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Abstract—The dynamic wireless power transfer (DWPT) system
is an ideal solution for electric vehicles as it can maintain the power
supply and reduce the battery volume. However, its adoption in
electric vehicle charging has been limited due to the high instal-
lation costs, low charging efficiency, and significant power fluc-
tuations. To address these issues, a repeater-based DWPT system
with a controllable detuning rate method is proposed to achieve
constant output power during movement. The switch-controlled
capacitor is introduced in the repeater coil to adjust its detuning
rate dynamically. Based on the relationship between the output
power and the mutual inductances among the active, repeater,
and receiver coils, the detuning rate is controlled to reduce power
fluctuations. Moreover, increasing the detuning rate under no-load
conditions reduces the losses in the repeater coil. A down-sized
experimental prototype of the proposed DWPT system was built,
and the experimental results show that it can maintain output
power with fluctuations of less than 4.8% and an efficiency of
approximately 85% throughout the dynamic process. Further-
more, constant power output is maintained even when the mutual
inductance between the repeater coil and the active coil varies by
up to 25%.

Index Terms—Constant power output, controllable detuning
rate, dynamic wireless power transfer (DWPT) system, switch-
controlled capacitor.

I. INTRODUCTION

IRELESS power transfer is an emerging technology that
has rapidly developed with the advancement of power
electronics technology. Compared to the wired power transfer, it
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offers advantages such as greater convenience, higher security,
and lower maintenance costs [1], [2], [3]. Depending on whether
the receiver coil moves, the wireless power transfer system can
be classified into the static wireless power transfer (SWPT)
system and the dynamic wireless power transfer (DWPT) sys-
tem. SWPT has been widely applied in various fields, such
as electric vehicles [4], mobile electronic devices [5], drones
[6], and implantable medical devices [7]. However, the need
for high-capacity batteries and long charging times presents
challenges for the widespread adoption of SWPT in the field
of electric vehicles [8], [9], [10].

The DWPT system has become a research hotspot in the
field of wireless charging due to its high safety, ability to save
charging time and space, and its potential for charging during
vehicle operation, offering broad application prospects. During
the operation of an electric vehicle, the active coil beneath the
road provides real-time electrical energy to the receiver coil [8],
[9]. If there is a lateral or longitudinal deviation between the
receiver coil and the active coil, the coupling coefficient between
the coils will change, leading to variations in the system’s output
power and affecting the overall system’s efficiency. Therefore,
effective measures must be taken to ensure the system outputs
constant power during the vehicle’s movement [10]. Based on
the current development status of the DWPT systems, their
widespread adoption faces several challenges: 1) high system
installation costs; 2) low system output efficiency; 3) large
output power fluctuations; 4) low tolerance for changes in mutual
inductance and load [11], [12].

To accommodate the aforementioned issues, extensive re-
search has been conducted on various aspects, including coil
structure, control methods, and topology design. The multicoils,
such as the rectangular-solenoidal pad (RSP) coil, solenoid
and a planar square coil with a third coil (SPS-TC) coil, and
orthogonal magnetic structure receiving coil (OMSRC) coil
proposed in [13], [14], [15], improve the system’s tolerance
to misalignment by increasing the coupling area through the
magnetic field superposition. However, these designs not only
increase the copper losses in the coils, thereby reducing the
overall system’s efficiency but also raise the installation costs.
In [16], the charging region of the receiver coil is detected by
monitoring the input current of the inverter and load, which in
turn controls the activation and deactivation of the coupled and
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Fig. 1. Overall structure of the proposed system.

uncoupled coils. In [17], the autotuning control is employed
to adjust the current in both the coupled and uncoupled coils.
In [18], the switches are used to alternate between SS and LCL
resonant networks, enabling the system to exhibit varying output
characteristics under different coupling coefficients. Although
these three control methods improve the system’s efficiency, the
output power fluctuates significantly as the receiver coil moves.
A three-resonator WPT system has been proposed to reduce
installation costs, but the improvement in coupling tolerance
remains limited [19]. The concept of the detuning rate was in-
troduced to allow the overall system to operate in a detuned state,
significantly reducing the no-load losses of the repeater coil and
thereby improving the system’s efficiency and misalignment
tolerance. However, the system’s reliance on high-precision
parameters presents challenges for broader adoption [20].

This article proposes a DWPT system based on a repeater
coil with a controllable detuning rate to address the aforemen-
tioned issues. The main innovations of the proposed system are
summarized as follows.

