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Abstract—This article presents a cost-effective dynamic wireless
power transfer (DWPT) system for efficient and stable output
power charging of autonomous moving equipment. The proposed
system is realized based on a low-cost segmented configuration
and a flexible operating strategy. Specifically, the configuration is
a combination of a dynamic T-series/series topology and extended
transmitter (Tx) coils. The topology eliminates the cross-coupling
impact of adjacent Tx coils and tunes the dynamic circuits at
resonance. It makes the switching circuits equivalent to a uni-
fied analytical model for simplified control, which reduces the
cost of inverter, decoupling, compensation, and position detection
in the DWPT. The extended Tx coil with a simplified structure,
which is obtained from winding coupling characteristics and a
finite-element analysis based algorithm, is proposed to improve the
moving misalignment tolerance, thereby reducing the number of
Tx segments. An operating principle with three modes behind the
proposed strategy is designed to fully utilize the efficient coupling
area of individual Tx segment and improve the efficiency in the
transition region from one segment to the other one. The operating
parameters including the transition and compensation are obtained
based on the topology and its operating principles. Position detec-
tion and power regulation methods are developed and embedded
in the system control to configure/coordinate the segmented coils as
the strategy and mitigate power fluctuation in the transition region.
The performance and effectiveness of the proposed cost-effective
DWPT system are evaluated based on experimental results on a
scaled-down prototype.

Index Terms—Autonomous moving equipment, cost-effective,
dynamic wireless power transfer (DWPT), extended transmitter
(Tx) segments, T-series/series compensation topology.
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I. INTRODUCTION

OVER the past decade, wireless power transfer (WPT)
technology in the form of stationary and dynamic charging

has become the focus of research for electric mobility [1]–[3].
Dynamic wireless power transfer (DWPT) in an automatic op-
eration route can potentially improve the working efficiency of
autonomous moving equipment, such as inspection robots in
substations and intelligent-guided vehicles in warehouses. As
the motion of these types of equipment is relatively slow, the
DWPT is promising and effective [4], [5].

In terms of the transmitter (Tx) type, the DWPT is divided into
two major categories: 1) long-track Tx-based DWPT [2], [6],
[7], and 2) segmented Tx-based DWPT [8]–[20]. In the former,
multiple receivers (Rxs) can be charged simultaneously and are
implemented based on a simple circuit and coil structure. Yet,
the long returning path loop with tens of times the radius of Rx
coil inevitably suffers from a relatively large equivalent series
resistance (ESR) and is poorly coupled to the Rx coil, which
results in a low efficiency [6]–[15]. Meanwhile, significant
leakage magnetic field would result in a high electromagnetic
interference (EMI). In the latter, the Tx coils are arranged in
the moving route to power the Rx. The controllable and switch-
able coils are turned ON and OFF according to the position of
Rx [8]–[10], [12]–[20]. As opposed to the long-track Tx, the
segmented Tx achieves a higher efficiency and a lower EMI.
Besides, the segmented coils are usually designed to be identical,
which makes the construction of the Tx modular/scalable.

Despite the aforementioned advantages of the segmented
DWPT, there are several technical challenges for practical appli-
cations. One is the high manufacturing cost compared with the
long-track Tx one, which is due to the large number of power
and compensation components used in the segmented design.
Another challenge is the performance stability of the dynamic
charging in terms of efficiency and output power.

Conventionally, a relatively large distance between the adja-
cent Tx coils is set to eliminate the cross coupling so that the
Tx coils are decoupled and control and implementation become
simple [8]–[10]. However, this would ironically cause the in-
motion efficiency and output power to fluctuate. A segmented
system without any active switch is designed in [11] to reduce the
cost by controlling the power flow of Tx coils with the impedance
of each Tx coil loop. The impedance variation is caused by
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the larger ferrite core of moving Rx, which is not suitable
for compact Rx applications. All the Tx coils are activated
wherever the Rx locates, which makes the system sensitive to
external interference. Moreover, the in-motion efficiency and
output power fluctuate.

In the technical literature, a number of strategies have been
proposed/investigated to restrain the output power fluctuation
of DWPT systems. One common method is to redesign the
structure of the Tx and Rx coils. Several adjacent Tx coils are
activated simultaneously to enforce stable couplings between
the Tx coil array and the Rx coil [12]–[16]. Two Tx coils
in [12], four Tx coils in [13], six Tx coils in [14], seven Tx
coils in [15], and five Tx coils in [16] are designed to provide
stable couplings when the Rx moves in the area covered by
those Tx coils. The distance between the Tx coils in [12] and
[13] is regulated to form a relatively stable mutual inductance
(MI) with the Rx coil. By optimizing the size or number of
turns of the Rx coil, the MI between the Tx and Rx coils is
stabilized in [14] and [15]. However, the multiple segmented
Tx coils with similar size of Rx coil in [12]–[16] produce a
limited charging range, which demands more Tx coils to provide
the required charging length. To offset the cost, multiple Tx
coil loops can be connected in parallel to share one inverter
[14]. Yet, the use of compensation components for each Tx
coil still imposes a high cost. Moreover, when the generated
fields of Tx coils are in opposite directions, their magnetic fluxes
are counteracted, thereby deteriorating/loosening the coupling.
The interacted fluxes also induce cross couplings among Tx
coils with their adverse impacts, which degrade the system
performance [12], [13] and make the tuning design complicated
[14]. The Tx coils in [15] and [16] are refined to eliminate the
cross coupling between the adjacent Tx coils. Yet, the adjacent
unipolar and bipolar Tx coils [15] and bipolar cross-coupling
inductors [16], which are to eliminate cross coupling, make the
system expensive.

To minimize the power pulsation, a switching strategy of ad-
jacent Tx coils based on decoupling characteristics is proposed
in [17]. However, the efficiency decreases when the Rx locates
in the transition region between the Tx coils. A compensation
network, consisting of three elements in each activated Tx coil
and a series capacitor in the Rx side, is designed to cooperate
with dual Tx coils to restrain the power fluctuation under varying
coupling [18]. The compensation parameters for minimizing
the fluctuation do not make the system operate in a resonant
state, and zero phase angle (ZPA) input characteristic is lost.
Accordingly, the VA rating and power losses are increased, and
a high level of coupling is required to make the system efficient.
A switching control based DWPT system with equivalent series
Tx coils is presented in [19]. However, an additional capacitor
matrix along with switching control is needed to tune the varying
impedances caused by cross coupling. Moreover, the topology
would lead to high voltage stress on switches. An expandable
N-legged converter topology to drive segmented Tx coils with
the objective of reducing inverter cost is presented in [20]. The
Tx coils are positioned closely to stabilize the output power,
and additional coupled inductors are designed to eliminate
the impacts of cross coupling. The systems in [19] and [20]

employing Tx coils with similar size of Rx coil demand more
Tx coils for the required charging area. Additionally, the output
power with one operating Tx coil fluctuates relatively violently,
and the efficiency decreases when Rx locates in the area with
multiple activated Tx coils.

Consequently, to reduce the number and cost of segmented
Tx coils while enabling stable and efficient operation, there is a
need for a cost-effective approach to stabilize the performance
and eliminate the cross coupling impact of the DWPT systems.

Position detection of dynamic Rx is the foundation for switch-
ing the segmented Tx coils, which was missed in most of the
prior work [12]–[15], [17], [18], [20]. Although radio-frequency
identification and ultrasound/optic sensors can be employed
for coil positioning, they might be affected by the magnetic
field of the DWPT system, which then necessitates additional
hardware [19]. To determine the position of the Rx coil, MI
detection-based positioning methods for stationary WPT have
been investigated [2], [21]. For DWPT, an MI detection-based
method to detect the center coil of five Tx coils in [16] and mul-
tiple excitations in [22] are proposed. However, the single-point
current sensing-based position detection in [16] is sensitive and
needs to work with multiple operating Tx coils, simultaneously.
The cost and complexity of the method in [22] are high because
of the significant numbers of inverters and sensors. In summary,
a low-cost and precise position detection method for the control
of the DWPT systems should be studied.

