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A Detuning-Repeater-Based Dynamic Wireless
Charging System With Quasi-Constant Output
Power and Reduced Inverter Count

Wenjing Xiong ", Member;, IEEE, Qihui Yu

and Mei Su

Abstract—High-density coil installation to achieve a smooth
power transfer inevitably increases construction costs, reducing
the acceptance of dynamic wireless power transfer (DWPT). In
this article, a detuning-repeater-based DWPT system is proposed to
provide a relatively constant power at a reduced count of inverters.
Half of the inverter-connected transmitter coils in conventional
DWPT systems are served as passive repeater coils. The repeater
relays the power from the transmitters on both sides to take the
role of the main power transfer channel when the receiver is
moving towards it. A detuning method is proposed to suppress
the standby currents inside the idle repeater coils by utilizing
the variation of receiver reflecting impedance during the receiver
moving towards/away. An optimization method to achieve less
power fluctuation is designed based on the detuning rate. The
tradeoff between the power fluctuation and current suppression
is analyzed. The system performance against parameter variations
is also performed. A 100 W down-sized prototype is developed, and
the experimental results show that the proposed DWPT system can
achieve a quasi-constant output power with a power fluctuation
of 8.5% and a system efficiency of around 82% during the entire
dynamic process.

Index Terms—Detuning, dynamic wireless power transfer, low
construction cost, quasi-constant output power, repeater coil.
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NOMENCLATURE
Dc-side voltage.
Rms value of the fundamental wave of
inverter output voltage.
Output square-wave voltage of the inverter.
Induced voltage on the receiver coil.
Load voltage.
Operating angular frequency.
Operating frequency.
Mutual inductance between active coil 1
receiver coil.
Mutual inductance between active coil 2
receiver coil.
Mutual inductance between active coil
repeater coil.
Mutual inductance between repeater coil
receiver coil.
Self-inductance of active coil 1, 2.
Self-inductance of repeater coil.
Self-inductance of receiver coil.
Resonant inductance of active coil 1, 2.
Parasitic resistance of L1, Loc2, Lyp, L1, L7a.
Parasitic resistance of L.
Resonant capacitor of active coil 1, 2.
Resonant capacitor of repeater coil.
Resonant capacitor of receiver coil.
Load.
Input impedance of repeater coil.
Inverter output current of active coil 1, 2.
Current of active coil 1, 2.
Current of repeater coil.
Current of receiver coil.
Phase angle between V ox e and 7.
Output power.
Output power in AR charging mode.
Output power in PR charging mode.
Rated output power.
Maximum output power.
Minimum output power.
Detuning rate of repeater coil.
Detuning rate of receiver coil.
System efficiency.
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D Distance between the center of the road coils.
h Hight of air gap.

1. INTRODUCTION

HE technology of wireless power transfer (WPT) is get-
T ting popularity in many practical applications, due to its
advantages of convenience, high safety, and low maintenance
cost compared to traditional plug-in charging [1], [2]. Accord-
ing to the movement status of the receiver, wireless charging
systems can be categorized into static wireless power transfer
(SWPT) systems and dynamic wireless power transfer (DWPT)
systems. The SWPT system, with a stationary receiver, has been
widely applied in mobile devices [3], biomedical implantation
[4], electric vehicles (EVs) [5], and automated guided vehicles
(AGVs) [6]. In the field of SWPT, researchers mainly focus on
improving transmitting distance, optimizing system efficiency,
and improving misalignment tolerance through the design of
magnetic coupling structure, compensation network, and control
method [7], [8], [9]. However, large capacity battery and long
charging time are still to be issues in SWPT systems [10], [11],
[12].

DWPT has received more attention over the worldwide wire-
less power researchers, which is filling the gaps for the aforemen-
tioned defects in SWPT. The dependence on the battery capacity
of the receiver can be greatly reduced in DWPT systems owing
to its ability to charge the moving receiver [10], [11]. Because
of this characteristic, DWPT becomes an ideal charging method
for AGVs and EVs. In the literature, there are two common
types of coil tracks for DWPT systems: stretched and lumped.
The stretched track contains one road coil with a much larger
dimension than the receiver coil. The lumped track contains a
string of road coils that has a similar size to the receiver coil
[12]. Unlike the stretched track, the lumped track only activates
the track coil coupled with the receiver. Thereby, the lumped
one has lower power losses and can avoid the radiation from
the uncoupled track portions. According to the current research
status, three main challenges limit the development of the DWPT
system with lumped track [13], [14]. 1) low efficiency during the
dynamic process; 2) low tolerance of receiver misalignment; and
3) high construction cost.