1) A wide-range constant power output is achieved by re-
placing the resonant capacitor in the repeater coil with a
switch-controlled capacitor (SCC) to adjust the detuning
rate of the system. Consequently, a new control variable
is available.

Based on the external characteristics of the SCC and the
definition of the detuning rate, the system model is sim-
plified. A method for characterizing the system’s output
characteristics based on the detuning rate is proposed.

A control method based on the system model is proposed,
enabling a constant power output during dynamic mutual
inductance variations. This method achieves a constant
output profile by solely detuning the repeater coils and
optimizes the system’s efficiency.

The rest of this article is organized as follows. Section II
presents the system model of the proposed DWPT. In Section III,
the detuning rate is defined, and the control strategy for adjusting
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the detuning rate is analyzed. In Section IV, an experimental
prototype is built to verify the feasibility of the proposed DWPT
system. Finally, Section V concludes this article.

II. SYSTEM STRUCTURE AND MODELING
A. Overall Structure of the Repeater-Based DWPT System

The overall structure of the repeater-based dynamic wireless
power transfer system is shown in Fig. 1. The proposed system
adopts an alternating arrangement of the active coil units and
the repeater coil units. Each active coil unit consists of an ac
power supply V, an active coil L,.;, a resonant inductor L,
and a resonant capacitor C,.; (Where i = 1, 2, 3, ..., n). Each
repeater coil unit consists of a repeater coil L,.,; and a SCC C,.,;
containing two switches So; 1 and Sa;. The receiver coil circuit
consists of a receiver coil L,., a resonant capacitor C,.., and a
load R.

Additionally, M, is the mutual inductance between the
active coil n and the receiver coil, M, is the mutual inductance
between the repeater coil and the active coil, and M, is the
mutual inductance between the receiver coil and the repeater
coil. Due to the direction of the magnetic flux received by the
receiver coil being opposite to that through the repeater coil,
a minus sign precedes M,,. The active coil transmits power
directly or via the repeater coil to the receiver coil. The repeater
coil transfers the power from the active coil to the receiver
coil through mutual inductance M,,,.. The receiver coil receives
power from both the active coil and the repeater coil, delivering
it to the load through a resonant network.

The dynamic process of the system can be divided into
three distinct charging modes based on the position of the
receiver coil, as shown in Fig. 1. When the receiver coil is
in Region I, Region II, or Region III, the system operates in
the active-receiver (AR), active-repeater-receiver (APR), and
repeater-receiver (PR) charging modes, respectively. In the AR
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Fig. 2.

Equivalent circuit unit of the proposed DWPT system.

mode, power is supplied solely by the active coil unit. In the
APR mode, both the active coil unit and the repeater coil unit
provide power. In the PR mode, power is supplied exclusively
by the repeater coil unit.

During operation, the charging mode follows the sequence
AR-APR-PR-APR-AR. Additionally, the closer the receiver coil
is to the repeater coil, the larger the mutual inductance M,
becomes. Conversely, the closer the receiver coil is to the active
coil, the larger the mutual inductance M., becomes. Compared
with the traditional DWPT system, the proposed system employs
a structure based on the repeater coil rather than powering all
coils at the transmitter side. The repeater coil is powered by
adjacent active coils on the left and right sides. During the
movement of the receiver coil, the active coil and the repeater
coil alternately serve as the main channel for power transfer.

B. Modeling of the Proposed System

To clarify the working principle of the proposed DWPT sys-
tem, a DWPT system unit is shown in Fig. 2. The DWPT system
unit consists of four coils: two active coils, one repeater coil, and
one receiver coil. The active coil employs an LCL-compensated
resonant structure, while both the repeater coil and receiver coil
utilize series resonant structures. The self-inductances of the
active coil, repeater coil, and receiver coil are denoted as L;
(wherei=1,2), L,,, and L,.., respectively, with the relationship
L7; = Lyc; = L, = L. The parameters of each component must
satisfy the following conditions:

1
wlp; = “Ci wlhac
wLl,. = =2

Ly ey
wClre
where w is the angular frequency.