When it comes to the DWPT of autonomous moving equip-
ment, in addition to the aforementioned technical issues, the
size of the Rx coil to be installed is limited because of the
restricted space [5], [10]. Meanwhile, not only the coupling
along the moving direction but also the lateral misalignment
caused by unmanned errors should be taken into consideration.
In [23]–[26], asymmetrical unipolar coils have been designed
with multidirectional stable MIs. Unipolar Tx coils, which pro-
duce a uniform vertical flux by properly designing their turn
spaces or direction of windings, can serve as a modular single
Tx coil of segmented DWPT systems. However, the multithread
windings with different turn spaces in [23], [24], and [26] and
different directions in [25] make the coupling coil design and
implementation complicated.

To achieve a cost-effective, performance-stabilized DWPT
system and fit it well into the application of autonomous moving
equipment, a low-cost segmented configuration and its associ-
ated operating strategy are proposed and investigated in this
article. The configuration is mainly comprised of a dynamic
T-series/series topology and extended Tx segments. The novel
topology eliminates the cross-coupling impact of the adjacent
Tx coils and tunes the circuits under different operating modes
at resonance with ZPA input and load-independent output. In
addition, it makes the switching circuits equivalent to a unified
analytical model for simplified control, which reduces the cost
of inverter, decoupling, compensation, and position detection.
The individual Tx coil segment is extended with a simplified
structure for an enlarged stable and efficient coupling area
considering moving and lateral misalignments of Rx and is ob-
tained by a finite-element analysis (FEA) based algorithm. The
operating strategy with three modes fully utilizes the coupling
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Fig. 1. Proposed DWPT system based on segmented Tx coils. (a) Layout of
the coils. (b) Operating strategy.

area of the designed Tx coil and stabilizes the efficiency and
output power in all operating stages. A dynamic position factor
based on the unified analytical model is employed to avoid the
impact of the symmetrical coupling profile and detect the current
and upcoming region of Rx coil during moving and charging.
The corresponding system control with an embedded position
detection in transition mode and power regulation is developed
to configure/coordinate the Tx coils only by monitoring a single
dc input current. The performance of the system is evaluated
based on results obtained from an experimental prototype. The
proposed design with a lower construction cost stabilizes the
dynamic charging performance in all stages, which not only
mitigates the power fluctuations but also improves the efficiency.

The rest of this article is organized as follows. Section II
presents an overview of the proposed DWPT system along with
its basics of operation. In Section III, a simplified and extended
Tx coil design in combination with its segmented operation
and compensation sensitivity analysis are elaborated. Section IV
embeds position detection and power regulation capabilities in
the proposed system control. Experimental results and compari-
son with the state-of-the-art are presented in Section V. Finally,
Section VI concludes this article.

II. SYSTEM OVERVIEW AND BASICS OF OPERATION

A. Overview of the Proposed DWPT System

The layout of the proposed segmented DWPT system along
with its operating strategy is presented in Fig. 1. The Tx side is
comprised of n identical Tx coil segments, which are meant
to provide an enlarged stable coupling area for the compact
Rx, as shown in Fig. 1(a). The basics of operating strategy
and coordination among the segmented Tx coils are depicted
in Fig. 1(b). Taking coils 1 and 2 as the analysis example, there
are three modes of operation as the Rx moves along the x-axis.
In mode A, coil 1 is activated when the Rx locates in the stable
coupling area of coil 1. In mode B, coils 1 and 2 are activated
simultaneously to maintain the transmission efficiency when Rx
locates in the transition region between the two adjacent coils.
In mode C, coil 2 is activated when the Rx locates in the stable
coupling area of coil 2. As highlighted in Fig. 1(b), the normal
operation of coil 1 and the transition from coil 1 to 2 can be
regarded as one operation cycle of the DWPT scheme. Over the

Fig. 2. Schematic diagram of the proposed DWPT system.

TABLE I
SYMBOLS AND MEANINGS IN THE TOPOLOGY DIAGRAM AND CIRCUITS

whole charging length, as the Rx sweeps the Tx coil segments,
there are n cycles, which can be similarly analyzed.

The main distinction between the proposed DWPT scheme
and prior work in the literature is that, in the proposed system,
the adjacent coils are arranged and coordinated to stabilize the
transmission performance in all stages. Meanwhile, the available
stable charging length can be realized by fewer Tx coil segments.
This is opposed to the existing work where the output power fluc-
tuation is suppressed by either the decoupled or MI-superposed
Tx coils.

The schematic circuit diagram of the proposed dynamic
charging system is detailed in Fig. 2, with the defined symbols
listed in Table I. A full-bridge inverter is employed to power
the Tx loop. The segmented Tx coil circuit is modeled by n
identical series-connected circuits. The circuit of each Tx coil
segment is comprised of a coil segment with the inductance of
LPn, a compensation capacitor with the capacitance of CPn,
and a pair of complementary switches Sn and Sn′. Each coil
segment is connected in series with the capacitor CPn to reduce
the voltage stress on nonconducting switches and compensate
the inductance differences caused by connection wires and
manufacturing. The complementary switches are to activate
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or deactivate each corresponding coil segment, i.e., coil n is
activated when Sn′ is ON and Sn is OFF and deactivated when
Sn′ is OFF and Sn is ON. A relay or a bidirectional switch
with two inverse series-connected MOSFETs can serve as the
switch in the segmented DWPT system [10], [27]. Based on
the relatively slow-moving charging and switching characteris-
tics of autonomous equipment, photocoupler-based relays with
normally opened and closed contactors are employed to serve as
the switches Sn and Sn′ to halve the number of switches or relays
required for this design. Since at any instant, at most two Tx coil
segments are activated, the equivalent inductance of the coils in
series is not substantial, and consequently, does not cause any
instability in the resonant circuit.

The T circuit components, i.e., X1, X2, and X3, are embedded
in the Tx to eliminate the impacts of cross MI and achieve
ZPA input and load-independent IP under different operating
modes. The T components work with different activated coils,
which reduce the use of compensation components. Moreover,
the series Tx coil loop makes the system with dynamic circuits
equivalent to a one-to-one magnetic coupled system as the
unified analytical model. Thus, only one channel sampling is
required in the Tx with the topology, and the corresponding
control is accordingly simplified. The Rx coil and capacitor CS

are in series to obtain a load-independent output voltage. The
proposed topology is called the T-series/series compensation
topology, which is elaborated in Section II-B. Compared with
the previously reported stable coupling solutions with several
activated Tx coils, the proposed system is controlled flexibly and
implemented cost-effectively with fewer number of power and
compensation components. In addition, the impacts of the cross
coupling between the adjacent Tx coil segments are restrained
in a low-cost manner. Meanwhile, the performance in terms of
efficiency and output power is stabilized.

B. Analysis and Design of the Compensation Topology

Assuming that all n Tx coil circuits have identical parame-
ters, the segmented operating strategy has three modes within
each cycle formed by two adjacent coil segments, as high-
lighted in Fig. 1(b). The equivalent circuits of the DWPT
system in the three modes, i.e., modes A, B, and C are pre-
sented. The definitions of the remaining symbols are provided in
Table I.

The loop voltage equation of the circuits in Fig. 3(a) and
(c) can be expressed by (1), where XS = ωLS–1/(ωCS), XP1 =
ωLP1–1/(ωCP1), and XP2 = ωLP2–1/(ωCP2). RL is the equiv-
alent load before the rectifier and RL = 8Rload/π2. The loop
voltage equation of the circuit in Fig. 3(b) is expressed by (2).

TABLE II
LIST OF VARIABLES IN FIG. 3

By substituting for XPe = XP1+XP2+2jωM12 and ωMSe =
MP1S+MP2S, (2) can be simplified as

⎡
⎣Uinv

0
0

⎤
⎦ =

⎡
⎣ jX1 + jX3 −jX3 0

−jX3 jX2 + jX3 + jXPe jωMSe

0 jωMSe jXS +RL

⎤
⎦

×
⎡
⎣ Iinv

IP
IS

⎤
⎦ . (3)

Subsequently, the equivalent circuits in the three operation
modes can be represented by the general analytical circuit in
Fig. 3(d), whose variables are listed in Table II.