Many studies have been developed to address the above chal-
lenges. Segmentation control proposed in [15], [16], [17], and
[18] canimprove the system efficiency by keeping the uncoupled
coils of the system turned OFF. However, the power transfer
fluctuates greatly as the alignment status of the receiver and
transmitter varies. To maintain the power transfer under receiver
misalignment conditions, a DDQ pads structure is proposed and
the charging zone is expanded 5 times larger than the ordinary
circular coils [19]. As well, a hybrid WPT system combined LC
and LCL resonant compensation owns an excellent tolerance
for pad misalignment with only +5% power fluctuation [20].
Moreover, an optimized current control method by adjusting the
currents of transmitters can achieve constant output power with
high efficiency in an overlapped coil structure [21]. But these
systems need extra ferrite bars, coils, or complicated controllers,
which increases the construction cost. In [22] and [23], the
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Fig. 1. Proposed DWPT system.

scheme has a central power supply feeding a power rail with
the advantages of fewer electronics components and installation
cost. But the loss in the power cable connecting the segments
is high. In the abovementioned researches, there are still some
practical difficulties during implementation.

To achieve smooth power transfer under a low-cost structure,
this article proposes a detuning-repeater-based DWPT system
where half of the converter-driven transmitters are replaced by
passive repeater coils. That is lower the installation cost as the
number of inverters and resonant elements has been reduced. The
receiver and repeater coils are designed under detuning through
resonant capacitor selection. Based on that, the uncoupled re-
peater coil can be automatically restrained to a low power state
that reduces the no-load loss and benefits the system safety.
Additionally, as the receiver coil moves towards the repeater
coil, the current of the repeater coil will increase gradually. The
detuning effect will be eliminated by the reflective impedance
of the receiver, and the repeater coil will become the main
channel of power transfer gradually. The current variation of the
repeater coil is dependent on the detuning degrees, which can be
characterized by the detuning rates while the power fluctuation
can be minimized by the selection of the detuning rate.

In the rest of this article, the proposed DWPT system is mod-
eled, and the equivalent circuit model of the basic DWPT unit
under different operation conditions is analyzed in Section II. In
Section III, different detuning types are studied and compared.
The boundary condition of the current suppression and power
fluctuation is studied and the system performance against pa-
rameter variations is analyzed. The detuning-rate-based design
procedure is given. In Section IV, a 100 W experimental pro-
totype is built to verify the feasibility of the proposed DWPT
system. Finally, Section V concludes this article.

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

The overall structure of the repeater-based DWPT system is
shown in Fig. 1, where the road coils are alternately arranged
by active coils and repeater coils. The active coils are LCL
compensated, while the repeater coils are series compensated
as well as the receiver coil. Compared to the traditional DWPT
system, the proposed system saves half the amount of the in-
verters. The specifications of the road coils are all the same.
When the receiver coil moves along the road, the active coils
and the repeater coils alternately become the main channel of
power transfer.
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Fig. 3. Simplified circuit of the proposed DWPT system.

B. Modeling of the Repeater-Based DWPT System

To clarify the operation principle of the proposed DWPT
system, the schematic of the proposed DWPT unit shown in
Fig. 2 is analyzed as an example. The relationship between the
self-inductance is that Lp; = L,¢; = L, = L(i = 12). Compared
to M1 and M., M ;.o is small enough to be ignored. The minus
sign in front of M, indicates that the direction of the magnetic
flux passing through the repeater coils is opposite to that of the
receiver coil. For simplification, the parasitic resistances of these
elements are neglected. The resonant condition of the active coil
can be derived as

1 1
\/LTi Caci B \/Laci Caci

w=2nf= (i=1,2). (1

The dc voltage supply, full-bridge inverter, and LCL compen-
sation network of the active coil can be simplified as a constant
current source [24]. The current can be calculated as

\%4

Iaci = .](UT (2)

(i=1,2)

where V = ¥ Vin.

The simplified circuit model of the proposed DWPT system
is shown in Fig. 3. The repeater and receiver coil are designed to
be detuned, which means that the coil and resonant capacitors
are not in fully-tuned condition [25]. The imaginary impedance
of the repeater coil loop and receiver coil loop can be expressed
as

3

1
X?“p = LUL»,-p - wCrp
Xre = WLre — o0
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Fig. 4. Different charging modes of the proposed system.