When the compensation network of the active coil satisfies
the resonance conditions, the current flowing into the active
coil remains constant. Therefore, the primary structure can be
approximated as a constant current source [21]. The current can
be calculated as follows:

Vv

Lyei =
“ jWLaci

@)

where V = 2v/2V,, /7, Viy is the input dc voltage.
R is the equivalent load of the rectifier on the receiver
side, and the relationship between R and R, is expressed as
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Fig. 3. Equivalent circuit of the DWPT system in PR mode.

follows [22]:

S8R,
2. 3)
The repeater coil in the proposed system is influenced by the

magnetic induction from the left and right active coils. Since
the relative positions between the repeater coil and the active
coils remain unchanged, the induced voltage on the repeater
coil remains constant. For simplicity, the parasitic resistance of
each component in the system is neglected. Based on Kirchhoff’s
voltage law, the voltage loop equation for the proposed DWPT
system is given as follows:

JwoMpp e + 2jMaplacs — §(@Lrp — =Ty = 0
jWMaTIIacl + jWMprIrp - IreR - 0

R:

™

“)

The output power of the system is expressed as
Pouw = |V7~e||17»e|(3080 5

where V.. is the voltage on the load, and 6 is the phase angle
difference between V.. and I,..

C. Power Loss and Efficiency of the System

The system structure is shown in Fig. 3. The system’s power
loss primarily results from the passive components and switches.
The loss in passive components is due to their parasitic re-
sistance. The total losses in the passive components can be
expressed as

Ppas =Y Ipyre+ Y Liegra+ Ly + I2re (6)

where the subscript n represents the different active coils, and
n = 12, rp represents the parasitic resistance of L7; and Ly,
T4 1s the parasitic resistance of Ly and L2, 7 1s the parasitic
resistance of L., and 7. is the parasitic resistance of L,...

The power loss of the switches includes conduction loss P,
and switching loss Ps,, [23]. Assuming that all MOSFETs in the
system have the same specifications, the conduction loss of the
switch can be deduced as

Pcon = % / (zng(t) + 221271 (t) + 2’51272 (t))Rondt (7)
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where T is the period of the switches, i, is the current flowing
into the switches of the switch-controlled capacitor, ¢,; and
1,0 are the output currents of the inverter, and R oy is the
ON-resistance of the switches.

The SCC enables zero-voltage switching (ZVS) for both turn-
ON and turn-OFF [24], which allows the switching loss of the SCC
to be neglected. Therefore, the system’s switching loss can be
expressed as

Pon = 2NHS_ondesV;E
Pt = Nz oit f Vinlote (% + %f) (®)
Psw = Fon + Poff

where Nys ox is the number of switches operating in hard turn-
ON, Ngs_ orr 1s the number of switches operating in hard turn-
OFF, fis the corresponding frequency of 7, Cy; is the MOSFETS’
drain-source capacitance, [ opr is the turn-OFF current of the
switches, ¢, is the current rise time of the MOSFETS, and ¢ is the
current fall time of the MOSFETS.

Therefore, the total power loss of the system can be expressed
as

Boss = Ppas + Pcon + P@w- (9)
Hence, the efficiency of the system can be expressed as
Pou
n=——7—-—. (10)
' Pt Plow

D. Power Transmission Performance at Different Positions

1) APR Mode: When the receiver coil is positioned in Region
II, situated between the repeater coil and the active coil, the
system operates in APR mode. This is the most common oper-
ating mode of the DWPT system and represents the transition
from AR mode to PR mode, during which the primary power
transfer channel shifts from the active coil to the repeater coil.
In this mode, the mutual inductance between the active coil,
repeater coil, and receiver coil cannot be ignored. The receiver
coil simultaneously receives power from both the active coil and
the repeater coil. The equivalent circuit of the system is shown
in Fig. 3. In APR mode, the mutual inductances M.; and M,
continuously vary, leading to significant power fluctuations. As
the receiver coil moves closer to the repeater coil, M,,,. gradually
increases, while M,.; gradually decreases. Conversely, as the
receiver coil approaches the active coil, M,c; increases and M,
decreases. Therefore, by combining (2), (4), and (5), the current
and power of the proposed DWPT system can be derived as

I = VEop(Mar (@?CrpLyp=1) 4202 Moy My, Cry)
re Laci(RLp(w2CrpLyp—1)—jw3 Ly M2,Chrp)
WV Ly Crp(wMears My —j2RM )
Lact(RLy (2L, Crp—1)—jw® Ly M2,Cryp)
V2R((w2L2, Crp—Lip) May1+202 Ly Crop Moy My,.)
L2 (R?L2, (w2 LypCrp—1)"+wOL2, 02, M1,)
(11)

P
As indicated in (11), adjusting C,., can control the current of
the receiver coil and repeater coil, as well as the system’s output
power.
2) AR Mode: When the receiver coil is in Region I, aligned
with the active coil, the system operates in AR mode. Due to the
large distance between the repeater coil and the receiver coil,

I, =

Pnut:
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Fig. 5. Equivalent circuit of the DWPT system in PR mode.

it can be assumed that M,,. = 0. The equivalent circuit of the
system is shown in Fig. 4. Consequently, the current and power
of the proposed DWPT system can be expressed as

I.= VMara

Laci R
3202V R L,y Croy M,
I p— P P D
P = GR(@LyCrp—DLact Loy (12)
VeMz.
Pout ~ "RIL2 L.