To guarantee ZPA input and load-independent output voltage
characteristics and to ensure constant IP in different modes, the
following must hold [28]:

X1 +X3 = 0 (4a)

X2 +X3 +XPe = 0 (4b)

XSe = 0. (4c)

Subsequently, IS can be deduced from the loop voltage equa-
tion. Accordingly, US can be obtained and the voltage gain is
expressed as

GUU =
US

Uinv
=

ωMSe

X3
(5)

which is load-independent. Thus, X3 can be designed to regulate
the gain according to the output requirements. Once X3 is
determined, X1 can be calculated based on (4a). Since LS does
not change within the three modes, (4c) can be easily met by
adjusting CS. Equation (4b) under the three modes is expressed
by
⎧⎨
⎩

X2 +X3 +XP1 = 0 (Mode A)
X2 +X3 +XP1 +XP2 + 2ωM12 = 0 (Mode B)
X2 +X3 +XP2 = 0 (Mode C).

(6)

⎡
⎣Uinv

0
0

⎤
⎦ =

⎡
⎣ jX1 + jX3 −jX3 0

−jX3 jX2 + jXXP1(XP2) + jX3 jωMP1S(P2S)

0 jωMP1S(P2S) jXS +RL

⎤
⎦
⎡
⎣ Iinv

IP
IS

⎤
⎦ (1)

⎡
⎣Uinv

0
0

⎤
⎦ =

⎡
⎣ jX1 + jX3 −jX3 0

−jX3 jX2 + jX3 + jXXP1 + jXXP2 + 2jωM12 jω (MP1S +MP2S)
0 jω (MP1S +MP2S) jXS +RL

⎤
⎦
⎡
⎣ Iinv

IP
IS

⎤
⎦ (2)
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Fig. 3. Equivalent circuits of the three operation modes in the designed DWPT system. (a) Mode A: Prior Tx coil 1 operating. (b) Mode B: Adjacent coils 1 and
2 operating simultaneously. (c) Mode C: Tx coil 2 operating. (d) Analytical equivalent circuit of the proposed topology.

By assuming that LP1 = LP2 = LP and CP1 = CP2 = CP,
which translate to XP1 = XP2 = XP, (6) is simplified to

{
X2 +X3 +XP = 0
XP + 2ωM12 = 0.

(7)

Therefore, X2 and CP can be obtained by

X2 = −X3 + 2ωM12 (8a)

CP =
1

ω2 (LP + 2M12)
. (8b)

Based on the aforementioned analysis, the proposed DWPT
topology eliminates the impacts of cross coupling and guar-
antees ZPA input and load-independent output characteristics
under different modes. Moreover, based on the deduced pa-
rameters in (4), the equivalent circuit of different modes can
be represented by the model of Fig. 3(d) and solely based on
variable MPSe, which simplifies the modeling process.

C. Performances Analysis Under Different Modes

In the proposed system, efficiency and output power are two
important transmission performance metrics that need to be
considered in the design process. Based on the analytical circuit
of Fig. 3(d), the transmission efficiency considering power losses
on the coil loops is expressed by

η =
re(ZM)

re(ZM) +RLpe
· re(ZS)

re(ZS) +RLs

=
ω2MSe

2

ω2MSe
2 +RLpe (RL +RLs)

· RL

RL +RLs
(9)

where RLpe and RLs are the ESRs of Tx and Rx coil loops,
respectively. The efficiency in (9) can be expressed as follows:

η =
kPSe

2QLpeQLsQLpeQL(
kPSe

2QLpeQLsQL +QLpe +QL

) · (QLs +QL)

(10a)

kPSe =
MPSe√
LPeLS

(10b)

where QLpe =ωLPe/2RLpe, QLs =ωLS/RLs, and QL =ωLS/RL.
By solving dη/dQL = 0, the transmission efficiency with an
optimized load can be attained by

η =
kPSe

2QLpeQLs(√
kPSe

2QLpeQLs + 1 + 1

)2 . (11)

The output power of the DWPT system can be deduced by

Pout = GUU
2 · Uinv

2

RL
. (12)

Setting τ = kPSe
2QLpeQLs, the efficiency in (11) rises as

τ increases. Fig. 4 shows τ ∗ and GUU
∗ versus M∗, and η∗

versus τ for various values of M∗. Subscript “∗” represents the
normalized value of the corresponding parameter, meaning that
τ ∗ = τ e/τ r, M∗ = MPSe/MPSr, GUU

∗ = GUUe/GUUr, and η∗ =
ηe/ηr. With one activated Tx coil in modes A and C, subscripts
“e” and “r” refer to the corresponding value produced by one
Tx coil segment and its reference value, respectively. With dual
activated Tx coils in mode B, subscripts “e” and “r” refer to the
value produced by dual Tx coils and the designed stable value
produced by one Tx coil, respectively.

In Fig. 4(a), τ increases with the increase of the MI, whereas
GUU is proportional to the MI. This, in modes A and C, means
that the MIs, MP1S or MP2S should be stable and efficient to
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Fig. 4. (a) τ ∗ and GUU
∗ versus M∗. (b) η∗ versus τ under different values of

M∗.

TABLE III
SYMBOLS AND MEANINGS OF THE PROPOSED COILS

ensure a stable output power with high efficiency. In mode B,
the MI changes to MP1S+MP2S as specified in Table II, whereas
the voltage gain changes to MSeGUUr accordingly. As shown in
Fig. 4(b), a high MI or τ results in a high efficiency within certain
ranges. By balancing the values of the MI and τ , the performance
can become efficient in modes A and C. The efficiency is affected
by M∗ in mode B, especially when τ is low. η∗≥1 when M∗

reaches a certain value from Fig. 4(b), which means that the
transmission efficiency in mode B is not lower than that in other
modes. To make the efficiency not decay in mode B, M∗ should
be higher than the critical value. The available values of M∗

can be calculated by τ ∗≥1 (kPSe
2QLpe≥kPSr

2QLpr). Thus, M∗

should be equal to or higher than �2 in mode B to make τ ∗≥1,
where τ ∗≥1 also represents that η of mode B is not lower than
η of modes A and C.

III. EXTENDED TX COIL AND SEGMENTED OPERATION

PARAMETER DESIGN

A. Design of Individual Tx Coil Segment for Stable Coupling

In the proposed system, each individual Tx coil is extended
to provide an enlarged charging area for the compact Rx and to
reduce the cost of hardware and control. To guarantee a stable
charging performance, the MI between Tx and Rx coils should be
stable in the enlarged charging area of each Tx coil segment. The
layout of the proposed individual Tx coil segment and Rx coil
is presented in Fig. 5, with its parameters and variables defined
in Table III. The ferrites are attached to the Tx and Rx windings

Fig. 5. Proposed coil structure. (a) Exploded view. (b) Top and cross-sectional
views.

as in Fig. 5 to reduce leakage magnetic fields, which have the
same sizes as the corresponding coils. To ensure an enlarged
charging area in the moving direction and to avoid the adverse
impacts on the system performance of any angular rotations,
planar rectangular and circular coils are employed as the Tx
and Rx coils, respectively [29]. The magnetic field produced
by the Tx coil will be enhanced linearly with the ferrites [30].
The MI between the Tx and Rx coils is proportional to the
interactive magnetic field. Accordingly, the ferrites do not affect
the stable coupling area of MI. Thus, the MI performances of
coupling coils without ferrites are mainly considered to simplify
the coil design for stable coupling, and the same-size ferrites are
added for restricting electromagnetic radiation once the winding
parameters are determined.