According to the KVL'’s law, the detailed circuit model of the
proposed system is shown as follows:

JwMy =X | [ e N 2jwMap | , _ [0
~(R+jXe) jwMp, | | Iy JwMam | %Y T 0]
4

The detuning rate is introduced to characterize the intensity
of the detuning effect of the coils, which is expressed as

o= —f{fp

B=ars

Submitting (2), (3), (5) into (4), the currents in the repeater
coil and the receiver coil can be derived as

Ire =
I, =

From Fig. 3, the induced voltage on the receiver coil is shown
in

®)

V(O‘LMaTl +2MaprpT)
L(aLR+j(afwLLy,.—wMZ,))
V(wMars My +28wL 0 e Map—2§RMay)
Lw(aLR+j(@Bwlle—wM2))

(6)

‘/onfre = jWMarllacl + jWMpTIrzr (7)
The load power can be expressed as
Pouw = |V2>nje| ‘Ire‘ COS(Q)' (8)

The losses of the system mainly lie in the parasitic resistances
of the coils. Hence, the expression of system efficiency can be
simplified as

POLIt

. 9
Pout +2]2617“—&-prr—i—lglr—&—lggr—i—lfere ©)

’]7:

C. Circuit Analysis of Different Operation Modes

Depending on the position of the receiving coil, the dynamic
process can be divided into three different charging modes as
shown in Fig. 4.

1) Active-Receiver (AR) Charging Mode: When the receiver
coil is aligned with the active coil at the position of P;, the
system operates in AR charging mode. The equivalent circuit is
shown in Fig. 4. As the receiver coil is far from the repeater coil,
the mutual inductance M), and M ,,2 can be ignored. Thus, (6)
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can be rewritten as
VM(ITI
LR+jBwLL <
B 2j¢ﬂMap
awl?

(10)

Ire =
I, =

In AR charging mode, the power is mainly transferred through
the active coil, and the repeater coil is almost uncoupled with
the receiver coil. If the repeater coil is fully compensated by its
series-connected capacitor, the repeater circuit would turn into
a short circuit condition. As indicated in (10), there will be an
extremely high current in the repeater coil when o = 0, which
leads to high no-load loss and a dramatic decrease in system
efficiency. To avoid the system being destroyed by the high
no-load current in the repeater coil, an imaginary impedance is
introduced here by artificially setting the value of o not equal to
zero. In this way, the repeater coil turns into a detuning condition.
In this condition, the repeater current can be restrained to a
low level, while the power transfer from the active coil to the
receiver would not be affected. So that the system safety can be
guaranteed and the system efficiency improves.

2) Repeater-Receiver (PR) Charging Mode: When the re-
ceiver coil is right above the repeater coil at the position of
P35 shown in Fig. 4, the system operates in PR charging mode.
Different from AR charging mode, the receiver coil is strongly
coupled with the repeater coil, and the power is mainly trans-
ferred by the repeater coil. The mutual inductance M,,; and
M 4.2 can be ignored. In this mode, (6) can be rewritten as

1. = 2V Map My
re ™ L(aLR+j(apwLlLlyc—wM2,.)) (11)
2V Bwlye Moy — 2§V RMay
I, =

Lw(aLR+ j(afwlle—wMZ))"

To enhance the power transfer ability of the repeater channel,
the detuning effect on the repeater coil needs to be attenuated
in PR charging mode. In this mode, as M, gets much stronger
than that in AR mode, the reflected impedance from the receiver
can be used to eliminate the imaginary impedance of the repeater
circuit. The detuning effect of the repeater coil can be completely
faded away by designing 3. The reflexive impedance of the
receiver and input impedance of the repeater circuit can be
derived as

Ruw?M?
Iy = tio
where A = R? + (BwL,.)>.

Fig. 5 shows that the real part of Z,, is positively correlated
with M,,, while the imaginary part is reversed. With the increase

jBw’ M, Lye
A

wlhp — (12)
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of M,,, the imaginary part of Z,, decreases and there is a
zero-crossing point. Calculated by Im[Z,,] = 0, the following
equation can be obtained:

Buw? Ly M2, _
oL (R § FarLZ)

(13)

Substitute (13) into (11), the current expression can be rewrit-
ten as

I — 2V Map(jR+BwLye)

re = LRwM,, 14
[ 2VMap (R4 5207 L2,) (14)
= LR&?M3, :

From (14), if the imaginary impedance of the repeater loop is
zero, V and I,, are in the same phase with a 90° leading to /,.;.
From the entire dynamic process, the output power fluctuation of
AR and PR charging modes are not supposed to be large. Once
the induced voltages on the receiver coil in AR and PR charging
modes are in the same amplitude, the output power in AR and PR
charging modes will be the same. The constraint of the output
power in AR and PR charging modes can be mathematically

described as
|jWMaT1Iacl| - |jWMprIrp| . (15)

Combining (2), (14), and (15), this condition can be simplified

as
X, = | MorMan B by
re 2Map

(16)

