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Analytical Power Fluctuation Suppression With
Reconfigurable Tx Coils for Dynamic Inductive
Power Transfer Systems

Huiwen Xiao
and Siqi Bu

Abstract—This article presents a reconfigurable coil design
framework for dynamic inductive power transfer systems to en-
sure stable and robust output characteristics while minimizing
construction costs. In this article, two innovative transmitter (Tx)
coil configurations are introduced: the inner and outer square (I0S)
and the two half-square toroidal (THST), each designed to support
flexible reconfiguration for diverse operational needs. The frame-
work achieves this flexibility by integrating a switch-array reconfig-
uration mechanism with an algorithmic coil optimization method-
ology. The switch array facilitates varied Tx coil unit connections.
Notably, antiseries connections outperform conventional single Tx
coil units in suppressing output fluctuations, while forward-series
connections enhance versatility, offering IOS units a wider output
range and THST units improved interoperability with unipolar and
bipolar receiver (Rx) coils. A numerical algorithm evaluates the
dynamic mutual inductance characteristic, quantifying the impact
of linear and angular misalignments on fluctuation patterns and
extrema shifts. This framework not only generates a family of
compensation coils by presetting fluctuation tolerance and power
transfer capacity indicators for a smaller Tx coverage density but
also streamlines development, outpacing traditional finite element
analysis and trial-and-error methods. Both simulation and exper-
imental results validate the framework’s efficacy, demonstrating a
scalable, cost-effective solution for dynamic charging applications.

Index Terms—Half-square toroidal Tx coil, interoperability,
output fluctuation suppression, reconfigurable Tx coils, reverse
coil.

1. INTRODUCTION

O mitigate the impediments posed by wired charging
T in material handling and automation, electrified on-road
and railway transportation, aerial robotics, and autonomous
underwater vehicles, dynamic inductive power transfer (DIPT)
technology has seen notable advancements over the past two
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decades [1]. A typical example is the dynamic magnetic coupling
structure for DIPT systems are oriented from initial power com-
patibility [2] to higher efficiency [3], [4], broader interoperability
with diverse coil configurations [5], markedly attenuated power
fluctuation [6], [7], drastically reduced same-side coil cross-
coupling [8], [9]. Currently, DIPT systems are mainly divided
into two main categories based on proportional lengths of the
transmitter (Tx) and receiver (Rx) coils: long-track (rail-type)
and segment (array-type) transmitter structures [5]. Rail-type
Tx coils can provide stable power transfer to electric vehi-
cles (EVs) in motion. However, extending Tx length results in
reduced system efficiency, increased electromagnetic leakage,
and worsened compatibility with static inductive power transfer
systems [6]. Similar to static wireless charging units, array-type
Tx coils closely correspond in dimensions to the pickup coil.
These transmitters activate exclusively when coupled with the
Rx coil, effectively mitigating the issues inherent to long-track
transmitters. Nevertheless, segment DIPT systems inevitably
experience fluctuations in output power [7]. These fluctuations
arise from variations in compensation structure parameters [5],
input power [10], internal battery resistance [11], and most
notably, mutual inductance [12], [16], [17], [18], [19], [20], [21],
[22], [23]. To address the fluctuating mutual inductance due to
unpredictable effects of air gap changes and misalignments, it is
important to control the front-end converter and inverter [13] or
back-end converters to mitigate the coupling issue [14], as well
as implement impedance matching strategies [15]. However, ex-
cessive spacing between adjacent transmitter coils to minimize
cross-coupling will also lead to a predictable cyclical power drop
when the receiver coil moves at the transition region [16]. Fur-
thermore, the magnetic flux generated by adjacent transmitter
coils can negate the magnetic flux of the receiving coil due to
improper positioning and excitation of the Tx coils, resulting
in weak coupling [12]. The degree to which this power can be
stabilized strongly depends on the coupler design, particularly
on the configuration and placement of Tx coils [5].

Several coil configurations and their combinations with var-
ious excitations have been explored to ensure a consistent
magnetic field within the air gap between the transmitter and
receiver from temporal and spatial perspectives. Temporally,
fine-tuning the excitation magnitude and phase of the fixed-
position transmitters suppresses the coupling variation, thereby
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Fig. 1. Configuration of the DIPT system.

enhancing the stability of the integrated magnetic field [5], [12].
In [5], Zaheer et al. employ distinct excitation modes to evaluate
field uniformity across four configurations—BPP and DDQP Tx
paired with unipolar or bipolar Rx—at various displacements.
A tripolar pad coupler [12], a double-layer triangular DQ Tx
[17], and rectangular solenoid pads [ 18] are proposed to improve
the coupling coefficients in the extension area by adjusting the
primary current. In [19], alternately arranged three-phase Tx
coils are adopted to generate a uniform magnetic field. It is more
straightforward to regulate the induced voltage of Rx, with its
resemblance to a multiple-phase ac motor having a traveling
magnetic field. However, the phase deviation of the excited
multiphase power will exacerbate the power fluctuations.
Spatially, the input currents of the Tx coils remain unchanged,
thus eliminating intricate control mechanisms. Stability in mu-
tual inductance is ensured through optimization of the geometry
parameters of the Tx and Rx [20], implementation of folded,
interlaced, and overlapped Tx coils [16], [21], [22], [23], and
reconfigurable connectivity of coil sets [24], [25]. For instance,
Geng et al. [20] present an optimally designed segmented coil
pattern using a genetic algorithm to ensure a high Rx-to-Tx
size ratio. Nevertheless, the limited space on the receiver side
restricts the practical application. Strategies such as folded Tx
[16], extended Tx [21], partially overlapped adjacent DD Tx
[22], and cross-overlapped DD with quadrature Tx [23] are
proposed to smooth the mutual inductance at the transition
zone. However, insufficient spacing between adjacent Tx results
in significant cross-coupling, thereby necessitating a complex
design of the compensation network parameters. Reverse coil
structure has gained attention for its intuitive design and an-
timisalignment capabilities [24], [25], [26], [27], [28]. However,
a comprehensive design methodology and associated challenges
for integrating a separate reverse coil into existing DIPT systems
remain limited. In particular, the full potential of compensating
coils has not yet been fully explored to extend the functionality
beyond misalignment capability. By far, both temporal and spa-
tial strategies for ensuring a consistent magnetic field have been
extensively investigated, most of these designs are based on finite
element analysis (FEA) software, and few designs demonstrate
reconfigurability, such as adapting to multiple input power levels

and accommodating both typical unipolar and bipolar receiver
(Rx) coils.