Each individual Tx coil segment is designed considering the
moving charging area and lateral misalignment. The Tx coil
segment mainly consists of a primary (Px) and a compensating
(Cx) winding, as shown in Fig. 5. The Px and Cx windings are
connected in series with the same current direction to regulate
the equivalent MI between the Tx and Rx coils. The Px winding
is designed to reduce the MI variations along the short side,
whereas the Cx winding is designed to stabilize the MI along
the long side. The movements along the long and short sides
represent the moving and lateral misalignments, respectively.
For the sake of design simplicity, the winding widths of the long
and short sides are considered to be identical, i.e., wa = wb

= wPx and wc = wd = wCx. The MI between any two coils
without ferrites can be calculated by the summation of the MIs
of individual parts of the coils [31]. Assume that ao and bo
represent the outer length and the width of the Px winding, ai
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and bi are the inner length and the width of the Px winding,
and rSo and rSi are the outer and the inner radii of the Rx coil,
respectively. Based on the Neumann formula, the MI between
the filaments of ao side and rso circle is calculated by

MPaS(o1,o1) =
μ

4π

∮
lP

∮
lS

d
−→
lP · −→lS

|−→rP −−→rS| =
μ

4π

∫ ao
2

− ao
2

∫ 2π

0

rSo cosφdx1dφ√
(rSo cosφ− x1)

2 +
(
rSo sinφ+ υ + ao

2

)2
+ h2

(13)

where υ is the horizontal displacement of the filaments. Simi-
larly, the MIs between the filaments of other outer sides (bo, ao,
bo) and rso circle can be obtained, where ao and bo represent
the opposite sides of ao and bo. Subsequently, the MI between
the outer filaments of the Px winding and the Rx coil can be
calculated by

MPS(o1,o1) =

(
MPaS(o1,o1) +MPbS(o1,o1)

+MPâS(o1,o1) +MPb̂S(o1,o1)

)
. (14)

For any pair of nonmagnetic ferrite coils in Fig. 5, Lyle’s
equivalent method can be employed to calculate the MI [31],
which replaces a coil with two equivalent filaments, with the MI
being the product of MIs among the filaments and the number
of turns. Based on Lyle’s method, the MI is solely related to
the number of turns once the outer and inner sides of coils are
determined. The self-inductance calculation is similar to the MI
determination [32]. Once the Rx coil parameters are specified,
the expression for the MI can be simplified as

MPS = NPxNS

(
MP(o1)S +MP(i1)S

2

)
(15)

where MP(o1)S and MP(i1)S represent the MIs between the
equivalent outer and inner filaments of the Px winding and
those of the Rx coil, respectively. Subsequently, the coupling
coefficient of the coils can be expressed as

kPS =
MP(o1)S +MP(i1)S√(

LP(o1) + LP(i1)

) (
LS(o1) + LS(i1)

) (16)

where LP(o1), LP(i1), LS(o1), and LS(i1) represent the self-
inductances of the equivalent outer and inner filaments of the
Px winding and the Rx coil, respectively. Based on (15) or (16),
the MI or the coupling coefficient is stable if MP(o1)S+MP(i1)S

remains constant. Fig. 6 provides simulation results of the MI
between a one-turn varied-size Px winding and a certain Rx coil
with outer and inner filaments versus offsets in the x and y axes.
Based on the MI profiles in Fig. 6, one can design the outer and
inner filaments of the Px winding such that MP(o1)S+MP(i1)S

remains constant/stable. However, the MI profiles along the x
and y axes are not identical because of the unequal long and short
sides of the rectangular coil. Consequently, it is not trivial to find
a group of outer and inner filaments to make MP(o1)S+MP(i1)S

along the x and y axes stable at the same time.
Based on the analysis of winding coupling characteristics,

the Px winding is designed to make the MI along the short

Fig. 6. MI between a one-turn Px winding and a certain Rx coil with two
filaments versus offsets when rso = 7.5 cm, rsi = 3 cm, and a:b = 5:3 (ao =
ai = a, bo = bi = b). (a) Offset in x-axis. (b) Offset in y-axis.

side (y-axis) stable, whereas the Cx winding is employed to
compensate the MI peak in the center of the long side (x-axis).
Based on the MI profile of different sides in Fig. 6, c:d = a:b is
set to reduce the impact of the Cx winding on the MI along the
short side. Meanwhile, to ensure an efficient transmission based
on the analysis of Fig. 4 and a practical range for the quality
factor, the coupling coefficient and MI between the Tx and Rx
coils without ferrites should not be lower than 0.1 and 8 μH,
respectively [33]. The operating frequency, airgap distance, Rx
coil parameters, and width of Px winding are initially determined
based on application requirements and constrictions. Winding
width ratio S = 2wPx/b is defined to simplify the design process
of the Px winding, which is set to be within the range from 0.1 to
0.9 for implementation constrictions [34]. Subsequently, the Tx
winding design flowchart can be summarized in the flowchart
of Fig. 7 by the following three steps.

1) Prescreen the remaining dimension parameters (a, wPx) of the
Px winding, which need to be calculated. By fixing the initial
width b and sweeping a and S with the step sizes of Δa and
ΔS, respectively, screen the possible dimension parameters.
The parameter sweeping is to ensure that the coupling along
the short side is stable and meets the minimum coupling
coefficient condition. kPS(y = ymax) ≥ kPS(y = 0) and ymax ≥
yset are to size the winding such that the stabilized coupling
and required tolerance along the y-axis are met. ymax is the
offset with maximum k in y-axis. yset and kset are the limits of
misalignment tolerance and coupling coefficient, respectively.
The coupling trend in y-axis is evaluated by (17), where γ is
the limit of the coupling fluctuation. kPS(y = ymax) ≥ kset and
(17) are to guarantee the coupling efficient and stability

kPS(y=ymax) − kPS(y=0)

kPS(y=0)
≤ γ. (17)

The last two consecutive judgment/decision parts in the pre-
screening step in Fig. 7 are set as they can be corrected by
different conditions.

2) Determine the parameters of the Px winding by evaluating
the MI value and comparing the misalignment tolerance in
the x-axis. Calculate the MI along the x-axis with NPx =
(wP+tS)/(tS+tW), where tS is set to reduce the coil ESR.
MPS(x = xmax)≥MPS(x = 0) and MPS(x = xmax)≥Mset are
to enable a stable MI and an efficient power transmission.
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Fig. 7. Design flowchart of the extended Tx windings.

TABLE IV
PARAMETERS OF THE DESIGNED TX AND RX COILS

Subsequently, all possible solutions that meet this condition
are stored until a/b>ρ. Ultimately, the solution with the
maximum xmax is selected, which corresponds to a, wP, NPx

of the Px winding with the maximum misalignment tolerance
along the x-axis.

3) Determine the parameters of the Cx winding by evaluating the
MI profile in the moving direction based on the calculation
of standard derivation. According to the parameters of the Px
winding, all possible parameters of the Cx winding are stored.
The standard deviation σ of the MIs along the x-axis can be
employed to evaluate the coupling stability [35]. Finally, the
solution with the lowest σ, by which c, d, wc, and NCx are
determined, is selected.

Based on the flowchart, the parameters of the Tx coil are
obtained from a series of FEA-based simulations. Table IV
provides the parameters of the designed windings. The thickness
of ferrites tf is determined as 1 mm according to the application
and material limitations. The frequency is selected as 150 kHz

Fig. 8. MI between the designed Tx coil, Px and Cx winding and the Rx coil,
MI between the windings versus offsets. (a) Offset in the x-axis. (b) Offset in
the y-axis.

to achieve an attainable quality factor [34]. Compared with the
enlarged Tx coil designs in [23]–[26], the Tx coil segment with a
simplified structure can be designed and implemented by simple
and low-cost procedures. The coupling coefficient and MI, rather
than the generated magnetic field, are directly employed for
coupling stability evaluation. The efficient coupling coefficient
and MI considerations are integrated into the design algorithm
as it makes the design process simple and smooth.

Fig. 8 presents the MI between the extended Tx coil, Px and
Cx winding, and the Rx coil with ferrites versus offset in the x
or y axes. In Fig. 8, the red shadows represent the flat coupling
(FC) regions, whereas the yellow shadows represent the MI
falling/rising regions. As depicted in Fig. 8(a), the designed
Tx coil produces an enlarged coupling area, whereas the Cx
winding compensates the MI peak in the center of the Px winding
in the x-axis. The Px winding makes the MI along the short
side flat/stable, whereas the Cx winding only promotes the MI
without any impact on its stability. The resultant performance
in Fig. 8 is consistent with the analysis. The MI between the Px
and Cx windings is also provided in Fig. 8. The self-coupling is
unchanged under different offsets, and only the self-inductance
of Tx coil increases with a fixed value.

The MI between the designed Tx and Rx coils versus offsets
in the x and y axes is presented in Fig. 9. As shown, the MI is
stable when the Rx locates in the FC area surrounded by the
green lines. The design provides a ±15 cm charging range in
the x-direction and a ±5 cm offset tolerance in the y-direction.
The tolerance offset in the moving direction is four times the ra-
dius of the Rx coil, and the tolerance in the lateral misalignment
meets the error requirement of autonomous moving equipment.
The MI fluctuations in the FC area within ±2% from the results
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Fig. 9. MI between the designed Tx and Rx coils along the x and y axes.