3) Active-Repeater-Receiver (APR) Charging Mode: When
the receiver coil is between the active coil and repeater coil
at the position of P2 shown in Fig. 4, the system operates in
APR charging mode. In APR charging mode, the active coil and
repeater coil are coupled with the receiver coil and supply power
to the receiver simultaneously. The currents of the repeater
and receiver coil can be calculated by (6). This is a transition
charging mode in which the main power transfer channel is
converted from the active coil to the repeater coil. The output
power fluctuation will reach its maximum in APR charging mode
for the dynamic variation of M ,,-; and M,,,. As mentioned before,
the detuning effect of the repeater coil can be eliminated with
the receiver moving towards the repeater. /,,, will increase and
the induced voltage generated by the repeater coil will increase
as well, which can compensate for the decrease in that of the
active coil and maintain the smoothness of V,, ,. according to
(7). In consequence, the smoothness of the output power can
be guaranteed. A is defined as a parameter characterizing the
fluctuation of output power, as shown in

P, —P; . * §
A %7 when : Pout_max - Pout 2 ‘Pout_min o Pom|
—_— out
= p. o pr . * *
ou(_n]l:l‘r:‘l out , When : Pout_max — POllt < |Pout_min — Pout| .
out
a7

III. DETUNING METHOD AND SYSTEM PARAMETER ANALYSIS
A. Detuning Type Analysis

In general, the repeater coil can be designed as inductive or
capacitive detuning. According to (3) and (5), when a>0, the
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repeater circuit is inductive detuning, when a<0, it is capacitive

detuning. The current of the repeater coil can be calculated as

I = 2.7 wM, ap 1, acl
rp er

When the system operates in AR charging mode, it can be
rewritten as

. (18)

I — 2Maplacl.

rp —

oLy 19)

From (19), if the repeater coil is capacitive detuning where
<0, the phase between the repeater current /,.,, and active coil
current /,.; is 7. The induced voltages they generate on the
receiver coil will cancel each other out based on (7). When
the receiver moves, the values of M,,1 and M), change in
the opposite direction. Consequently, there must be a specific
position where the induced voltage reaches zero. On the contrary,
if the repeater coil is inductive detuning (a>0), the current
directions of the repeater and active coil will be the same. In
this state, the induced voltages will add each other to maintain
the quasi-constant power transfer during the dynamic process.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

035

0.3

0.25

B Feasible region

0.2
a
0.15 S s
E] Effective region
0.11
0.05 -
0 . L . L y
0.5 0.6 0.7 ﬁ 0.8 0.9 1
Fig. 9. Effective region of c, 8 within the power fluctuation.
Pouc (W)
0 275 55 82.5 110
Distance(mm)
Fig. 10.  Poyut under different M.
04r
I | | —
region 1:1/,,=1.7uH  region 2:}/,,=1.5pH region 3:1/,,=1.3uH
035
a 03
025+
0.2
0.4 0.5 0.6 0.7 0.8 0.9 1
Fig. 11.  Effective region under various M 4.
Pt (W)
200
150 .
Optimal load
100 [
R(Q
0T 6 8 10 12 14 16 18 20 @
Fig. 12.  Pout,AR and Poyg, PR Variation against load.



XIONG et al.: DETUNING-REPEATER-BASED DYNAMIC WIRELESS CHARGING SYSTEM WITH QUASI-CONSTANT OUTPUT POWER

[P

Calculate the load current
by (6) and output power

Measure the mutual inductance
M, MM,

ap?

Select L,,L;,,C,;,C,.,
based on (1)

I

Draw the effective region and
initial the detuning rate a

Higher detuning
rate

Lower detuning
rate @

Substitute L,,, X, .M, .M .M,
into (13) and (16) to obtain

and X,

Finish

Flow chart of the design procedures of the proposed DWPT system.

Fig. 13.

Furthermore, the detuning types of the repeater and receiver coils
must be the same. The impedance reflecting will reverse the type
of imaginary impedance of the receiver. If the type of imaginary
impedance of the receiver is inconsistent with that of the repeater,
the reflected impedance of the receiver will be consistent with
that of the repeater. It will enlarge the imaginary impedance in
the repeater circuit, rather than eliminate the detuning impedance
based on (12). As a result, the power transfer from the repeater
to the receiver will be blocked more severely.