As indicated in (12), adjusting the capacitance C.,, allows for
control of the current in the repeater coil. However, in this mode,
the output power P, is solely determined by the load R, the
self-inductance L,.1, and mutual inductance M.

3) PR Mode: When the receiver coil is in Region III, aligned
with the repeater coil, the system operates in PR mode. Due to
the large distance between the active coil and the receiver coil,
it can be assumed that M,.; = 0. The equivalent circuit of the
system is shown in Fig. 5. Consequently, the current and power
of the proposed DWPT system can be expressed as follows:

I 202V L,y Crp Moy My,

€ = Lot (RL,p(@2Crp Lyp—1)—jw Ly M2, Crp)

I —j2RwV LyyCrop Moy, .
™ = Lot (RLyp(@2LypCrp—1)—jw3 Ly M2, Cr) (13)

4V2RL?,C2 M2 M2,

L2, (RPL2, (@2 L,y Cryp 1) 400 L2, 02, M3,

Pout =

As indicated in (13), in PR mode, the repeater coil serves
as the main power transmission channel, delivering power to
the receiver coil. In this mode, adjusting the capacitance C,,,
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allows for control of both the current in the repeater coil and the
receiver coil. Additionally, the output power is dependent on the
capacitance C,p.

III. CONTROL STRATEGY BASED ON DETUNING RATE
A. Definition and Control Method of Detuning Rate

In an ideal state, when the receiver coil is positioned directly
above the active coil, M,, = 0.

Assuming that the repeater coil unit is in a resonant state,
the current in the repeater coil would approach infinity, which
greatly endangers the safety of the system. Therefore, to suppress
the no-load current of the repeater coil, the repeater coil of the
proposed DWPT system is designed to be in a detuned state. The
imaginary impedance of the repeater coil loop is given by

1

er = WLT‘p — K
rp

(14)

The detuning rate is introduced to characterize the strength of
the detuning effect of the repeater coil, which is defined as the
numerical ratio of the imaginary impedance of the repeater coil
loop to the inductance of the repeater coil. The expression is as
follows:

X,
wLyp

s)

Substituting (14) and (15) into (11), the current in the repeater
coil, the current in the receiver coil, and output power can be
obtained as

V(aLypMari+2MqpMp,)

Le = Laci(aLypR—jwM2,)
7 _ V(wMor My, —j2RM,p)
™ = Lo (aL,, R-jwlZ,) (16)

P - V2R(aLypMyp1+2M,p, Mpy,)?
out = T2 (a?L2, RP WP M)

Asindicated in (16), when the mutual inductance between the
repeater coil and the receiver coil is particularly small, increasing
the detuning rate can suppress the current in the repeater coil,
reduce its no-load loss, and adjust the current in the repeater
coil and the output power by adjusting the detuning rate of the
repeater coil.

A SCC is introduced to control the detuning rate of the
repeater coil. By controlling the switch drive signal of the
switch-controlled capacitor, the duration for which the capacitor
is passed and bypassed can be varied, thereby modifying the
equivalent capacitance value of the switch-controlled capacitor.
The structure and typical waveform of the SCC are shown in
Fig. 6, where (3 is the phase shift angle of the switch drive signal.
The structure of the SCC is shown in Fig. 6(a), which consists
of two switches connected in series and a capacitor connected
in parallel.

The voltage u,, at both terminals A and B is shown in
Fig. 6(b). When the switches S, and .S, are turned ON and
OFF, 14, remains at 0, enabling ZVS during both turn-oN and
turn-OFF. Furthermore, once the switches S, and S; are turned
ON, their antiparallel diodes become reverse-biased, thereby
minimizing the impact of the reverse recovery current.
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The equivalent capacitance value of the SCC can be expressed
as [25], [26]

B C,
2 — 2B +sin26°

The detuning rate of the repeater coil as a function of the
phase shift angle § is shown in Fig. 7. Clearly, the detuning
rate of the repeater coil can be effectively adjusted by varying
the phase shift angle. When 3 = x/2, the detuning rate is at its
minimum, indicating capacitive detuning. When g = 1.637, o =
0, indicating that the repeater coil is in a resonant state. When
B =m,a= 1, and the equivalent capacitance approaches infinity,
itis equivalent to a short circuit. The detuning rate increases with
the phase shift angle. When the system is in inductive detuning,
a higher detuning rate results in increased impedance in the
repeater coil, which reduces the current and limits the power

Cse A7)
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output capability. Therefore, as the phase shift angle decreases,
the power output capability of the repeater coil increases.