Fig. 10. Layout of the DWPT system with two Tx coil segments.

are shown in Figs. 8 and 9. If the required lateral misalignment
tolerance, Rx coil size, or airgap distance changes according to
the application conditions, based on the proposed method, the
individual Tx coil segment can be redesigned flexibly for an
extended charging range in the moving direction.

B. Design and Operation of the Segmented Tx Coils

Only one Tx coil is activated in modes A and C when the Rx
locates in the FC region of either coil 1 or 2 in Fig. 1. Based on the
designed single Tx coil segment, the transmission performance
of the DWPT system with one Tx coil in operation is stable. In
mode B, the Rx locates in the MI falling/rising region, in which
the adjacent dual Tx coil segments are activated simultaneously
to mitigate the fluctuation of transmission efficiency. Fig. 10
shows the model of the system with dual Tx coil segments, where
lO is the overlapping length. The synthetic MI from dual Tx coils
and the cross MI between the adjacent Tx coils may affect the
transmission performance. The wires for coil connection and
turning OFF the useless coils are designed to be within the Tx
coil area and be placed under the ferrite, and the wires outside
the Tx coil area are designed to be as short as possible to reduce
the magnetic field leakage in practical application, as shown in
Fig. 10.

Fig. 11 provides the MIs of the DWPT system with dual Tx
coils versus Rx position for various lO, i.e, lO = 0, 5, 12.5, 14,
and 20 cm. lO = 12.5 cm is the distance to decouple the dual Tx
coil segments. lO = 14 cm is the critical value to make M∗≥�2
in mode B based on the designed coil parameters, where τ in the
MI falling/rising region with dual Tx coil segments becomes
higher than that in the FC region with one Tx coil. The MIs
between the dual Tx coil segments and the Rx coil and their
sum are presented in Fig. 11(a) and (b), respectively. Based on
the analysis in Section II, the sum of the MIs is the equivalent

Fig. 11. MIs of the system with dual Tx coil segments versus Rx position in
the x-axis under different overlapping lengths. (a) MIs from the dual Tx coil
segments as well as their cross MI. (b) Sum of the MIs from the dual Tx coil
segments.

TABLE V
PARAMETERS OF THE DESIGNED TOPOLOGY

MI between the Tx and Rx when dual Tx coils operate, i.e., MSe

= MP1S+MP2S. Based on Fig. 11(b), the FC region of a single
Tx coil, due to the superposition of the MIs, is deteriorated if
both Tx coil segments are activated simultaneously and remain
active within the whole process. Thus, the dual Tx coil segments
are activated simultaneously in the MI falling/rising regions
(mode B). Additionally, the cross MI between the dual Tx coil
segments is changed as the overlapping length changes. The
cross MI would cause the changes of the equivalent inductance
with one Tx coil or dual Tx coils. With the designed topology
in Fig. 2, the varied impedances are tuned at ZPA input and
load-independent output characteristics. Based on the analysis
of the proposed topology, the compensation parameters of the
Tx side are calculated and provided in Table V. X3 is set as
12 Ω according to the voltage gain requirement. Two groups
of solutions exist for the T type. Since ESRs of compensation
capacitors are lower than those of the inductors, the capacitors
are preferred as the components of choice over the inductors in
the parameter determination process. Thus, the values in bold in
Table V are selected as the final solution.
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Fig. 12. τ ∗ of the DWPT system with dual activated Tx coil segments versus
Rx position in the x-axis under different overlapping lengths.

Fig. 13. MIs and τ ∗ of the DWPT system with dual Tx coil segments versus
the Rx position in the x-axis when lO = 14 cm.

With the tuned topology, τ ∗ of the system with dual activated
Tx coil segments versus the Rx position in the moving direction
is presented in Fig. 12. It can be concluded that lO=14 cm and 20
cm cause τ with dual Tx segments to be higher than that with one
Tx segment. lO≥14 cm is the condition to make the efficiency not
decay in mode B with dual Tx segments operating according to
the superposition coupling characteristic. Yet, the total charging
length is reduced with the increase of the overlapping length.
Thus, lO = 14 cm, which is the critical value, is selected as the
final overlapping length for an optimized charging length.

The MIs between the dual Tx coil versus the Rx position in
the x-axis when lO = 14 cm are presented in Fig. 13 as well.
In the red shadow region of Fig. 13, only coil 1 is activated.
In the yellow shadow region, coils 1 and 2 are simultaneously
activated. In the blue shadow region, only coil 2 is activated.
τ ∗ of the DWPT system with the proposed operation strategy is
also provided in Fig. 13. As it can be observed, the efficiency
factor τ is relatively stable, and τ with dual activated Tx coil
segments is not lower than that with one Tx coil.

C. Sensitivity Analysis of Transmission Performance to
Compensation Tolerances

Based on the designed topology in Fig. 2 and the calculated
parameters in Table V, the topologies under different operating
modes are drawn as the same CLL-S/S compensated circuit
model. Fig. 14(a) shows the equivalent circuit model considering
the power loss of the inductances and coils, whereas Fig. 14(b)
presents the Rx reflected circuit model. RX3 is the ESR of LX3,

Fig. 14. Equivalent circuit models of the CLL-S/S compensated system. (a)
Equivalent circuit model. (b) Rx reflected circuit model.

TABLE VI
PARAMETERS OF THE SYSTEM FOR SENSITIVITY ANALYSIS

and RSe is the ESR of the Rx coil loop. RPe is the ESR of the Tx
coil loop, and includes the coil ESR and switch contact resistance
in this design. Zre is the reflected impedance of the Rx, which
can be obtained based on the loop current equations of IP and
IS, expressed by

Zre =
ω2MPSe

2

jXS +RS +RL
=

π2ω2MPSe
2

jπ2XS + π2RS + 8Rload
. (18)

Only the Tx coil loop parameters (LPe, RPe, CPe) change when
the segmented WPT system operates at different modes in Fig. 3.
To facilitate the sensitivity analysis, the parameters of the system
with one activated Tx coil are employed, which are obtained
based on simulation as given in Table VI. The sensitivities of
the impedance angle, output power, and efficiency under the
compensation parameter tolerances are considered. Assume that
the parameter tolerance is α, which means Cact = αCres. Cact

is the actual value, and Cres is the calculated value from the
condition of (4).

When the variation is capacitor CX1, the input impedance can
be obtained as

Zin_αCX1
=

1

jωαCX1

+
(jωLX3 +RX3) (RPe − jωLX3 + Zre)

RX3 +RPe + Zre
.

(19)

Then, the input impedance angle θ can be derived as

θin_αCX1= tan−1

[
imag(Zin_αCX1

)

real(Zin_αCX1
)

]
. (20)

Similarly, the input impedance angle expressions, when the
variation is either CPe, CS, LX2, or LX3, can be obtained. Based
on the expressions, the impedance angle θ versus the parameter
tolerances of CX1 CPe, CS, LX2, and LX3 can be calculated as
shown in Fig. 15. Accordingly, the output power and transmis-
sion efficiency, when the variation is capacitor CX1, are derived
as (21a) and (21b), where [Z] is the impedance matrix expressed
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Fig. 15. Impedance angle θ versus the parameter tolerances of CX1, CPe, CS,
LX2, and LX3.

as (21c)

Pout_αCX1
=

{
[Z]−1 (1, 1) · Uinv

}2

·RL (21a)

ηαCX1
=

{
[Z]−1 (1, 1)

}2

· |Zin_αCX1
| ·RL (21b)

Z =

⎡
⎣

1
jωαCX1

+ jωLX3 +RX3 −jωLX3 −RX3 0

−jωLX3 −RX3 RPe +RX3 jωM
0 jωM RL +RS

⎤
⎦ .

(21c)

{[Z]–1(1, 1)}2 is defined as the normalized power to represent
the trend of the output power according to (20a). Similarly, the
output power and transmission efficiency expressions when the
variation is either CPe, CS, LX2, or LX3 can be derived. Based
on the expressions, the normalized power and efficiency versus
parameter tolerances of CX1, CPe, CS, LX2, and LX3 can be
obtained as shown in Fig. 16.