The simulation result of the capacitive detuning in both re-
peater and receiver coils is shown in Fig. 6 by using MAT-
LAB/Simulink. The offset distance is the misalignment distance
between the receiver coil and the active coil 1. When the offset
distance equals zero, the receiver is aligned with the active coil
1 while the offset distance equals 110 mm, which means the
receiver is right above the repeater coil, as shown in Fig. 1.
The blue line presents the load voltage activated by the active
coil and repeater coil simultaneously while the red line presents
that activated by the active coil only. As illustrated in Fig. 6,
with the offset distance increasing, the blue line decreases first,
after reaching the minimum value at 60 mm, and then increases.
While the red line monotonically decreases with the increment
of the offset distance. Besides, the red line keeps higher than the
blue line before the offset distance reaches 60 mm. It is because
the load voltage generated by the active coil is eliminated by that
of the repeater coil. With the movement of the receiver, the load
voltage generated by the active coil decreases and is larger than
that of the repeater coil before the offset distance reaches 60 mm.
On the contrary, the load voltage generated by the repeater coil
increases and is larger than that of the active coil after the offset
distance reaches 60 mm. As a result, the capacitive detuning
will lead to a large power fluctuation in APR charging mode and
is not applicable here. The following analysis of the proposed
system is under the inductive detuning situation.

B. Detuning Rate Analysis

It can be known that the currents of the repeater and receiver
coil are drastically affected by the detuning rate, and a larger «
(a>0) will result in a smaller repeater current, as shown in Fig. 7.
However, in APR charging mode, the repeater circuit needs

Fig. 14.

mode. (b) APR charging mode. (c) PR charging mode.
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a larger current to enhance the power transfer. Because when
M1 decreases, the repeater coil is gradually taking the key
role of power transfer. If the imaginary impedance in the repeater
circuit is too large to be eliminated, /,,, will be suppressed by
the detuning effect all the time, which results in lower output
power. On the contrary, if the imaginary impedance is too small,
the excessive increase of /,;, will result in a severe output power
fluctuation. In consequence, the detuning rate should be properly

TABLE I
SIMULATION PARAMETERS OF THE PROPOSED DWPT SYSTEM

Parameter Value ESR

Ln& Lp& Lia& Lio 20 pH 0.035Q
Coe1& Coe 175 nF 0.030 Q
L. 54.5 uH 0.060 Q
Cre 133 nF 0.030 Q
C, 252 nF 0.030 Q
M, 1.46uH

R 10Q

Via 120V

selected for the mitigation of power fluctuation and maintaining
a quasi-constant output power.

The system parameters used in this section are shown in
Table I. The effects of different «v on P,,;; in the dynamic process
are shown in Fig. 8. It can be seen that a larger o gets a lower
average output power while a smaller « gets a higher average
output power. Neither « is too high nor too low, there will be an
unexpected power fluctuation in the dynamic process, which is
consistent with the abovementioned analysis. During the whole
dynamic process, the output power can be derived as

RV2(aL Mgy + 2MapM,,,)?
2 (a2R2L2 + (@BwLLye — pr%)z)

Pouw = (20)

Let M1 =0 or M, = 0in (20), the output power under AR
and PR charging mode can be obtained

_ __RV2MZ,
Pout,AR — L2(R?+R8 ZJTL )
arvIN2 M2, (21

P, = .
out,PR L2(a2R2L2+(aﬁwLLre—wMgT)z)

From Fig. 8, it can be found that the closer the output power in
AR and PR modes are, the smaller the power fluctuation will be.
A factor ¢ is defined to represent the relative power fluctuation,
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which is shown as follows:

5= Pout,AR

. (22)
Pout,PR

On this basis, the acceptable region of detuning rates «
and 3 is shown in Fig. 9. The feasible region is selected as
d € [0.95, 1.05], where the power fluctuation is relatively low.
In order to characterize the suppression degree of the no-load
repeater current,  is defined by /,,/1,.1 in AR charging mode

2wM),

&= r—+al

: (23)

To effectively suppress the no-load current, the condition
where £ < 0.5 should be satisfied in the proposed system.
Referring to the system parameters in Table I, o should be larger
than 0.25. Therefore, the effective region is only the upper part
of the feasible region. The upper boundary of « is 0.31 where
the no-load current is minimized. If « is larger than 0.31, § is out
of the feasible region no matter what the value S is. The reason
why £ is set within 0 and 1 is that higher detuning impedance
on the receiver side will result in a low voltage gain and low
efficiency.

C. Analysis of System Parameters Variations

1) Variation of M ,;,: According to (18) and (19), 1,., is pro-
portional to M, as the induced voltage on the repeater coil is
increased when the coupling between the active and the repeater
coils gets higher. The effect of M, on the output power is shown
in Fig. 10. As illustrated, the output power is hardly influenced
by the variation of M, in AR charging mode, while it increases
with M, in APR and PR charging modes due to a higher /,.,.