B. Detuning Rate Control Strategy

As the receiver coil transitions from the active coil to the
repeater coil, the repeater coil gradually serves as the primary
power supply. The power output capability of the repeater coil
differs from that of the active coil. Therefore, it is essential to
control the detuning rate of the repeater coil to ensure constant
power output and safe system operation, while also limiting the
current in the repeater coil.

As seen in (12), when the system operates in AR mode, the
output power is unaffected by the detuning rate of the repeater
coil and is solely determined by the mutual inductance Myqq
and the load R. Therefore, when the load of the DWPT system is
fixed, the output power in AR mode remains constant. To ensure
a constant output power, the power output of the system should
be set to PARr.out- In this mode, the repeater coil operates under
no-load conditions. Consequently, it is essential to adjust the
detuning rate of the repeater coil to its maximum to minimize the
current in the repeater coil, reduce no-load losses, and improve
the system’s efficiency. The system’s constant power output is
given by

V2Mz 1R
RIL?

acl

*
Pout - PAR.out -

(18)

where M ;. AR represents the mutual inductance between the
active coil and the receiver coil in AR mode, and Px out is the
constant output power.

When the system operates in PR mode, the repeater coil
becomes the primary power transmission channel. The output
power of the system is rewritten as

P AVZRME M (19)
PR.out — L201 (a2L%pR2 T sz;)LT) .

The variation of the system’s output power in PR mode with
respect to the detuning rate « is shown in Fig. 8. As illustrated
in Fig. 8, as the detuning rate of the repeater coil increases, the
system’s output power first increases and then decreases. When
a =0, the output power of the repeater coil reaches its maximum.
The maximum output power can be expressed as

AVZRM2,
w2 M2

acl

PPR.outfmax = (20)

The system parameters used in this section are shown in
Table I. Fig. 9 illustrates the impact of the detuning rate o on P
during the dynamic process. As the detuning rate « increases,
the system’s output power correspondingly decreases. When the
detuning rate of the repeater coil is fixed, the system cannot
maintain a constant power output, resulting in significant power
fluctuations. Fig. 9 shows that the expected constant power curve
always intersects with the system’s output power curve. When
the receiver coil remains in the same position, a smaller detuning
rate results in higher output power. Excluding the output power
in AR mode, regardless of the offset distance, the output power
curve intersects with the expected constant power curve at most
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TABLE I
SIMULATION PARAMETERS OF THE PROPOSED SYSTEM

Parameter Value
L1 &Lae1 &Ly, 20 uH
L, 47 uH

Cacr 175 nF
Cre 74.6 nF

M., 1.2 uH

R 20Q

Vin 60 V

once. Therefore, regardless of the receiver coil’s position, there
is a unique detuning rate that enables the output power at that
position to be the rated output power. Therefore, achieving
constant power output by real-time control of the repeater coil’s
detuning rate during the dynamic process is feasible.

The variation of output power P,,; and detuning rate «
against the offset distance, after incorporating a SCC in the
repeater coil, are shown in Fig. 10. It demonstrates that as the
receiver coil moves closer to the repeater coil and the detuning
rate o decreases, the system’s output power exhibits minimal
fluctuation and remains nearly constant. Therefore, to achieve
constant power output during the dynamic process, it is only
necessary to ensure that the maximum output power in PR mode
is greater than or equal to the output power in AR mode by
controlling the detuning rate of the repeater coil.

When the system satisfies the condition for constant power
output, the detuning rate « of the repeater coil can be expressed
as

2RV Moy Mary My, + X

2L

o =
RLTp(Po*utRLgcl - V2M§r1)
where
)\. =
PgulRLezlclMgr (4R2V2Mgp+WM1?7'(V2Ma2rl _Po*utRchl))’
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C. Analysis of System Parameters Variations

1) My, Variation: According to (16), when the detuning rate
« 1s constant, the output power varies in response to changes in
the mutual inductance between the active coil and the repeater
coil. The variations of the output power P, and the detuning
rate v under different M, in the proposed DWPT system are
shown in Fig. 11. As illustrated, a larger M, corresponds to a
higher detuning rate «. As the receiver coil moves closer to the
repeater coil, the detuning rate consistently decreases, enabling
the system to maintain a constant power output.

