing
circuit result in higher losses and decrease the system effi-
ciency.

Another approach to solve the problem of lateral mis-
alignment is to modify the spacing between loops of the
spiral Tx [8], [9] or the trace width of the printed spiral
Tx [10] in order to achieve a uniform magnetic field. This
method is only efficient when the transfer distance is shorter
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than a quarter of the Tx diameter [11]. In that case, the
patterns of the vertical magnetic flux density produced by
outer loops are concave while the patterns produced by inner
loops are convex. Therefore, properly distributing the loops
can result in a uniform magnetic field. When the transfer
distance increases, the patterns generated by all loops are
convex, and the magnetic field drops sharply with the increase
in lateral distance.

To overcome the drawbacks of the spacing and trace width
modification methods, an alternative approach is to incorporate
additional windings that are reversely connected in series with
a conventional spiral Tx [11], [12]. The total magnetic field is
obtained by taking the difference between the magnetic fields
generated by the initial windings and the additional windings.
While this method can effectively enhance the uniformity of
the magnetic field over longer transfer distances by optimizing
the number of turns and size of additional windings, it leads
to a deterioration in system performance due to a reduction in
the total magnetic field.

In [13], the Tx consisting of two concentric subcoils with
different diameters is proposed. Each subcoil is selectively
activated depending on the position of Rx. However, the
proposed system requires complex control algorithms and
intricate hardware systems involving microcontrollers, sensors
and switching circuits, which incur increased costs and losses.

Taking into account the aforementioned shortcomings of
recent works, this letter introduces a novel Tx structure that
effectively enhances the stability of mutual inductance under
lateral misalignment, both at short and long transfer distances
without the need for any additional circuits and complex
control loops. The letter is organized as follows: Section II
analyzes the variation of mutual inductance in a conventional
WPT system under lateral misalignment. Then, the design
and optimization of the proposed Tx are presented. The
experimental results are presented in Section III, and Section
IV draws a conclusion.

II. TX DESIGN FOR IMPROVING LATERAL MISALIGNMENT
TOLERANCE

A. Mutual inductance under misalignment
For conventional planar Tx and Rx, the magnetic field gen-

erated by Tx is perpendicular to the surface of Rx when they
are completely aligned. It means the magnetic flux passing
through the surface of Rx is maximal, leading to the highest
mutual inductance between the two coils. However, when the
misalignment between Tx and Rx takes place, the magnetic
field is no longer perpendicular to Rx, causing a reduction in
mutual inductance.
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Fig. 1. (a) Flux linkage under lateral misalignment when Tx is tilted. (b)
Mutual inductance between two coils at different values of α.

To mitigate the significant decrease in mutual inductance
under misalignment, the Tx can be tilted at an angle of α,
as shown in Fig. 1(a). In this configuration, the maximal
magnetic flux through the Rx surface does not occur at the
alignment position. Instead, as the lateral distance increases,
it reaches the maximum and then decreases. This allows for
minimizing the variation in mutual inductance with changes
in lateral distance. Fig. 1(b) shows the dependence of mutual
inductance on the normalized lateral distance, which is the
ratio of lateral distance ∆ to the Tx size WT , at different values
of α while the transfer distance d is equal to WT . It can be
seen that when the angle α increases, the mutual inductance at
the center decreases, while the lateral distance for maximum
mutual inductance increases. In other words, the stability of
mutual inductance can be improved by tilting Tx. For instance,
at the optimal angle of α = 70o, the lowest mutual inductance
can retain approximately 65% of the highest, compared to only
47% when Tx and Rx are placed in parallel.

B. Proposed Tx structure

The WPT system with a single tilted Tx can only minimize
the change in mutual inductance when Rx shifts to one specific
side of Tx. While this issue can be solved by using a Tx
composed of four loops tilted in different directions and con-
nected in series, it leads to a bulky structure. In this letter, we
propose a novel Tx structure to address these aforementioned
drawbacks. The proposed Tx coil comprises four elements that
are connected in series. Each element consists of a pair of
loops connected in parallel, spaced apart by a distance of s and
tilted at an angle of α, as depicted in Fig. 2(a). Additionally, an
element pair is symmetrically mirrored with +α and -α angles
along one axis, while another pair is placed orthogonally to
this axis, as demonstrated in Fig. 2(b), where the red arrows
indicate the current flow. By connecting all the Tx parts in
series, the vertical components of their magnetic fields align
in the same direction. Therefore, the proposed Tx effectively
minimizes the change in mutual inductance when Rx moves
in any direction on the plane parallel to the Tx.