The effective region of detuning rates under various M, is
shown in Fig. 11. To ensure £<0.5 under all the values of M,
the constraint of « is set as «>0.2. With the same [, a larger
M ,;, needs a higher detuning rate o to maintain a smooth power
transfer by suppressing /,,. On the other side, with the same «,
a larger M ,;, needs a smaller /3, which can be derived from (14).
In order to satisfy the constraint of the output power in (15),
I, needs to maintain constant against parameter variations in
PR charging mode. Thus, if M, increases, /3 is supposed to be
decreased. In conclusion, the power fluctuation caused by the
strengthening of M, can be reduced by the increase of « or the
decrease of 3.

2) Load Variation: In practical application, the equivalent
load always varies with different charging requirements. Thus,
the performance of the proposed system should be evaluated in
terms of load variation. The variations of Py, AR, and Poyut, PR
against load variation are shown in Fig. 12. It can be seen that
Pout,AR, s positively while Py pr is negatively correlated with
the load in a certain range. The optimal load region is around
10 © when the system parameters are selected, as shown in
Table I. To further analyze the parameters that affect the optimal
load region, (20) can be rewritten as

V2(LaMyy + 2M,,M,,)* 1
L2 AR+ 2

Pout = (24)
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where A = L?a? B = (LafwL,. — wMﬁ,.)? Referring to
(24), when the relative position of the coils is fixed, the optimal
load region is only determined by the detuning rates « and f3.

D. Parameter Design Consideration

In order to illustrate how to design the detuning-repeater-
based DWPT system, the flow chart of the design procedures is
shown in Fig. 13. The frequency is selected as 85 kHz according
to SAE international standard. The detailed design procedures
are listed as follows.

1) Measure the mutual inductances M1, My, My, by the

formula V = jwMI.
2) Select the resonant element parameters C,c1, Coco, L71,
L of the active coil by (1).

3) Draw the effective region as Fig. 9 according to the mea-
sured parameters, and initial the detuning rate c.

4) Substitute L7, Xy, M1, M op, M, into (13) and (16) to
obtain 3 and X,..

5) Calculate the load current by (6) during the entire dynamic
process. Then, calculate Py, A.

6) Determine whether |A|<10%. If yes, the design is finished.
If not, go to step (7).

7) Determine whether A>0. If yes, select a larger C,,, and
obtain a higher detuning rate «. If not, select a smaller C,,,
and obtain a lower detuning rate «.. Then, go to step (5).

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

The magnetic field distribution in different charging modes
is shown in Fig. 14 by using the FEM tool Maxwell three-
dimensional.

There is a slight overlap between the active and the repeater
coil to increase the coupling between them. In Fig. 14(a), the
magnetic field around the active coil is much more intensive
than that of the repeater coil. This is because the active coil is
the power transfer channel and the repeater coil is suppressed
at a low power consumption state by the detuning effect. In
Fig. 14(b), the magnetic field intensity of the active coil is
weaker while that of the repeater coil is stronger compared to
AR charging mode. The power transferred by the active coil is
reduced due to the weak coupling with the receiver. Meanwhile,
the repeater current has increased and started to transfer power
to the receiver coil. In Fig. 14(c), the magnetic field intensity
of the active coil is the weakest while that of the repeater coil
is the strongest in all charging modes. The repeater coil current
further increases and has become the main channel for power
transfer. Meanwhile, the active coil is excited by a voltage source
and still has a certain magnetic field strength. In summary, with
the receiving coil approaching, the repeater coil can be gradually
activated from a low power consumption state to a power transfer
state.

B. Experimental Setup

To verify the feasibility of the proposed detuning-repeater-
based DWPT system, a 100 W experimental prototype was built
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TABLE II

PARAMETERS OF THE PROPOSED DWPT SYSTEM
Parameter Value ESR
Ln 20.07 uH 0.032 Q
Ln 20.40 uH 0.031Q
Cael 174.70 nF 0.028 Q
Cucx 171.77 nF 0.026 Q
Laer 20.20 uH 0.035Q
Lu> 20.48 uH 0.035Q
L, 20.2 pH 0.035Q
Ly 54.49 pH 0.060 Q
C,(Inductive detuning) 132.70 nF 0.026 Q
C,(Capacitive detuning) 36.20 nF 0.033 Q
C,,(Inductive detuning) 252 nF 0.027 Q
C,,(Capacitive detuning) 133.35 nF 0.029 Q
Mm 1.46 HH
R 10.4 Q
Vin 120V

TABLE III

POWER FLUCTUATION UNDER DIFFERENT R

Load Variation _ Power Fluctuation (Sim)  Power Fluctuation (Exp)

-20% 13.5% 15.5%
-10% 9% 9.5%

0 7% 8.5%
10% 12% 11.6%
20% 17% 17.5%
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in the lab with OFF-the-shelf components, as shown in Fig. 15.
The air gap h is 25 mm and the distance between the center
of the road coils D is 110 mm. The PWM signals driving the
inverter with a phase shift angle of 90° are generated by a DSP
controller of TMS320F28335. A full-bridge inverter composed
of four MOSFETs of TPH3208PS is used to generate square wave
voltage. The square wave frequency is identical to the resonance
frequency at 85 kHz. The radius of the road and receiver coils
are 65 mm and 90 mm, respectively. They are all spiral coils and
wounded from 400 strands of Litz wire. The ferrite is not used
as the prototype is built to prove the feasibility of the proposed
detuning method. The experimental parameters under inductive
and capacitive detuning are listed in Table II.