According to (20), the maximum output power in PR mode
is proportional to M, a2p. Consequently, as M,, decreases,
PpR out_max may fall below PAR out, Which could prevent the
system from maintaining a constant power output. To ensure
constant power output, the system must satisfy the following
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condition:

wMpr PR M1 AR
2R

where M, pr represents the mutual inductance between the
repeater coil and the receiver coil in PR mode.

In conclusion, when the system parameters satisfy the condi-
tions specified in (22), fluctuations in the output power caused
by changes in the mutual inductance M,, can be offset by
controlling a.

2) R Variation: In practical applications, the equivalent load
constantly varies during the charging process. Therefore, it is
essential to evaluate the performance of the proposed system
as the load changes. Based on (16), (18), and (19), the output
voltage of the proposed system can be expressed as

Map = (22)

VM,
UAR.out = f:lﬂ
U _ VR(aLrpyMar1+2MapMpr)
APR.out Lac1\/(a2L3pRz+w2Mﬁr) 23)
2V RM 4, M.
UPR‘out = <L_b

Laciy/(a? L2, RZ+w?M},) "

According to (23), it can be inferred that the output voltage
in AR mode is independent of the detuning rate. Therefore, the
constant voltage of the system should be set to Uagr.out- BY
controlling the detuning rate of the repeater coil, the system
can maintain a constant voltage output. The variation of the
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Fig. 13.  Control block diagram of the proposed control strategy.

detuning rate required for maintaining a constant voltage output
in the proposed DWPT system under different load conditions is
shown in Fig. 12. As depicted, a larger resistance R corresponds
to a higher detuning rate. As the receiver coil moves closer to the
repeater coil, the detuning rate decreases, enabling the system
to maintain a constant voltage output.

The conditions for achieving constant voltage output in the
system can be derived as follows:

WMpr.PRMarl.AR
2M '

ap

R> 24)

In conclusion, when the system parameters satisfy the condi-
tions specified in (24), fluctuations in the output voltage caused
by changes in load R M, can be offset by controlling c.

D. Control Block Diagram

The control block diagram is shown in Fig. 13. The output
current Ire is initially sampled and processed through a signal
processing circuit to calculate the output power Pout. The output
power error is fed to the PI controller to adjust the phase shift
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Fig. 14.

angle 3 of the driving signal for the switch-controlled capacitor.
This phase angle information is transmitted to the transmitter
controller via a wireless communicator. The transmitter con-
troller continuously samples the current in the repeater coil
and uses a zero-crossing current detector to generate a square
wave synchronized with the zero-crossing signals. The pulse
generator then combines this zero-crossing signal with the phase
angle signal f3, producing a driving signal for the SCC refer
to Fig. 6.

As illustrated in Fig. 9, the system’s output power increases
as the detuning rate decreases. Therefore, a unique detuning
rate exists for each position of the receiver coil that enables the
system to achieve the desired output power. According to Fig. 14,
the sampled current is used to calculate the output power, which
serves as a feedback signal. The initial phase angle is set to its
maximum value to ensure system safety. Based on the output
power of the receiver coil, the power error is calculated and fed
to the PI controller to generate the corresponding control signal.
This signal adjusts the phase shift angle according to the control
signal.

E. Parameter Design Consideration

To clearly explain how to design the parameters of the pro-
posed DWPT system, the flow chart is shown in Fig. 14. The
detailed design procedures are as follows.

1) Measuring mutual inductance M, M1, My,

2) Select L1, Lyg, Cacr, Cacr based on (1).

3) Calculate the range of the detuning rate based on L7,
My, Mgy, Mgy, and the value of the system constant
power output based on (18).

4) Select C,, according to the detuning rate of the repeater
coil.

5) Calculate the constant power output value P.

6) Determine whether 0.95P*< P< 1.05P*. If yes, the design
is finished. If not, go to step (7).