From the results in Figs. 15 and 16, the parameter tolerances
of CX1, LX2, and LX3 have less impacts on the transmission
performances, and the parameter sensitivities are low. Yet, the
sensitivities of CPe and CS, which are included in the coil loops
are relatively high. The tolerances of CPe and CS substantially
degrade the transmission performance including ZPA perfor-
mance, output power, and efficiency. The characteristic of the
compensation capacitors in the coil loops is like the similar
components in the LCC-S compensated topology [35], [36].
To avoid the influence of the sensitive capacitors, antivariation
connection or high-performance capacitor can be employed, and
the capacitor tolerance can be less than±0.5% [37]. The analysis
provides a reference of the compensation component selections,
and the sensitive components in the designed topology are
similar to other common compensations.

IV. SYSTEM CONTROL WITH POSITION DETECTION AND

POWER REGULATION

A. Position Detection and Power Stabilization Method

In the proposed operating strategy, detection of the position
of the Rx is necessary to switch the Tx coil segments ON or
OFF. With the strategy and parameters described in the previous
section, the transmission efficiency would be stable or improved
as the Rx moves. However, compared with the output power in

Fig. 16. Normalized output power and efficiency versus the parameter tol-
erances of CX1, CPe, CS, LX2, and LX3. (a) Normalized output power. (b)
Efficiency.

the FC region of one activated Tx coil, the synthetic MI of the
dual Tx coils as shown in Fig. 11 is changed. Consequently, the
control method with the Rx position detection and power regula-
tion capability is studied to configure/coordinate the segmented
Tx coils and stabilize the output power. According to the Rx
reflected circuit model in Fig. 14(b), Uinv and Iinv are deduced
by

Uinv =
IP

(
ω2LX3

2 − 2jωLX3RX3 +RX3RPe +RX3Zre

)
jωLX3 +RX3

(22a)

Iinv =
jωIPLX3 + IPRX3 + Uinv

RX3
. (22b)

Based on the relation of the input and output of the phase-
shifting modulation based inverter, Uinv can be obtained with
the DC input voltage UIN and the phase-shifting angle α. Iinv
also can be calculated with the dc input current IIN due to the
basic equal input and output power of the inverter. Thus, the
root-mean-square values of the fundamental components of Uinv

and Iinv can be calculated by

|Uinv| = 2
√
2UIN sin ((π − α)/2)

π
(23a)

|Iinv| ≈ 1.1IIN (23b)

where UIN is the voltage of the constant dc source, and α
is modulated by the controller. The values of UIN and α can
be considered as known in the controller. To calculate |Iinv|,
the only variable that needs to be identified is IIN, which can
be sensed easily. Besides, the equivalent circuit parameters of
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Fig. 17. λP versus Rx position in the x-axis with the designed operating
strategy.

compensation components and the ESR of the Tx coil loop in
(22) are regarded as constants in normal operation, which can
be recorded in the controller [38]–[40]. Based on (22) and (23),
Zre is deduced as

Zre =

±
√
−4ω2q4LX3

2RX3
4 + p2q2

(
ω2LX3

2 +RX3
2
)2

+
(
p2 − ω2q2LX3

2
)
RX3 − q2RX3

2RPe + p2RPe

−p2 + q2RX3
2

(24)
where p = |Uinv|, q = |Iinv|. Zre can be calculated with the
recorded or measurement parameters. Between the two solutions
in (24), the one with the minus sign is selected over the other
one, which is almost zero based on the ranges of the variables.
Subsequently, based on (18), MPSe can be calculated by

MPSe =

√
Zre(π2RSe + 8Rload)

πω
. (25)

The equivalent load of battery Rload does not vary significantly
within a short period. Rload can be calculated based on the
information of Uout and Iout from the battery management
system of the autonomous moving equipment [5]. The required
real-time information of the Rx for calculation of Rload at the
Tx side is not high. Similar to the ESR of the Tx coil loop,
the ESR RSe of the Rx coil loop can also be initially defined in
the controller. Then, the MI between the Tx and Rx coils can
be estimated at the Tx controller side from (24) and (25) based on
the known information and measured dc input current. However,
the estimated MI at one point cannot represent the accurate
position in the DWPT system because of the symmetrical
profile in Fig. 17. As modes A, B, and C are dynamically
switched during the dynamic charging process, not only the
current Rx position but also the upcoming region should be
detected for the segmented Tx configuration. Nevertheless, the
position detection should be performed online during moving
and charging. Switching the Tx coils to detect the position of
Rx is not practical as it would affect the charging performance.

According to the MI variation trends in Fig. 13, a dynamic
position factor λP, which represents the slope of MI variation
trend, is defined as (26a) to detect the Rx position in real time.
Then, the dynamic position factor can be calculated by (26b)
based on (25). In (26), x is the position along the x-direction of
the Tx coil, and subscripts “P” and “P–1” represent the current
and the previous detection points, respectively. xP is the distance

between the points P and (P–1), which can be acquired directly
as it is essential information for the automation equipment [4],
[5]

λP =
MPSe(P) −MPSe(P−1)

xP − xP−1
(26a)

λP =

√
(π2RSe + 8Rload)(

√
Zre(P) −

√
Zre(P−1))

πωΔxP
. (26b)

For the operation strategy of Fig. 13, λP versus the Rx position
in the x-axis can be obtained as Fig. 17. As shown in Fig. 17,
the Rx position with current location and upcoming regions can
be detected by the estimated λ.

Based on the voltage gain of (5), the values of |US| and Pout

can be calculated by

|US| = 2
√
2ωUINMPSe sin ((π − α)/2)

πX3
(27a)

Pout =
ω2MPSe

2UIN
2sin2 ((π − α)/2)

X3
2Rload

(27b)

where MPSe may change under different operating modes. With
the designed Tx coils, MPSe can be regarded as constant in modes
A and C. Yet, it becomes MP1S + MP2S in mode B with the dual
activated Tx coil. The phase-shifting angle of the system can
be modulated to stabilize the output power as (28a), where e
is calculated by (28b). In (28), the subscripts “mode_A” and
“mode_B” refer to the corresponding parameters in modes A
and B, respectively. N is the number of the estimated MI points
in mode A

αmode_B = π − 2 arcsin (e · sin ((π − αmode_A)/2)) (28a)

e =

∑N
i=1 MPS_mode_A(i)

N ·MPS_mode_B
. (28b)

B. System Control Scheme

Based on the position detection and power regulation method,
the system control flowchart is illustrated in Fig. 18. The infor-
mation regarding the coordination of the autonomous moving
equipment is delivered to the management center (MC) for status
monitoring. The MC commands the DWPT system when the
equipment to be charged is close to the Tx [5]. The variable ENT,
which represents whether the Rx is near the Tx, is set as 1 in
the controller when the Rx is approaching. Then, the remaining
of the flowchart in Fig. 18 begins. In the flowchart of Fig. 18,
λlim is the set limit to determine the position of Rx based on the
profiles in Fig. 17. A constant threshold value of the MI, i.e.,
MPSlim, is employed to avoid any impact on the determination
of λ when the Rx locates in any extreme edge of the Tx coil,
e.g., x>±30 cm in Fig. 8(a). αreq is the phase-shitting angle in
mode A or C according to the power requirement. The flowchart
of Fig. 18 is divided into the following steps.

1) Initialize Mode=A, n=1, andα=αmin when Rx initially
enters the charging area. α is set as αmin to reduce the
power loss when Rx does not locate in the efficient region.
If n>1, meaning that the procedure is not in the initial
cycle, preserve α= αreq to avoid power fluctuation in the
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Fig. 18. Flowchart of the system control with position detection and power
regulation.

dynamic charging process. Then, sense IIN when the first
Tx coil is activated, estimate MPS and calculate λ based
on (25) and (26).

2) Determine the operation mode, and activate any of the
corresponding Tx coil segments. If Mode = A, compare
MPS and MPSlim. When MPS<MPSlim, jump to Step 1
and continue to estimate MPS with the moving Rx until
MPS≥MPSlim. Then, compare |λ| and λlim. If |λ|<λlim, set
Mode = A, α = αreq and activate coil 1 or n. If |λ|≥λlim

and λ<0, set Mode = B, regulate α based on (26) and
activate Tx coils as the strategy of mode B. Otherwise,
jump to Step 1 as the flowchart. If Mode = B, compare
the value of e and �2. e≥�2 means the Rx locates in
the efficient region of mode B in Fig. 14. Otherwise, the
position is in the FC region of mode C. Then, set Mode =
C, α = αreq, and activate coil 2 or (n+1).