The mutual inductance M,,1 and M, variation against the
offset distance are shown in Fig. 16. As the receiver coil moves
towards the repeater coil, M,,1 decreases gradually while M,
increases. In AR charging mode, M, is 13.8 pH and M, is
0.78 1H, while in PR charging mode, M, is 0.12 H and M,
is 14.8 puH. As a result, it is reasonable to neglect M,,. in AR
charging mode and M ,; in PR charging mode.

C. Experimental Results of Different Detuning Types

The experiment results of the three charging modes shown
in Fig. 17 are obtained from inductive and capacitive detuning
systems. In Fig. 17(a), I, is the minimum compared to another
two charging modes under inductive detuning condition. It is
because the detuning impedance of the repeater coil is the largest
in AR charging mode. Besides, the phase of /,.1 and I, is
almost the same which is in agreement with (18) for Z,,, is a
pure inductance reactance when the offset distance is zero. In
Fig. 17(b), I,., increases nearly by half due to the decrease in the
inductance reactance of Z,,,, which can be explained as that part
of the detuning impedance has been eliminated by the reflected
impedance of the receiver. Meanwhile, /.1 and /,,, have a slight
phase difference for Z,,, contains both inductive reactance and
resistance in APR charging mode based on (18). In Fig 17(c),
the phase between /.1 and I, continues to enlarge as the phase
angle of Z,,, is minimized. In detail, the detuning impedance
of the repeater coil is minimized while the real part of Z,, is
maximized in PR charging mode. It also can be known from
Fig. 17(a)—(c) that the value of I, is almost the same in the three
charging modes, which shows that the output power in the three
charging modes under the inductive detuning condition meets
the requirement of quasi-constant output power. The experiment
results of the three charging modes under capacitive detuning
condition are shown in Fig. 17(d)—(f). In Fig. 17(d), the phase
between I,,, and .1 is 7 according to (19) and the phase of I, is
entirely dependent on /.1 for the power is mainly transferred by
the channel of active coil in AR charging mode. In Fig. 17(e),
I, is almost O because the induced voltage generated by the
active coil and repeater coil cancel each other out. The repeater
coil is fully resonant in PR charging mode and the phase of 7,
has a 90° leading to /,.; based on (18), as shown in Fig. 17(f).
Compared to Fig. 17(e), the phase of 7, is 90° leading to that in
Fig. 14(f) for the phase of /.. is entirely dependent on /,,, in PR
charging mode. Based on the waveforms of /,.. in Fig. 17(d)—(f),
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TABLE IV
COMPARISONS OF DIFFERENT METHODS FOR THE DWPT SYSTEM PERFORMANCE

Number of Number of Primary Mini Continues Maximum Additional
umber o inimum itional
Reference Activated Compensation . Power Power
. Inverter Efficiency X Sensors
Coil Network transfer Fluctuation
[16] N N N*LCL <20% No Yes
[17] N N 3N*C+2N*L < 60% No / No
[26] N N/2 N*LCC 85% Yes 50% No
[27] N N N*LCC 8% __— 10% No
Proposed system N/2 N/2 N/2*LCL+N/2*LC 79% Yes 8.5% No
“/” means not considered in the reference paper.
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Fig. 22.

Waveforms of drive signal 03, Q4, Vin, Ip1. Ip2, and V3 in different charging modes: (a)~(c) 03, Q4, Vin, I1 waveforms in all charging modes

(inverter 1); (d)—(f) ZVS waveforms of Q3 in all charging modes (inverter 1); (g)—(i) ZVS waveforms of Q3 in all charging modes (inverter 2).

the switching of power transfer channel from the active coil to
the repeater coil leads to drastic fluctuation in the output power
under the case of capacitive detuning.

Fig. 18 shows the experimental results of an inductive de-
tuning system during the whole dynamic process. In Fig. 18,
I,. almost maintains constant from the beginning to the end,
which indicates that the system can realize a smooth output
power during the whole moving process. The waveforms of
I,c1 and I, are symmetrical. It means the receiver moves from
the active coil 1 to the repeater are symmetrical to the process
that the receiver moves from the repeater to the next active
coil.