7) Adjust the mutual inductance between the coils. Then, go
to step (4).
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IV. EXPERIMENTAL VERIFICATION

A. Experiment Set Up

To verify the feasibility of the proposed DWPT system, an
experimental prototype was constructed, as shown in Fig. 15.
The specifications of the experimental prototype are as fol-
lows: Dc voltage Vi, = 60 V, output voltage V, = 23 V,
rated output power P, = 27 W, and operating frequency f; =
85 kHz. The experimental prototype includes a dc voltage
source, a control board, two inverter boards, two resonant boards,
a SCC control board, a power sampling board, and a load
resistor. The core component of the control board is a DSP
controller of TMS320F28335, which handles signal processing,
algorithm implementation, communication, ADC sampling, and
other functions. In this system, the control board generates an
85 kHz PWM signal to control the inverter switches, samples
the zero-crossing point of the repeater coil, calculates the output
power, and outputs the corresponding drive signals to control
the switch of the repeater coil’s switch-controlled capacitor. A
full-bridge inverter, composed of four MOSFETs of FDP5IN25, is
used to generate a square wave voltage and is driven by the gate
drivers of IR2113STRPBF. Two MOSFETs of GC3M0060065K
are connected in parallel with a capacitor to form the SCC and are
driven by the gate drivers of SI8233BB-D-IS. The component
parameters of the experimental prototype are measured using
the Tonghui precision LCR tester TH2827C, and the results are
shown in Table II.

B. Experimental Results

Fig. 16 presents the output waveforms of the system during the
whole dynamic process, along with the zoomed-in waveforms
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TABLE II
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Parameter Value
Ly 20.45 uH
Lp 20.38 uH
Cact 174.5 nF
Cuc2 173.7 nF
Lac 19.74 uH
Lee2 20.7 uH
L, 21.3 uH
L. 46.85 uH
C, 146.78 nF
M., 1.21 uH

R 20.03 Q
Via 60 V

and the corresponding typical waveforms of the SCC in three
different modes. Fig. 16(b), (c), and (d), respectively, shows the
output voltage of the inverter and the current in different coils
in AR mode, APR mode, and PR mode. Fig. 16(e), (f), and (g)
shows the phase shift angle and the voltage of the SCC in AR
mode, APR mode, and PR mode, corresponding to Fig. 16(b),
(c), and (d), respectively. Vi, is the output voltage of the inverter,
Iac1 is the current of the active coil 1, I, is the current of
the repeater coil, and I,. is the output current, V, g; is the
driving signal of the switch S7 of the switch-controlled capacitor,
and ucyp is the voltage of the switch-controlled capacitor. In
Fig. 16(b), compared to the other two modes, I,., is the smallest,
with an rms value of 3.44 A. In AR mode, the repeater coil
operates in an unloaded state, at which point the impedance of
the repeater coil is at its maximum. This helps limit the current in
the repeater coil, ensuring the system’s safety. Additionally, /,.1
and I, are nearly in phase, indicating that the power received
by the receiver coil is the sum of the output power from both the
repeater coil and the active coil. As the receiver coil moves from
the active coil to the repeater coil, the current in the repeater
coil gradually increases from 3.44 A in AR mode to 4.88 A
in PR mode. In Fig. 16(e), when the system is in AR mode,
the phase shift angle of the switch drive signal is the largest,
at 0.637. In Fig. 16(g), when the system is in PR mode, the
phase shift angle is the smallest, at 0.577. The increase in the
current of the repeater coil and the decrease in the phase shift
angle of the SCC (the decrease in detuning rate) are aimed at
enhancing the power output capacity of the repeater coil, thereby
ensuring constant power output and improving the system’s
efficiency. As illustrated in Fig. 16(a), during the whole dynamic
process, I,.1 remains constant, while /., gradually increases to a
peak and then decreases. I, remains nearly constant throughout
the movement, with minimal fluctuations in the output power.
This demonstrates that the proposed DWPT system maintains
constant power output during the whole dynamic process. More-
over, the current waveforms of I,.. and I,, exhibit symmetry
throughout the movement, indicating that the system’s output
characteristics are fully symmetrical as the receiver coil moves
from active coil 1 to the repeater coil, and then from the repeater
coil to active coil 2.

The SCC not only adjusts the detuning rate of the repeater coil
but also enables ZVS for the switches. When S7 is turned ON
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Fig. 16.  Waveforms of the whole dynamic process, zoomed-in waveforms and the typical waveforms of the SCC in three different modes. (a) Whole process;

and detail waveforms of inverter output voltage and current in different coils: (b)
SCC in (e) AR mode; (f) APR mode; (g) PR mode.

and S5 is turned OFF, the capacitor charges, causing the voltage
across it to increase. As the current in the repeater coil shifts
from positive to negative, the capacitor discharges, leading to a
decrease in the voltage. Once the charging and discharging cycle
is complete, S; turns OFF and Sy turns ON. This process allows
both switches of the SCC to achieve ZVS. As shown in Fig. 16(e),
(f), and (g), both switches of the capacitor successfully achieve
ZVS.