3) When Mode = C, maintain the state if |λ|<λlim. Other-
wise, enter the next cycle as the flowchart and set n =
n+2. ENT is cleared when either the equipment leaves
the dynamic charging area or the value of n exceeds the
number of Tx coils.

Owing to the segment strategy with at least one Tx coil
activated in the whole charging process, the transient output
power will not be zero. Due to the relatively long action time
of the relay, the output power fluctuates at the moment of
switching. To prevent the adverse impact of high-power pulse
in the switching, the phase-shifting angle is modulated to be in
the two-coil mode once the switching signal from one Tx coil
operation mode to two Tx coil operation mode is generated.
In addition, the phase-shifting angle is modulated to be in the
one-coil mode with a relay switching delay when the switching
signal from two Tx coil operation mode to one Tx coil mode is
generated.

The proposed system control determines the Rx position and
regulates the output power in the transition region by monitoring
a single dc input current. With the control, the segmented Tx

TABLE VII
VOLTAGE AND CURRENT RATING RATIOS WHEN TX COIL 1 IS ACTIVATED AND

TX COILS 1 AND 2 ARE ACTIVATED

coils are configured/coordinated and the output power pulsation
is mitigated at the Tx side effectively.

C. Voltage and Current Evaluation of Coil Switches

The voltage and current on the segmented Tx coil switches (Sn
and Sn′) are evaluated to explain the feasibility of the topology
design in Fig. 2. The voltage and current of the DWPT system
with n segmented Tx coils when one Tx coil is activated or
dual Tx coils are activated are analyzed. Based on the loop
current and voltage deductions, the peak-to-peak voltage and
current ratios between the coil switches in the proposed DWPT
system with n Tx coils and the inverter switches in the system
with n full-bridge inverters driving n Tx coils can be obtained.
The maximum peak-to-peak voltage and current of the switches
can be selected as the rating values. Based on the equivalent
parameters of the designed system in Table VI, the voltage and
current ratings of the coil switches versus the switches of the n
full-bridge inverters can be obtained. Table VII presents the coil
switch status, the voltage and current rating ratios between the
coil switches and the full-bridge inverter switches when the Tx
coil 1 is activated, and when the Tx coils 1 and 2 are activated.
The peak-to-peak voltage and current on the inverter switch are
half of the output voltage and current of the full-bridge inverter.
The maximum voltage and current ratings are selected as the
references for device selection. Thus, the voltage and current
ratings of the coil switches are about 1.92 and 0.72 times of the
maximum peak-to-peak values of the inverter output voltage and
current, respectively. The capacitor CPn, which is connected to
each coil segment in series in the proposed topology, reduces the
voltage stress on the nonconducting switches. Consequently, the
voltage and current ratings stay within an acceptable range and
commonly used switches can meet the current/voltage require-
ments of the proposed topology.

V. EXPERIMENTAL VERIFICATION AND SYSTEM COMPARISON

A. Prototype Setup

To verify the performance and effectiveness of the proposed
system, a DWPT prototype with two Tx coil segments is im-
plemented as presented in Fig. 19, with the detailed parameters
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Fig. 19. Implemented experimental prototype.

TABLE VIII
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

provided in Table VIII. In the proposed segmented strategy, the
two Tx coils with operating modes A, B, and C can be regarded
as a typical unit in the dynamic charging process. In the DWPT
system with more Tx coil segments, it there are multiple typical
units. The circuit of the experimental prototype is the same as the
one in Fig. 2 with a T-series/series topology. A phase-shifting
modulation based full-bridge inverter serves as the dc to ac
converter. Omron relays are employed in the prototype. The ESR
and voltage drop of the relay are lower than another common
switch scheme, which consists of two inverse series-connected
MOSFETs [27]. The two Tx coil segments 1 and 2 and one Rx
coil are fabricated with their parameters listed in Table IV. TDK
PC 95 ferrites with 1 mm thickness and same plane dimen-
sions are attached to the coils for restricting electromagnetic
radiation. The system control with its position detection and
power regulation in Section IV is coded/implemented on an
STM32 controller. A pair of Bluetooth communication modules
of HC-08 are adopted to transfer the information from Rx to Tx
for MI estimation. Hall-effect current sensors are employed to
measure the dc input current. The gap distance of the Tx and
Rx is 5 cm, which is suitable for automatic moving robots in
substations.

Due to the switching relay that is connected in series with the
coil loop and the connection wires, as shown in Fig. 2, the ESR
of the Tx coil loop is increased. The additional resistance can be

Fig. 20. Experimental and simulated MIs between the two single Tx coils and
the Rx coil versus offset in the x and y axes.

considered as a part of the coil loop ESR, and the ESR of one
Tx coil is nearly four times of the relay contact and connection
wire resistances. In the parallel DWPT schemes with switchable
inverters in [10]–[16] and [18], the number of Tx coil loops
linked to one inverter is limited to reduce the high-frequency
power loss on connection wires. Similar to the parallel scheme,
the number of Tx coil loops in this segmented system is limited to
minimize the impact on transmission efficiency. The efficiency
decreases within 2.5% when the number of segmented Tx coils
is less than 5 compared to the system with a single Tx coil.
The limited number of Tx coil loops fed by one inverter cause
little impact on the efficiency. The charging length can be further
extended by increasing the inverter and topology. Besides, the
current through the switches with the operating frequency would
not cause any abnormal heating when they operate normally.

B. Experimental Results

Fig. 20 provides the measured and simulated MIs between the
two single Tx coil segments and the Rx coil versus the offsets in
the x and y axes. As can be observed, the fabricated Tx coils with
the designed parameters produce a stable MI when the offset
ranges from –15 to 15 cm along the x-axis and from –5 to 5 cm
along the y-axis. The experimental results are closely matched
with those from simulations. The effective dynamic charging
length produced by an individual Tx coil segment is four times
the radius of the Rx coil.

The efficiency of the WPT system, i.e., the stage before the
inverter to that after the rectifier, with Tx coil 1 or 2 versus offset
in x and y axes is tested with the results presented in Fig. 21. It can
be concluded that the efficiency within the FC region is stable,
and its profile is similar to the MI results in Fig. 20. The efficiency
in the FC region reaches 87.6%, whereas the corresponding
efficiency of the stage after the inverter to that before the rectifier
is higher than 90%. This is higher than the asymmetric coil
designs reported in [23] and [24]. The simplified Tx coil design
in this article provides an enlarged dynamic charging area with
stable and efficient performance.

Fig. 22 presents Uinv and Iinv waveforms of the DWPT
system with the conventional and the proposed topologies under
different operation modes when α = 60°. In the conventional
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Fig. 21. Efficiency of the WPT system with each Tx coil versus offset in the
x and y axes.

Fig. 22. Uinv and Iinv waveforms of the system based on the conventional
and the proposed topologies under different operation modes. (a) Conventional
topology with one Tx coil in operation. (b) Conventional topology with dual
Tx coils in operation. (c) Proposed topology with one Tx coil in operation. (d)
Proposed topology with dual Tx coils in operation.

topology without considering the cross MI of the dual activated
Tx coils, the capacitor of each Tx coil loop is set to tune the
single coil. If the coils are decoupled, the conventional topology
would be tuned with the dual Tx coils. However, the presence
of the cross MI would cause detuning. As shown in Fig. 22(a)
and (b), the conventional topology with one Tx coil is tuned,
whereas the one with dual Tx coils is not. Owing to the proposed
T-series/series topology, as shown in the waveforms in Fig. 22(c)
and (d), the DWPT system is tuned with an approximate ZPA
input under different modes with either one Tx activated coil or
two activated ones.

The measured and estimated λ of the designed DWPT system
when the Rx moves along the x-axis are presented in Fig. 23.
The values in the operation region of the designed strategy are
closely matched. The differences in the edge region, which is
not in the designed charging area, have no impact on the system

Fig. 23. Measured or estimated λ of the DWPT system, and the detected mode
in the controller.

Fig. 24. Voltage and current waveforms of the switches S1, S1 ′, S2, and S2 ′.
(a) Switching of S1 in S1 ′ from mode B to mode C. (b) Switching of S2 in S2 ′
from mode B to mode C. (c) S1 in S1 ′ in mode C. (d) S2 in S2 ′ in mode C.