To bridge the research gaps, two types of reconfigurable
array-type Tx coils, i.e., inner and outer square (I0OS) Tx coil
units and two half-square toroidal (THST) Tx coil units, are
proposed in this article. Both types exhibit reconfigurability
when combined with switch arrays, as illustrated in Fig. 1.
Notably, with series-opposing connections, they demonstrate
superior output fluctuation suppression performance compared
to the conventional single Tx coil units, particularly when the
separation distances between the adjacent transmitter coil sets
are large. The main contributions of this article are summarized
as follows.

1. Proposed a new segmented Tx coil design: The THST Tx
coil units, based on the IOS Tx coil, feature antiseries con-
nections to achieve superior output fluctuation suppression
at large adjacent Tx coil distances, while forward-series
connection enhances interoperability with the unipolar and
bipolar Rx coils in DIPT systems.

Developed a switch-array configuration: A switch-array
diagram is proposed to reconfigure the connection of coil
sets, enabling the full exploration of the potential of IOS
Tx and THST Tx coil units.
3. Evaluated dynamic mutual inductance characteristic: A
numerical method is developed to evaluate the spatial char-
acteristic of mutual inductance under dynamic conditions,
quantifying how lateral and angular misalignments induce
fluctuations and positional shifts of its extrema, thereby
enhancing coil design accuracy.

Introduced an optimization framework: An algorithmic
coil optimization framework is developed to optimize
compensation coil designs in DIPT systems, minimizing
mutual inductance fluctuation and maximizing mutual in-
ductance for stable and effective power transfer.

II. PROPOSED RECONFIGURABLE DIPT SYSTEM

A. Analysis of the LCC-LCC Compensated DIPT System

To simplify the analysis without losing generality, a double-
sided LCC-compensated (LCC-LCC) DIPT system is analyzed



XIAO et al.: ANALYTICAL POWER FLUCTUATION SUPPRESSION WITH RECONFIGURABLE TX COILS FOR DIPT SYSTEMS

Q1 Qs Relay Ly
4 Ly ileP L (M ) C

)

"p' C| G,
Ell} Ifp1 (%4 ‘:l‘t m

Fig.2. (a) Schematic diagram of an LCC-LCC compensated IPT system with
variable Tx configuration. (b) Relay connections diagram for reconfigurable Tx
coils in the DIPT system.

in this article. The circuit diagram of an LCC-LCC compensated
IPT system, along with the corresponding relay connections to
achieve reconfigurability, is plotted as shown in Fig. 2. Here, L
px and L g, are the self and compensation inductances of the xth
Tx coils. L ,x, and Ly, are the self-inductances of the main and
compensation Tx coils. Ls and L ¢ are the self and compensation
inductances of the Rx coils. M .y is the mutual inductance
between the coupled Tx and Rx coils, respectively. M ;a1 1S the
mutual inductance between the main and compensation Tx coils.
C px» Cpx, Cs , and C g are the compensation capacitances. R
and R, are the equivalent series resistances (ESRs) of the coils. C
o 1s the filter capacitance. R 1, is the equivalent load resistance
of the diode-bridge rectifier, filter capacitor, and resistive load
Ry (i, R oqn =8 Ry /7?) [29]. V iy, is the input dc voltage.
I, and U , are the output dc current and voltage. v ,x and 7 g«
are the input voltage and current of the Tx resonators. v and i
fs are the Rx resonator voltage and currents. i ,x and i, are the
currents of the Tx and Rx coils. i ;.. and i ., are the rectified
current and filter capacitor current. ws and w ,, are the operating
and resonant angular frequencies.

According to Kirchhoff’s law and the Fourier analysis, the
fundamental components of v 1, i p1, i fp1, and i ¢ with wg
controlled at w ,, can be obtained as

o (1) = T2 Gy M

i1 (t) = w gin (wst - g) )

iyt (1) = 4‘//‘?;221;;?2205 /2 inwty @
2 L L

iy () = 4V“%1LC§SL(:/ 2 sin (wt-3) @

where the circuit parameters are designed to satisfy

wopr1 = 1/wonp1 = wOLp - 1/UJOC (5)
woLfs = 1/wocfs = WOLS - 1/wocs '

Here, «vis the phase shift angle of the diagonal power switches
of the single-phase transmitter-side inverter. Apparently, the
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TABLE I
PARAMETERS OF VARIOUS CONNECTIONS OF MAIN AND COMPENSATION
TRANSMITTER COILS
Symbol  Type Ly (uH) M5 (uH)
Ly Lot Ly =43.04 M0 =8.09
Ly L.Lplhl Ly =14.72 M5 =5. 94
M
Lpiabtorse fL‘pvuaiwl Lytat Lyiyt2M;1=79.6 M 1avforses =19.75
pis U Ly,
My,
Lpiabrevse m Lytat Lyiy-2Mp 1= 34.28 Mp1aprevse =7.8
pta  Lpiy
L..L, M?
Ly, M (E:::}Lm ST 1368 g =645
plabforpa P L Ib 2Mpl.xb plabforp:
L, L. —M?>
. plalpib plab_ =589 I
Lptabrevpa M"m’@';h 7L Ly My Mpiaprevpa =0.2975

output current of the receiver can be controlled by the phase shift
angle o and operating frequency f; (i.e.,fs; =wg/2m), butis also
affected by the system parameters, including L ¢,1, L g5, C o, M 1
s,and V. Based on (1) and (2), the LCC-LCC compensation
network maintains the stability of the current in the Tx coil (i.e.,
i p1), regardless of the variations in coupling conditions and
load. This compensation network also exhibits constant current
source output characteristics, irrespective of fluctuations in load,
and attains a zero-phase angle for the DIPT system based on
(1), (3), and (4). Therefore, disregarding the parameter drift and
power supply fluctuations [10], [30], the output current i ¢ of
the receiver resonator is monotonically changed with the mutual
inductance between coupled transmitter and receiver coils (i.e.,
M 415). Thus, maintaining consistent M ;5 through optimally
designed coupling coils, irrespective of the receiver’s position,
ensures stable output power.