Fig. 17 presents the simulation and experimental results for
the output power, efficiency, and phase shift angle against the
offset distance. As illustrated in Fig. 17, by adjusting the detun-
ing rate of the repeater coil, the output power remains constant
at around 27 W, with fluctuations of less than 5% throughout the
entire movement. In AR mode, the system’s highest efficiency
is 89%, while in PR mode, the lowest efficiency is 81%. The

AR mode; (c) APR mode; (d) PR mode; and phase shift angle and voltage of the

experimental and simulation results are in good agreement, con-
firming the accuracy of the theoretical modeling and analysis.

C. Experimental Results Under Different Parameters

Fig. 18 illustrates the system’s output power and phase shift
angle under varying mutual inductance conditions. In AR mode,
the output power remains constant, unaffected by variations
in mutual inductance. As the mutual inductance between the
repeater coil and the active coil increases, the detuning rate at
each position correspondingly increases. Furthermore, as the
receiver coil moves closer to the repeater coil, a decreasing trend
in the detuning rate is observed.

Fig. 19 shows the system’s output voltage under different
load conditions. As illustrated, a constant output voltage of
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TABLE III
COMPARISON BETWEEN THE PROPOSED SYSTEM AND RELATED REFERENCES
Transmitter
. Coil . Number Number Primary .. Maximum Constant profile
Diameter / Operation ~ Rated . . Minimum transfer under
Reference . of Active of Compensation . Power .
Receiver Frequency = Power . Efficiency . Varying Mutual
Coils Inverters Networks Fluctuation
Movement Inductance
Distance
[19] 154mm / 80kHz 150W N*LCL <10% Discontinuous /
161.5mm power transfer
[20] 230mm / 85kHz  766W 3N*CH2N*L <60% Discontinuous /
250mm power transfer
350mm /
[22] 100mm 85kHz 3.3kW N N*LCL+N*LC 93% 9.1% NO
130mm /
[23] 110mm 85kHz 100W N/2 N/2 N/2*LCLAN/2*LC 79% 8.5% NO
This work 10103:’1“2‘(')“ m/m 85kHz  27W N2 N2 N/2*LCL+N/2*LC 81% 4.8% 0.75~1.25 M,

Note: The “/” indicates that the reference does not mention it, or the system cannot achieve constant power transfer.
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23 V is maintained under different load conditions, with voltage
fluctuations of less than 5%.

D. Comparison and Discussion

To intuitively illustrate the performance of the proposed sys-
tem, Table III presents a comparison of the performance of

30 M 1 M 1 v 1 ol v 1 ol v LI L L B
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offset distance(mm
Fig. 19.  System’s output voltage Uyt under different load conditions.

the existing DWPT systems. In [16] and [17], although these
systems can achieve dynamic charging, their low efficiency
combined with the inability to sustain continuous power transfer,
presents a significant limitation. In [19], while the use of a
three-resonator topology improves the efficiency of the system, it
also complicates the system and increases the installation costs.
Compared to [20], which also employs a repeater coil structure,
the proposed system demonstrates higher efficiency and lower
power fluctuations, maintaining a constant power output even
when mutual inductance between the repeater coil and the active
coil varies. Overall, considering these performance factors, the
proposed DWPT system exhibits superior overall performance.

V. CONCLUSION

This article proposes a DWPT system with a controllable
detuning rate that ensures constant power output throughout the
dynamic process. By adjusting the equivalent capacitance of the
switch-controlled capacitor, the impedance of the repeater coil
can be modified, enhancing the system’s control flexibility and
improving efficiency. In a no-load state, the impedance of the
repeater coil is increased to suppress the no-load current and
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minimize losses. As the receiver coil approaches the repeater
coil, the detuning rate of the repeater coil is reduced to enhance
its power output capability, ensuring constant power output.
A 27 W experimental prototype was developed based on the
proposed optimization design method, confirming the feasibility
and effectiveness of the DWPT system. The experimental results
demonstrate that the system maintains constant power output
throughout the entire dynamic process, with a maximum power
fluctuation of 4.8% and an efficiency of approximately 85%.
Moreover, the system can maintain constant power output under
different mutual inductance conditions.
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