Fig. 25. Uinv, Iinv, and Uout waveforms of the system with the proposed
control under different operating modes, and the value of e versus the Rx position.
(a) Mode A with Tx coil 1. (b) Mode B with the dual Tx coils. (c) Mode C with Tx
coil 2. (d) Calculated e versus the Rx position in mode B based on measurement
and estimation.

control. Based on the estimated values, the detected mode in
the controller shown in Fig. 23 is consistent with the proposed
strategy in Fig. 13, thereby confirming the effectiveness of the
proposed position detection method.

Experimental voltage and current waveforms of the switches
S1, S1′, S2, and S2′ in different operating stages are captured.
Fig. 24 provides waveforms of the switches S1, S1′, S2, and
S2′ in modes B and C to briefly describe the voltage stress on
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Fig. 26. Performance of the designed DWPT system with the proposed control
when the Rx moves along the x-axis. (a) Efficiency and output voltage. (b) Input
and output powers.

Fig. 27. Experimental DWPT prototype with four segmented Tx coils and the
measured efficiency and output voltage when the Rx moves along the x-axis. (a)
Experimental prototype. (b) Efficiency and output voltage.

Fig. 28. Number of components used in three DWPT systems with a high-
order compensation topology when two or four Tx coil segments are employed.
(a) Two Tx coil segments. (b) Four Tx coil segments.

the switches. Fig. 24(a) and (b) shows the switching waveforms
when the Rx just quits the transition region from mode B to mode
C. Fig. 24(c) and (d) presents the waveforms of the switches
in mode C when the Rx locates in the stable coupling area of
the Tx coil 2. The voltage on the nonconducting switches of the
inactivated Tx coils in Fig. 24(d) is induced by the cross MI from
the activated Tx coil, and the irregular waveforms are caused by
the oscillation of the inactivated coils and capacitors in series.
From the results, the relay switches operate normally, and the
maximum peak-to-peak voltage of the coil switches is about two
times of the inverter output voltage. The voltage stress on the
coil switches is commonly acceptable, which is similar to the
analysis results and is consistent with the design objectives.

Uinv, Iinv, and Uout waveforms of the DWPT system with
the control under operating modes A, B, and C are presented in
Fig. 25(a)–(c). The waveforms are acquired when the Rx locates
in (0 cm, 0 cm) under mode A with Tx coil 1 operation, (19 cm,
0 cm) under mode B with dual activated Tx coils, and (46 cm, 0
cm) under mode C with Tx coil 2 operating. It can be concluded
that the output voltages are almost constant. Fig. 25(d) provides
the calculated e in mode B versus the Rx position based on
measurement and estimation. The estimated value determines
the accuracy of power regulation in mode B from (28). The
estimated and the actual measured values are consistent with the
results in Fig. 25(d), and the tolerances at the edges are lower
than 3.6%. The control with voltage regulation is verified by the
results.

Fig. 26 shows the efficiency, output voltage, and input and
output powers of the DWPT system with the control when the
Rx moves from –15 to 53 cm along the x-axis. The experimental
efficiency is around 87% when the output power is about 167
W, i.e., the power to energize autonomous moving equipment
such as an inspection robot. The output power would feed the
equipment effectively as the motion of these types of equipment
is relatively slow in the meticulous inspection working area. The
results in Fig. 25 show that both the efficiency and the output
voltage of the designed DWPT system are reasonably stable
during the movement, with fluctuations limited within ±2%.
The charging area length produced by the DWPT system with
two Tx coil segments is about nine times the radius of the Rx
coil.

To verify the performance of the proposed system with more
segmented Tx coils, two extra Tx coils with the designed
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TABLE IX
COMPARISON WITH THE PREVIOUS WORK IN [9], [10], [12]–[20] (“-” MEANS NOT GIVEN)

parameters in Table IV are established and added in the prototype
as shown in Fig. 27(a). Fig. 27(b) shows the efficiency and output
voltage of the DWPT system when the Rx moves on the four Tx
coils. The results show that both the efficiency and the output
voltage of the designed DWPT system are reasonably stable
during the movement, which is consistent with the system with
two Tx coil segments. The stable charging area length produced
by the DWPT system with four Tx coil segments is about 19.2
times the radius of the Rx coil. Thus, the proposed system with
more Tx coil segments is effective.

C. System Comparison

Configuration of the proposed WPT system is compared
with previous works reported in [9]–[20]. The common DWPT
schemes with controlled segments can be divided into three cate-
gories. One is the normal segmented DWPT system (NSDS) with
individual inverters [9], [16], [20], which includes an inverter
and compensation network per Tx coil segment. The second
is the parallel-Tx DWPT system (PTDS) with a switchable
inverter, which includes a compensation network per Tx coil
segment, and an inverter operating with multiple Tx coils in the
PTDS [10]–[16], [18]. The last one is the series-Tx DWPT sys-
tem (STDS) with switchable coils [19]. The system in [19] needs
a variable capacitor matrix and many high-voltage switches to
turn the Tx coils ON or OFF and tune the circuits. The DWPT
scheme in [11] without any active switches reduces hardware
cost, but the corresponding control flexibility also decreases.

Fig. 28 presents the number of components used in the NSDS
and PTDS systems with the LCC compensation topology and
the proposed DWPT system (Pro_DS), when two or four Tx
coil segments are employed. As confirmed in Fig. 28, the pro-
posed system saves inverter and compensation (capacitor when
n>1, inductor when n>2) components compared with the two
common DWPT schemes.

The performance comparison results with [9], [10], and [12]–
[20] are listed in Table IX. Based on the proposed switching
topology, ZPA input is achieved, and the impact of cross cou-
pling is eliminated with fewer components. Differently, complex
coil or inductor structures are designed to eliminate the cross
coupling of adjacent Tx segments in [15], [16], and [20], and a
capacitance matrix is employed in [19] to eliminate the impact.
Furthermore, the individual Tx segment is extended for an
enlarged stable and efficient coupling area to reduce the cost
of hardware and control. The effective dynamic charging length
produced by a Tx segment is four times the radius of the Rx
coil, and the length produced by the DWPT system with two
Tx coil segments is about nine times the radius of the Rx coil.
The charging length ratio in Table IX is the ratio of the charging
length to the Rx radius. Since there are two Rx coils in [10], half
of the Rx length in the moving direction is recorded as the Rx
radius. It can be seen that the proposed system employs fewer
Tx segments to produce a longer charging area. Accordingly, the
copper and control costs are lower. Meanwhile, the associated
operating strategy and its system control with the embedded
position detection configure the Tx segments based on the Rx
position and stabilize the efficiency and output power. The
efficiency of the proposed DWPT system is stable and close to
that reported in the optimal-efficiency systems. Therefore, the
construction of the proposed DWPT system is cost-effective,
and the running cost of the system is acceptable/reasonable.

VI. CONCLUSION

In this article, a cost-effective DWPT system for dynamic
charging of autonomous moving equipment with stable perfor-
mance in terms of efficiency and output power is presented.
The proposed system is based on the combination of a low-cost
segmented DWPT configuration and its associated operating
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strategy. The T-series/series topology of the configuration tunes
the circuits under different operating modes with fewer compo-
nents. The Tx coil is designed for an extended stable and efficient
coupling area, which along with the operating strategy, reduces
the cost of segmented Tx for the required charging length. The
proposed operating strategy also guarantees a stable dynamic
efficiency without any degradation in all operating stages. The
segmented Tx coils are configured/coordinated based on the
system control that embeds position detection and power regu-
lation capabilities. With the strategy and system control, stable
dynamic charging performance in terms of efficiency and output
power are realized. The low-cost configuration and its associated
operating strategy, which includes the simplified tuning topol-
ogy, extended Tx coil design, and integrated system control,
make the proposed DWPT system cost-effective. Depending on
a specific application and charging length, the proposed system
can be flexibly deployed as follows.

1) If the required lateral misalignment tolerance, Rx coil size,
or airgap distance changes according to the application
conditions, the Tx and Rx coils can be redesigned based
on the proposed coil design method in Section III-A.

2) If the required charging length is changed, the segmented
Tx coils can be arranged based on the proposed DWPT
scheme according to the length requirement.
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