B. Coupling and Output Characteristic

To exhibit the coupling performance of the reconfigurable Tx
coils shown in Fig. 2, the measured parameters for six configura-
tions of IOS Tx coils are given in Table I. These configurations
include single coil a, single coil b, and combinations of coil
a and b in forward-series, reverse-series, forward-parallel, and
reverse-parallel connections. It is worth noting that Tx coils
connected in parallel and antiparallel are excluded due to mini-
mal coupling performance for the DIPT system in this study, as
shown in Table I. Consequently, the three-phase inverter can be
simplified to a single-phase inverter. Installing two single-pole
double-throw switches at nodes 3 and 4 enables the implemen-
tation of both forward and reverse series configurations.

To exhibit the output range across distinct configurations,
I g~ curves and [ ¢-f 5 curves for these configurations are
plotted, as shown in Fig. 3. It is evident that Tx coils with
different connections exhibit varying mutual coupling capaci-
ties, allowing for a broader output range by altering connections
of the compensation and main Tx coils, as compared to solely
adjusting the control variables (f; and «), as described in (4)
and depicted in Table I and Fig. 3. As illustrated in Fig. 3(a) and
(b), the forward-series connection exhibits the broadest output
range for 7 ¢, while also demonstrating the greatest sensitivity
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Fig.4. Coil structure of the coupler displaying (a) Tx series-aiding connection.
(b) Tx series-opposing connection with M1, = 4.77 pH and Ly, = 38.4 uH.
(c) Tx series-opposing connection with M1, = 9.68 uH and Ly, = 11.4 pH.
(d) Tx without compensation coil.

of I ¢ with respect to o among within the six configurations.
A fixed configuration of the Tx coil may result in undesirable
output when the input voltage fluctuates due to variations in
user power demand and the penetration of renewable energy
sources [10], [30]. Besides, the output range for a single Tx coil
is constrained even if control variables (f; and «) are adjusted,
as shown in Fig. 3. Therefore, to ensure a wider output, this
article introduces the reconfigurable IOS Tx coil units, thereby
achieving greater flexibility and robustness.

C. Cross-Coupling Characteristic

Fig. 5(a) illustrates the relationship between the cross-
coupling (M },1,2,) of two neighboring main Tx coil a and the
separation distance d 12 for various I0S Tx coil configurations
depicted in Fig. 4. Clearly, for all the configurations shown in
Fig. 4, MATLAB'’s knee point function is adopted to identify
the optimal separation distance, which is found to be 50 mm
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as reported in Fig. 5(a). This analysis is based on FEM-derived
cross-coupling data.

To exhibit the effect of the spacing between adjacent Tx coils
on mutual inductance, with a unipolar Rx coil positioned pre-
cisely at the midpoint above these coils, the relationship between
the d 12 and M 1 based on configurations in Fig. 4 is plotted in
Fig. 5(b). It can be observed from Fig. 5(b) that, compared to M
pls atd p12 = 0 mm, the reduction in M ;15 at d ,12 = 50 mm is
approximately 31.8% for Tx coils without compensation coils
(Txb), 33.68% for Tx coils with the series-aiding connection,
and 24.3% for Tx coils with the series-opposing connection. This
indicates that the series-opposing connected Tx coils exhibit the
least sensitivity to the separation gap. In addition, different turns
and geometries of the compensation coil b as shown in Fig. 4(b)
and (c), indicated by different M 1,1, and L 11, values, result
in a similar mutual inductance at a given separation distance
between Tx coils. Therefore, a well-designed compensation coil
can reduce the sensitivity to the separation gap. Comparative
studies of different Txb that result in similar M ;¢ will be
investigated in Section IV.

III. ANALYSIS OF THE FLUCTUATION OF THE M 4
A. Proposed Numerical Algorithm

To analyze the fluctuation of mutual inductance M pyas be-
tween the main Tx (Txa) and Rx coils within the DIPT system,
the cumulative mutual inductance M p,qsum in the presence of
linear and angular misalignments along the y-axis is examined
utilizing the Neumann formula, as depicted in Fig. 6. The abso-
lute difference in mutual inductance between the peak mutual
inductance (M pasmax) and the lowest mutual inductance (M
pasmin)—termed the mutual inductance drop AM ,,s—can be
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calculated. A larger AM ,,s denotes a more significant dis-
crepancy between the aligned and misaligned positions, thereby
highlighting the potential impact on output power stability based
on (4).

The mutual inductance for arbitrary line segments (i.e., AB

and ab) is
diag.dl,
MAB,ab:iLoj{j{M- (6)
T r

Here, the vacuum magnetic permeability p ¢ is 47%1077
(H/m). dl. ap and dl;b are the vector differential length ele-
ments. r is the distance between the two elements. The mutual
inductance for arbitrary line segments with linear and angular
misalignment based on the partial inductance method [31] can
be calculated as
M AikBik_ajnbin
Lbjh

wik 1 + K1 Ko + K3Ky
K2+ K¢+ K2

_ ko
47

dx AikBik AT ajnbjh-

(7

Based on the coordinates of point A (X Ajk, ¥ Aik, Z Aik), B

ik(X Bik, Y Bik, Z Bik)> @ jh(X ajh, Y ajh, Zajh)» O jn(X bjh, Y bih, Zbjh)s

and the direction vector x aikBik and X ajnbin, the coefficients
are defined as

Tajh TAik

YBik — YAik Yvih — Yajh ZBik — RAik
Kl - aK2 = 7K3 = )
TRik — TAik Tpjh — Tajh TRik — TAik
Zbjh — Zajh
Ky = —————— K5 = Zajnbjh — TAikBik,