Fig. 19 shows the simulation and experimental results of the
output power and the system efficiency variation against the
offset distances. The output power maintains 100 W with a
maximum fluctuation of 8.5% and the maximum system effi-
ciency is 85% in AR charging mode while the minimum system
efficiency is 79% in PR charging mode. Under the condition
of capacitive detuning, P, decreases at first and is less than
1 W at the position of 60 mm and then, increases gradually. It is

difficult to transfer power in APR charging mode. The theoretical
and simulation results are in good agreement, which verifies the
theoretical modeling and analysis.

D. Experiment Results of Different Detuning Rates

Inductive detuning is selected in this article and the value
of the detuning rate «v is selected as 0.31 following the design
procedures in Fig. 13. P, and the rms value of the repeater
current under different detuning rates are shown in Fig. 20.

When o = 0.27, Py is higher than P, and when o = 0.34,
Pyt is lower than Fj . Overall, the fluctuation of P, is the
minimum when « is 0.31. The lower « will raise P, higher in
APR and PR charging modes resulting in a higher repeater coil
current from (6). In Fig. 20(b), the relationship of the repeater
current under various a i8S Irp o = 0.27> Irp o = 0.31> Irp o =
0.34.- According to (12), the larger «v can lead to a larger inductive
reactance of Z,.,. Besides, I, increases at first and then decreases
as the receiver coil moves towards the repeater coil. It can be
known from (19), the variation tendency of I,,, is opposite to
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that of Z,,. This is in good agreement with the amplitude change
curve of Z,,,, as shown in Fig. 6.

E. Experiment Results of Load Variation

Fig. 21 shows the output power P, variation against the load
R. According to Fig. 21, when the load variation is from -20% to
+20%, the power fluctuation is within £17.5%. A larger R will
result in a higher P, ar and a lower P pr, and vice versa.
The variation tendency of them is consistent with that in Fig. 12.
The detailed data of this experiment can be found in Table III.

FE. Experiment Results of ZVS

The proposed system is set inductive detuning not only for
reducing power fluctuation but also for the realization of ZVS.
B is set a little smaller than the value calculated by (13) to partly
counteract the inductive impedance of the repeater coil. Thus, the
proposed system contains inductive reactive power during the
whole dynamic process. The realization of ZVS of the switches
in all the charging modes is shown in Fig. 22. The waveforms
from the top to the bottom are the drive signal of O3, Q4, Vin,
I,,1, respectively. Vg3 is the voltage of drain to source (Vpg) of
Q3. In Fig. 22, when the switching Qs is turning OFF, Q4 has not
turned ON yet, [,,1 is negative, which ensures the implementation
of ZVS. The same situation occurs in both the inverters during
all the charging modes. It is worth noting that states of the four
switches of the phase-shift full-bridge are symmetrical. Thus, we
choose Q3 as an example. According to Fig. 22(d)—(f), O3 can
realize ZVS in AR, APR, and PR charging modes. Thus, the four
switches of inverter 1 can realize ZVS during the whole dynamic
process. The situation is the same as inverter 2 according to

Fig. 22(g)-(1).

G. Discussion and Comparison

Table IV shows the comparison results of the existing DWPT
systems. Compare to the systems in Refs. [16], [17], [26], [27].
The proposed system uses the minimum number of inverter and
resonant elements due to the introduction of passive repeater
coils. A minimum power fluctuation can be realized in this paper
through the method of detuning. Therefore, the proposed system
can take low construction cost and good system performance into
consideration at the same time. Thus, it is a promising choice in
the dynamic wireless charging of AGVs.

V. CONCLUSION

This article proposed a detuning-repeater-based DWPT sys-
tem that can achieve a quasi-constant output power during the
dynamic process with reduced inverter count and lower con-
struction costs. In the proposed system, half of the converter-
driven active coils are replaced by simple passive repeater coils.
The active and repeater coil alternately take the role of the
main power transfer channel. A detuning method that introduces
an imaginary impedance in both repeater and receiver circuits
is adopted to help achieve quasi-constant output power. The
currents of idle repeaters are suppressed by the detuning effect,
reducing the no-load loss and benefiting the system safety. The
repeater is automatically activated for power transfer when the
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it is eliminated by the reflected impedance of the receiver. The
method of finding the boundary of the detuning rates under dif-
ferent system parameters is also given to optimize the selection
of v and . Following the proposed optimization design method
based on the detuning rate, a 100 W experimental prototype has
been established to verify the feasibility of the proposed DWPT
system. The experimental results demonstrated that the proposed
system can achieve a quasi-constant output power of 100 W
with a maximum fluctuation of 8.5% and a system efficiency of
around 82% during the entire dynamic process.
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