C. Tilted angle optimization

Next, we determine the optimal tilted angle of the proposed
Tx using Ansys HFSS software. The Tx size WT , loop

Fig. 2. (a) One element forming the proposed Tx. (b) The proposed Tx.

width WL and spacing between two loops s are set to 300
mm, 120 mm and 67 mm, respectively. The Rx is an 8-
turn square coil with 100-mm side length. A conventional
WPT system with single-loop square Tx with 300-mm side
length is simulated for comparison. Fig. 3(a) illustrates the
magnetic field density generated by both the proposed Tx
at different α angles and the conventional Tx on the plane
where Rx is located. It can be seen that the proposed Tx can
improve the uniformity of the magnetic field compared to the
conventional Tx. When the tilted angle increases, the magnetic
field becomes more uniform. However, the magnetic field at
the central region decreases. Notably, when the titled angle
is greater than 65o, the magnetic field at the aligned position
becomes weaker than that at the misaligned position. Although
the tilted angle of 65o yields the most uniformly-distributed
magnetic field, it is considerably weaker than that produced
by the conventional Tx. Therefore, a tilted angle of α = 50o

is chosen as a compromise between magnetic field magnitude
and uniformity.

III. EXPERIMENT RESULTS

To validate the theoretical analysis and simulation results, a
prototype of the proposed Tx with α = 50o and a single-loop
square Tx with the same size are fabricated for the experiment.
The S-parameter of the coil system is measured by using
the E5063A ENA Vector Network Analyzer from Keysight
Technologies. Fig. 4(a) depicts the experimental setup of the
WPT system with the proposed Tx structure.

Due to the high-frequency operation, parasitic components
of coils cannot be ignored when designing compensation
networks. By using the method proposed in [14], the series
compensation capacitors at the operating frequency of 6.78
MHz can be extracted. Then, the power transfer efficiency
(PTE) is calculated from the measured S-parameters of the
coil system [15]:

PTE =
|S21|2

1− |S11|2
(1)

As shown in Fig. 4(b), the PTE of the conventional system
remains relatively stable when the normalized lateral distance
is less than 0.27. However, it exhibits a significant drop as
the lateral distance increases. In contrast, the WPT system
utilizing the proposed Tx demonstrates a slight reduction in
PTE at short lateral distances compared to the conventional
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Fig. 3. (a) The magnetic field density generated by the conventional Tx and the proposed Tx on the plane where Rx is located. (b) The mutual inductance
between two coils in conventional and proposed systems.

Fig. 4. (a) Experiment setup of the WPT system with proposed Tx. (b)
Measured PTE in conventional and proposed systems. (c) Normalized PTE.

system. Nevertheless, the maximum reduction is only about
6% and it still achieves a PTE of nearly 30% when Tx
and Rx are aligned at the maximum transfer distance of 300
mm. Interestingly, at larger lateral distances, the PTE of the
proposed system surpasses that of the conventional system.
This indicates that the proposed Tx significantly improves
the stability of PTE. Fig. 4(c) shows the dependence of the
normalized PTE on the lateral distance at various transfer
distances, which is defined by:

PTEnorm =
PTE∆

PTEmax
(2)

where PTE∆ is the PTE at the lateral distance of ∆, and
PTEmax is the maximum PTE over the ∆ variation range. In
the proposed system, the lowest normalized PTE is about 80%
at the normalized lateral distance of 0.67 and 300-mm transfer
distance while it is only 55% in the conventional system.
It is evident that the proposed Tx with the optimal tilted
angle effectively maintains a significantly high PTE even under

TABLE I
COMPARISON WITH PREVIOUS RESEARCHES

Ref. WR/WT d/WT ∆/WT
PTEmax

(%)
PTEnorm

(%)
[16] 0.51 0.7 0.58 21.6 79
[17] 1 0.83 0.17 29 59
[18] 1 0.36 0.67 80 50
[19] 0.33 0.32 0.32 53.3 82
This 0.33 0.33 0.67 50.1 87
work 1 0.67 29.9 80

large lateral misalignment, surpassing that of the conventional
system.

Table I illustrates the comparison between this study and
previous research, where Rx size WR, transfer distance d and
lateral distance ∆ are normalized to Tx size WT . This work
demonstrates better efficiency and stability compared to [16],
[17] without any requirement for multiple voltage sources and
control algorithms as in [17], or a bulky Rx structure as in
[16]. In comparison to this work, the systems presented in [18],
[19] exhibit higher efficiency at aligned positions. However,
for the same normalized transfer distance and lateral distance,
the PTE reduction in [18] is approximately four times larger
than that of this work. Additionally, PTE in [19] decreases by
18% when the lateral distance is about one-third of the Tx
size, whereas in this work, it only decreases by 13% when
the normalized lateral distance is twice as large at the same
normalized transfer distance.

IV. CONCLUSION

In this letter, we propose the Tx coil using titled angle
loops to enhance the stability of WPT systems under lat-
eral misalignment. We first analyze the variation of mutual
inductance in the WPT system when the Tx is tilted. Then,
the optimal Tx structure comprising tilted loops is presented.
The proposed Tx is experimentally validated and exhibits a
significant enhancement of the stability of the WPT system at
both short and long transfer distances. Moreover, the simplicity
of the proposed Tx structure eliminates the need for additional
circuits and control algorithms.
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