Thjh — Tajh
K¢ = K1 (zaikpik — Taik) — Ko (Tajhbjn — Tajh)
+ YBik — Yajhs
K7 = K3 (aikBit — Taik) — Ka (Tajnbin — Tajn)
+ ZAik — Zajh- ®)

For square coils, as shown in Fig. 6, the coordinates of vertices
(A ik, B ik, C ik, D k) of the ith turn in the kth layer for Tx coils
can be defined as follows:

Ak = [Cpa +1p/2 = TYpki, Cpy + /2 — TYpri, Cpz — 2pk]
Bik = [Opx -
Cit, = [Cpz — Up/2 — TYpiis Cpy — lp/2 — TYpi;, Cpz — 2pk]

Di, = [Cpa + 1p/2 — TYpri, Cpy = 1p/2 = 2Ypi, Cpz — Zpk] -
)

Here, both the x-axis and y-axis offset of each coil turn (i.e.,
XYpki ) 1S nypi; * p 1, while the z-axis offset of each coil turn (i.e.,
Zpk )i npp * p 1.1, and p ; are the side length and pitch of the
coil, where the center coordinates of the main Tx and Rx coils
are as

Up/2 = TYpkis Cpy + 1p/2 — TYpki, Cpz — 2pk]

(10.1)
(10.2)

Cp = [Cpa, Cpy, Cp:]
Cs = [xlm» TDs + Yim, dps + Zlm] .

TD ; is the traveling distance of the Rx coil along the y-axis,
referring to the distance between the centers of the first Tx and
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Rx coils. d ¢ is the air gap between the Tx and Rx. Linear
misalignments x;,,, , ¥, , and z;,, pertain to deviations of the
Rx coil along the x, y, and z-axis. Angular misalignments 6, ,
0, ,and 0, signify rotations of the Rx coil around the x, y, and
z-axis, respectively. The vertices of Rx coils (a1, , by , cj , djn
) with misalignments can be described as

[@ik; bik; Cin; dire] = [Oam] ([@ir; biks cik; dix) — Cs) + Css

11.1
where the matrix of angular misalignment is ey

Oam11 Gam12 Oamis

[Oam] = |Oam21 bamaz Oamos (11.2)
Oam31 Gam32 Oam3s

Oam11 = cos b, cos b,

Oami2 = cosf, sinf, sinf, —sinf cosf,

Oam1z = cos ), sin 0, cos 0, + sinf, sin 6,

Oam21 = sinf, cos b,

Oama2 = sinf, sind, sin 0, + cos 0, cos O,

Oamas = sin ), sin 0, cos, — cos 0, sinf,,

Oams1 = —sin by,

Oam3s2 = cos by, sinf,

Oams3s = cos O, cos 0. (11.3)

The mutual inductance of the main Tx and Rx coils can be
described as
Npak 1 Mpaki Ng

Mpas = > > 3> Mairbik_ajnvin -

k=1 h=1 i=1 j=1

(12)

To identify the position of M pasmax and M pagmin (TD
smax and TD ¢in), the derivative of the M passum (Mpassum =
22:1 Myas) with respect to TD  is examined to locate the ex-
treme point (i.e., M pasmax and M pasmin), @ Numerical approach
using the finite difference method approximates this derivative
as

0 (Mpassum) ~
9(TD,)

((Mpassum) |TDs +ATDS) - ((Mpassum) ITDS)
ATD,

(13)
where ATDy is a step increment of TD ¢ _ By iterating this calcu-
lation over a range of TD  values, M jasmax 18 identified when
the derivative transitions from positive to negative, whereas M
pasmin Occurs when the derivative changes from negative to
positive. The zero-crossing point of M ,aesum can be found to
check the sign of M ;assum- Typically, M asmax Occurs when the
Rx is centered over the Tx, mathematically expressed as TDgpax
=d p12+] pai M pasmin 18 observed at TDg i = 3%(d p12+1 pa)/2.
However, for an Rx coil with 6, , TDgpax and TDgpi, deviate
from their typical locations. Fig. 7 presents a comparison of these
values as obtained via FEA software and the proposed numerical
approach under 6, misalignment. Obviously, the results prove
the effectiveness of the proposed numerical approach.

The drop AM ;s is

AMpas = (14)

pasmax Mpasmin~
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Apparently, AM .4 is affected by geometries, sizes, pitches,
turns of Tx and Rx coils, separation distances of Tx coils, Rx
position, and misalignments, especially angular misalignments
around the x-axis (6, ). It is worth noting that the conventional
design reference at the typical positions [32] does not apply to the
system with §, misalignments. Furthermore, for specific power
levels of DIPT systems, [ ., [ s, 7 paks 1 paki> Ns , and p 1 are
determined. The air gap d ., linear and angular misalignment (x
Ims Y 1m>Z1m» 0z, 0y ,and 0, ) depend on practical conditions. The
only controllable design parameter is d ,12 when TD , changes.
Thus, the flexibility of a single main Tx coil in the DIPT system
is inherently constrained.

B. Simulation Verification

To exhibit the fluctuation of M ;,,ssum more explicitly, Rx coil
with misalignments is conducted on the FEA software, Ansys
Maxwell. All design configurations employ an identical planar
spiral square Rx coil with coil dimensions set to [, = 200 mm,
and winding turns Ny = 12. The referenced tightly-wound, five-
layer (i.e., 7 pax = 5) coaxial Tx coils also have dimensions of / ,,,
= 200 mm, with each layer n ,,i; comprising 2 turns, as shown
inFig. 6.d s and d ;1 are set as 80 and 50 mm. As illustrated in
Fig. 8(a), both M ,a5sum With and without misalignments exhibit
nonuniformity along the y-axis. M ,assum Without misalignments
experiences periodic oscillations of 1.5 pH at intervals equal to
(I pa + d p12). For angular misalignments, M ,assum With 0, =
30° presents the most pronounced cyclic variations of 58.3%,
while that with 6, = 30° results in similar performance with M
passum Without any misalignments. For linear misalignments, M
passum With Z 1, = 30 mm demonstrates the minimal variations
of 24.1%, though it also corresponds to the greatest reduction in
M passum- For all scenarios except for M asum With 8, =30°, M
pasmax occurs when the Rx coil is optimally aligned (i.e., TDgpax
=250 mm) regardless of any linear or angular misalignments; M
pasmin 18 observed when the Rx coil is positioned at the midpoint
of the gap (i.e., TDgmin = 375 mm).

To further illustrate the effect of 6, on the TDg,.x and
TDgmin, simulations are also conducted on the nominal DIPT
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Fig. 8.  Curves of Mpassum (a) with linear and angular misalignments and (b)
with angular misalignment of the x-axis for the DIPT system.

system with d s = 121 mm, as depicted in Fig. 8(b). It can be
observed from Fig. 8(b) that the rotation of the Rx coil along
the x-axis, whether clockwise or counterclockwise, results in
inconsistencies in the positional offsets of TDgpax and TDgpin-
By comparing the curves of M passum With 0, = 60° and 0,
= —60°, it is intuitive to find out that M pasmax and M pasmin
are similar but the positional offsets for TDgpax and TDgpin
are different. The positional offsets for TDgy,ax are decreased
and those for TDgp,;, are increased compared to the baseline
condition without rotation (i.e., TDgnax = 250 mm and TDgp i
= 375 mm) when the Rx coil rotates counterclockwise. This
phenomenon is more serious as ¢, increases. Notably, the former
positions of M ,,smax and M pasmin (1.€., TDgmax = 250 mm and
TDgmin = 375 mm) have transitioned to points of zero mutual
inductance, resulting in a complete absence of power output
based on (4). At these specific positions, the mutual inductance
reverses, thereby doubling its fluctuation frequency as the Rx
coil travels a distance equal to (/ ,, + d p12). For one-to-one
coupled coils with symmetrical geometry, identical angular
misalignments at the x and y-axis (6, and 6,, ) produce similar
changes in M ,,s. However, 0, exacerbates the nonuniformity
of M ,,s along the Rx coil’s traveling direction (i.e., y-axis)
by amplifying the cyclic variations and shifting the positions
of TDgmax and TDgpin. Consequently, the asymmetry in the
distribution of M p,ssum introduced by 6, further complicates
the system’s performance and the design of compensation coils.
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Fig.9. (a) Top view and (b) 3-D view of the IOS Tx coils for the DIPT system.

IV. DESIGN OF THE COMPENSATION TX COIL
A. Optimization Methodology

To address the limited misalignment capacity of a single Tx
coil, an additional coaxial compensation Tx coil is incorporated
to mitigate fluctuations and enhance system adaptability, namely
IOS Tx coil units, as depicted in Fig. 9. As previously mentioned
in Figs. 3 and 5(b), Tx coils with the series-aiding connection
presents wider output than that with series-opposing connec-
tion, whereas Tx coils with series-opposing connection exhibit
smaller sensitivity to the separation gap d ,12. Therefore, the
reverse-series coil Txb is adopted to reduce the fluctuation of
M passum- Similarly, M psmax and M ppemin can be deduced
based on (12) and (13). When the current flowing through the
Txb is in opposition to that flowing through the Txa, the mutual
inductance drops of the Tx (i.e., AM ) is

AMps = Mpsmax — Mpsmin (15)
where M ,gmax and M pemin are as
Mpsmax = Mpasmax - Mpbsmax
Mpsmin = Mpasmin - Mpbsmin~ (16)

The objective of optimizing the Txb design in a DIPT system
is to minimize AM s and maximize M g, thereby ensuring
more consistent and efficient power transfer in DIPT systems.
As depicted in Fig. 10, the design flowchart for determining the
parameters of the Txb involves fine-tuning several key variables:
outer length, [ 1, layers n i, and turns at the kth layer of
the compensation coil n ;. Their optimal counterparts are
denoted as [ 10, 7 pbko, and 1 phiie, respectively. The optimal
M posmax 1s indicated by M pogmaxo. The process begins by
initializing the Txa and Rx coil parameters, followed by es-
tablishing misalignment parameters and separation distances to
account for potential positional deviations. Initial compensation
coil parameters are set to their maximum designed values, where
l pb = l pa 72*[7 1> " pbk = 1 pak, and n pbki = lpb/(z*p 1). An
iterative process then calculates M psmax, M psmin, and AM g
based on (12)—(16). The design’s performance is evaluated using
the ratio 6 = AM s/ (M psmaxt M psmin), Which represents
the standard deviation of mutual inductance. A smaller value
indicates better uniformity. This ratio is compared to a threshold
dth to determine acceptability. In addition, the mutual inductance
reduction indicator o (i.e., 0 = M pemax/M pasmax) 15 assessed
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MpQSmaxo~

Flowchart of the algorithm to determine nppko, Ppbkios Ipbo, and

to ensure sufficient power transfer capacity. Here, M ,qmax 1S set
to no less than oth of the M ,,max for the given outer length. If
it does, the optimal parameters are updated. If not, the number
of turns in the highest layer is sequentially reduced, followed
by a reduction in the number of layers. This process continues
until the optimal parameters n ppk, and 1 ppkio for the given
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Fig. 11.  Curves of 6- Ny, and o- Ny}, (a) with /1, = 90 mm and (b) with /1,
= 180 mm.

[ pbo are achieved. It is worth noting that, while a sparse-coil
or fractional-turn design could further reduce fluctuations, this
article employs a full-turn, densely wound configuration to
simplify manufacturing while balancing the tradeoff between
copper loss and fluctuation.

To showcase the misalignment and power transfer capacity,
the o - N, and 0 - N 1}, relationships for various given outer
lengths (/ ,;,) and first-layer turns (n ,1,1;) are plotted based on the
design flowchart, as shown in Fig. 11. Apparently, the reverse
compensation coil mitigates mutual inductance fluctuation by
decreasing the power transfer capability. In addition, the opti-
mization program identifies several combinations that meet the
specified conditions (i.e., dth = 0.2 and oth = 0.5), broadly
classified into two categories: one with a small number of turns
N pp (., N pb = 1 pbic* 7 ppki) and a large [ 1, and the other
with a large N 1, and a small [ 1, as depicted in Fig. 4(b)
and (c). This phenomenon aligns with the basic formula for the
magnetic field, where the magnetic field generated by Txb (B ,1,)
is approximately proportional to the number of turns divided by
the coil’s circumference (B, o< Npp/lp). An intriguing design
for Tx coils with series-opposing connection emerges when the
number of turns in the antiseries coil (Txb) equals that of the
main coil (Txa) (i.e., n pbk* 7 pbki = 7 pak* 7 paki). In this
scenario, the IOS Tx coil depicted in Fig. 9 can be converted
into THST coils, as shown in Fig. 12.
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Fig. 12.  (a) Top view and (b) 3-D view of the proposed THST Tx coils for the
DIPT system.
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Fig. 13.  Curves of Mpxas- TDs, Mpxpbs- TDs, and Mps- TD with (a) Mpap

= 8.28 uH and (b) Mpap = 5.55 pH for the DIPT system.

B. Simulation Verification

To demonstrate the effectiveness of the proposed compen-
sation coil design algorithm, simulations are conducted on the
nominal DIPT system. Fig. 13 presents the curves of M pyas, M
pxbs, and M ¢ for the IOS Tx coils in series-opposing connection
Tx with M .1, = 5.55 pH and M .1, = 8.28 11H, as depicted in
Fig. 4(b) and (c) for the DIPT system. The parameters for the
Txb coil in Fig. 4(b) are [ ,;, = 0.18m and N ,}, = 8 turns, while
thoseinFig. 4(c) arel ,;, =0.09 mand N ,;, = 21 turns. Fig. 13(a)
shows M psmax and M pgmin values of 2.23 yH and 1.99 p/H, re-
spectively. These values are slightly smaller than those presented
in Fig. 13(b), which are 2.41 pH and 2.18 pH. It is evident that
AM s in both Fig. 13(a) and (b) are smaller than that without
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Fig. 14.  Curves of Mpxas- TDs, Mpxpbs- TDs, and Ms- TD;s of the proposed

THST coils design for the DIPT system.

the compensation coil in Fig. 8(a) (i.e., 1.485 H). However, the
positions of M psmax and M ,gmin in Fig. 13(b) do not occur
at the typical positions shown in Fig. 13(a) (i.e., TDgmax =
250 mm and TDgn;n = 375 mm). These extra fluctuations are
caused by the presence of Txb. Consequently, the method of
using AM 4 at typical positions to evaluate fluctuations [32] is
no longer entirely applicable. Instead, the derivative of M ,assum
withrespectto TD g, as described in (13), provides a more robust
and universally applicable calculation method, accommodating
diverse coil designs and ensuring a reliable evaluation of mutual
inductance variations.

Fig. 14 shows the curves of M ,xas, M pxbs, and M ¢ for the
proposed design in Fig. 12 with / ,, = 120 mm of the DIPT
system. It is evident from Fig. 14 that this novel configuration
can achieve performance comparable to the IOS Tx coil units,
provided that the current directions are appropriately aligned, as
depicted in Fig. 12(a). A key advantage of the proposed design
is its ability to address interoperability issues with bipolar Rx
coils, while IOS Tx coil units in Fig. 9 cannot. The I0S Tx coil
units are specifically optimized for unipolar Rx coils (refer to
Fig. 6). It cancels the magnetic flux of bipolar Rx coils, such as
the typical double-D (DD) coil, resulting in zero-induced voltage
at the receiver side. Consequently, it is not applicable to match
with bipolar Rx coils. By altering the connection of the THST
coils, specifically by reversing the current direction in the right-
side coil, the system can adapt to bipolar Rx configurations.
This adaptability ensures that the system is compatible with both
unipolar and bipolar Rx coils, thereby enhancing its versatility
and practical application in DIPT systems.

V. EXPERIMENTAL VERIFICATIONS

Experiments are performed on the prototype, as shown in
Fig. 15(a). Fig. 15(b)—(e) shows the dimensions of the conven-
tional Tx coil without compensation coil, two antiseries con-
nections of IOS coils, and THST coils (i.e., Design-1, Design-2,
Design-3, and Design-4). To maintain similar M ¢ designed
by the algorithm in Fig. 10 for the DIPT system, Design-2 was
wound with 7 turns, Design-3 with 21 turns, and Design-4 with
10 turns. The corresponding self-inductance L,, for the Tx coil
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Fig. 15. (a) Photograph of the experimental setup and dimensions of (b)
Design-1, (c) Design-2, (d) Design-3, and (e) Design-4 Tx coils.
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Fig. 16.  Waveforms of vy, vs, ifp, and I, of DIPT system with (a) Design-1 at
Vin =40V, (b) Design-1 at Vi, =20V, (¢) Design-2 in aiding-series connection
at Vin, =40V, and (d) Design-2 in aiding-series connection at Vi, = 20 V.

with series-opposing connection in Fig. 15 are 43, 30.64, 61.19,
and 50.74 pH. The planar spiral square and DD Rx coil with coil
dimensions set to /;, = 200 mm, are tightly wound with 12 and
10 turns, respectively. The corresponding self-inductance L, are
36 uH and 55.57 pH. The nominal coupling coefficients between
these design Tx coil and the planar spiral square Rx are 0.21,
0.12, 0.11, and 0.1. The diode-bridge rectifier is composed of
SiC Schottky diodes E6D20065A. The digital signal processor
TMS320F28335 is employed to generate the switching signal
required to drive the primary-side SiC inverter TARAZ SPM-FB.
The operating frequency f; and phase shift angle « are fixed at
100 kHz and 0°, respectively.

A. Performance Evaluation of Design-2 in Aiding-Series
Connection

To demonstrate the effectiveness of the I0S reconfigurable
Tx coil units in resisting input voltage variations, experiments
are conducted on the DIPT system with a planar spiral square
Rx coil well aligned with the Tx coil. Fig. 16 shows the com-
parative waveforms for Tx coils with Design-1 and Design-2 in
aiding-series connection at V ;;, =40 V and V j;, = 20 V. As
a result, the reconfigurable Tx coil exhibits stronger robustness
and flexibility. As depicted in Fig. 16(a) and (b), output current /
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Fig. 17.  Waveforms of v, v, ifp, and I, of DIPT system (a) with d12 =
50 mm and (b) with dp12 = 20 mm.

o changes from 1.41 to 0.736 A with voltage changing from 40 to
20V, while for the Tx coil with Design-2 in aiding-series connec-
tion, it changes from 2.03 to 1.12 A, as shown in Fig. 16(c) and
(d). By incorporating a compensation coil with an aiding-series
connection under low voltage conditions, the back-end dc—dc
converter can be operated within the controllable range [14] and
the system exhibits an enhanced output range.

B. Effects of Separation Between Adjacent Tx Coils and
Misalignments on Output Fluctuation

To evaluate the impact of the separation distance (d ,12) be-
tween adjacent Tx coils on the output current (/ ,), comparisons
of d ;12 = 50 mm and d ;12 = 20 mm based on Design-1 are
given on the DIPT system with V;;, =40 Vand R, =1 Q.
Fig. 17 illustrates the waveforms of v, , v, i ¢, and I ,, for the
conventional DIPT system without a compensation Tx coil when
the Rx moves along the y-axis. According to (4), the maximum (/
omax) and minimum values of 7, (/ omin) correspond to M ;asmax
and M ,agmin are observed during Rx movement. Apparently, the
I omax and I o, Occur at typical positions, i.e., Rx is directly
above the center of the Tx coil and directly above the center of
the separation gap. The fluctuation of I ,, is more pronounced
with a larger d ,12. Besides, the reduction of I iy is 24.38%,
while I 5ax increases by 7% with a larger d 1,12, indicating that
the impact of d 12 is more significant than the cross-coupling
impact.

To validate the analysis that misalignments of Rx can affect
the position of TDgyax and TDgpin, six scenarios of Rx move-
ment with various misalignments are tested.

1) Scenario-1: Angular misalignments with 6 , = 30

2) Scenario-2: Angular misalignments with 6 , = —30°

3) Scenario-3: Angular misalignments with 6 |, = 30°

4) Scenario-4: Angular misalignments with 6 , = 30

5) Scenario-5: Linear misalignments with x 1, = 60 mm

6) Scenario-6: Linear misalignments with z 1, = 30 mm

Fig. 18 shows the waveforms of v, , v, i, and I, for all sce-
narios. For Scenario-3, Scenario-4, Scenario-5, and Scenario-6, /
omax and I o iy oceur at typical positions. However, in Scenario-
1 and Scenario-2, offsets in TDg,ax and TDgyin are observed.
Compared to the typical positions (i.e., TDgpax = 250 mm and
TDgmin = 375 mm), TDgpi, shifts from 375 to 360 mm, while
TDgmax shifts from 250 to 255 mm in Scenario-1. TDg,,4x and

o

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

180 5000/ Swp

P (D
Vﬂﬁ!&‘iﬁm

410 5000 Swp

2S00/ 3 10w 3 10w

Fig. 18.  Waveforms of vy, v, ifp, and I, of DIPT system in (a) scenario-1,
(b) scenario-2, (c) scenario-3, (d) scenario-4, (e) scenario-5, and (f) scenario-6.

TDgmin in Scenario-2 have the opposite offset to Scenario-1.
Therefore, the conventional design reference at the fixed posi-
tions [32] does not apply to the system with 6, misalignments.
Moreover, Rx with angular misalignments around the x-axis
exhibits the largest effect on the output current fluctuation at
65.8% among all scenarios, notably larger than the fluctuation
without misalignments (42.9% ), as illustrated in Fig. 17(a). This
phenomenon arises 6, intensifies the unevenness of mutual
inductance along the y-axis. Other misalignments weaken the
fluctuation phenomenon.

C. Output Fluctuation Suppression Performance

To exhibit superior output fluctuation suppression perfor-
mance of the proposed reconfigurable Tx coils with antiseries
connection shown in Fig. 15(c)—(e) over conventional Tx coils
(i.e., Design-1), experiments are carried out based on the DIPT
system with Vi, =40 V and R, = 1 . The corresponding
waveforms of v, , vs , T ¢p, and I , with proposed Tx coils
are shown in Fig. 19. Obviously, the suppression fluctuation
performance of the proposed Design-2, Design-3, and Design-4
Tx coils with series-opposing connections is significantly im-
proved compared to the conventional counterparts in Fig. 17(a).
The output current fluctuation Al ,, in Fig. 19 is reduced from
0.891t00.14 A, 0.148 A, and 0.08 A, respectively. Although the
reduction of 1 o,5x 15 50.9%, 44.5%, and 54.3%, they are close to
the minimum value in Fig. 17(a). The calculated [ ,1,, 1 1k, and
7 phki are close to thereal / 1, 1 1k, and 72 ki, which proves the
effectiveness of the proposed algorithm in Fig. 10. Besides, both
1, with Design-3 and Design-4 Tx coils exhibit extra fluctuation,
indicating that the previously observed typical position of /
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Fig. 19.  Waveforms of v, v, ifp, and I, of DIPT system with (a) Design-2,
(b) Design-3, and (c) Design-4 Tx coils in series-opposing connection.
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Fig. 20.  Waveforms of vy, v, ifp, and I, of the DIPT system with Design-4
Tx coils in aiding-series connection matching with the DD Rx coil.

omin (TDsmin) shifts. Overcompensation of the reverse coil may
even cause this position to the maximum value. Therefore, the
conventional design reference at the fixed positions [32] does
not apply to the system with overcompensation coils.

D. Interoperability Performance of THST Tx Coils

To further validate the generality of the proposed THST Tx
coils (i.e., Design-4) with aiding-series connection matching
with bipolar Rx coils, experiments are also conducted on the
DIPT system with V;, =40V, R, = 1 Q. The corresponding
waveforms of v, , vy , i 5, and I , are shown in Fig. 20.
Obviously, the results in Figs. 19(c) and 20 verify that the
proposed Design-4 is suitable for bipolar and unipolar Rx coils
and reduces fluctuation.

E. Power Loss Analysis

The system power losses for the proposed designs [see
Fig. 15(b)—(e)] are measured at their maximum efficiency points,
as illustrated in Fig. 21. The recorded power losses are 6.4,
11.877,9.237, and 8.18 W, with corresponding maximum dc—dc
efficiencies of 86.1%, 84.1%, 84.6%, and 82.7%, respectively.
Coils and compensation structures account for 50% —60% of
total system losses, primarily due to the absence of high mag-
netic permeability materials (e.g., ferrites) to guide flux and the
elevated ESR of extended transmission lines and components.
Power electronics (inverters/rectifiers) contribute 40% of losses,
including switching, conduction, and gate driver losses. To
address these inefficiencies, a modular integrated design will
be proposed in future work to minimize parasitic parameters
and reduce ESR across the system. Systems incorporating the
compensation coil (Fig. 15(c), (d), and (e)) exhibit slightly lower
efficiency compared to the system without the compensation coil
[see Fig. 15(b)], primarily due to the power dissipation intro-
duced by the integrated relay and compensation coil. Despite this
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TABLE II
COMPARISON OF THE EXISTING DIPT SYSTEM

Tx and Rx Tx Separation Output Mutual Copper With &
Reference structure excitation distance/ Tx varil; tion inductance cgst without  Reconfigurability  Interoperability
conditions side length reduction Ferrite
18] D]I;Eiilcg;ts(tie%DQ N/A Zero <2% X High v Average
9] Rec and Rec N/A Zero <2.5% X Moderate X X Area for growth
[16] E(;lcded Rec and N/A zero 0% X Moderate v Area for growth
[18] Rec+SP and Rec Ph;;enjlz“ft 50% <5.4% X Moderate v X Area for growth
28] ﬁzjﬁzz and gﬁ;’: 3.3% <4% v Moderate v X Area for growth
133] ODrDC?rand bp h;;enjg‘ﬁ 33% <10% X High v X Good
[34] Sﬁai‘édngm‘ Phs;"’njg‘ﬁ 9% <32.5% X High v X Area for growth
This work I)?IS{::d DD In (;L;):; of 25% <10% v Moderate X v Area for growth
Thiswork ST &nd DD In e of 25% <6% J Moderate X J Good

Dinverter [JTxand Rx coils EZlCompensated network EXJRectifier (JRelay|

8%

Q ‘
Power loss distribution of the DIPT system with (a) Design-1 (b)

‘198"
Design-2 (c) Design-3, and (d) Design-4 Tx coils.

Fig. 21.

localized efficiency reduction, integrating a compensation coil
ensures stable input power and consistent output power delivery
throughout the receiver’s motion, thereby enhancing the overall
system robustness. In addition, flexible coil configurations en-
able a wider output range or enhanced interoperability between
unipolar and bipolar Tx coils, effectively accommodating di-
verse operational requirements.

VI. COMPARISON WITH THE EXISTING DIPT SYSTEMS

Table II compares the key features across the existing DIPT
systems. Conventional rectangular Tx coils solve cross-coupling

issues without spacing between the adjacent Tx coils by opti-
mally designing the compensated network [9], [16]. Compli-
cated Rx structures must be compatible with the interdigitated
unipolar and bipolar Tx [8], as well as the solenoid pad (SP)
[34] to smooth the mutual inductance, which increases both
copper cost and complexity on the receiver side. Orthogonal
SP and rectangular Tx coil configurations [18] and rectangular
with reverse Tx structure [28] operate under a constant exci-
tation mode, limiting their adaptability to diverse application
scenarios. The alternately arranged DD and Quadrate (DDQ) in
[33] exhibit overlapping regions, which not only increase the
copper usage, but also necessitate a specific phase shift angle
for proper excitation. In this work, the IOS and THST coils with
antiseries connections exhibit low coupling variation and stable
power output, while minimizing copper usage through reduced
Tx coverage density. In addition, when integrated with a switch
array, the proposed Tx coils leverage their reconfigurability to
enable wide-range operation and interoperability with diverse
pickup coil types, enhancing system versatility. It is worth noting
that a fair comparison among these methods is challenging, as
the table data are derived directly from the cited literature rather
than from a standardized benchmark system.

VII. CONCLUSION

This article introduces two novel reconfigurable array-type
Tx coil designs: I0S Tx coil units, and THST Tx coil units.
These designs aim to enhance the performance of DIPT sys-
tems. Both simulation and experimental results validate that the
antiseries connections of these coil units significantly suppress
output fluctuations compared to conventional single Tx coil
units. When integrated with a switch array for reconfiguring the
connections of coil sets, the IOS and THST Tx coil units exhibit
distinct inherent advantages. Specifically, the IOS Tx coil units
provide a wider output range, while the THST Tx coil units
offer enhanced interoperability with unipolar and bipolar Rx
coils. Furthermore, this article proposes a numerical approach
for designing main and compensated Tx coil sets and evaluating
the impact of linear and angular misalignments on the shift
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positions of maximum and minimum mutual inductance, as well
as on output fluctuations. Overall, the reconfigurable Tx coils
presented in this article not only provide a robust solution for
mitigating output variation effects in DIPT systems but also pave
the way for future advancements in coil design, ensuring more
reliable and flexible wireless power transfer.
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