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Abstract—In Dynamic Wireless Power Transfer (DWPT) 

systems, the power oscillation phenomena caused by 
coupling fluctuation are always hard to avoid. Moreover, if 
the adjacent track coils are excited by different inverters 
without synchronized drive signals, there will be severe 
power oscillations due to the frequency difference be-
tween the track coil currents. To address these issues, 
this work proposes a novel DWPT system based on dual-
receiver coils and the Voltage Doubler (VD) rectifier. De-
pending on whether the induced voltages of the two re-
ceiver coils are balanced, the rectifier will switch between 
full-bridge mode and VD mode with no extra controller to 
maintain the system output under different positions. By 
designing the dimensions of the coupler, the DWPT sys-
tem can achieve excellent output stability while avoiding 
the oscillation caused by the frequency difference be-
tween the track coil currents. In addition, the operation 
characteristic, power divisions, and boundary conditions 
of each operation mode are clarified. Finally, a 2.2 m 220 
V-800 W prototype is built. The experimental results show 
that even with the track current frequency difference, the 
output voltage fluctuation is limited to 3.4% during motion, 
and the system efficiency remains above 90.76% in the 
case of an 8 cm air gap. 

Index Terms—Dynamic wireless power transfer (DWPT), 
Power fluctuation suppression, Dual-receiver coils, Volt-
age doubler rectifier. 

I. INTRODUCTION 

N recent years, the applications of electric vehicles and 
automatic guided vehicles have developed rapidly. How-

ever, the onboard battery capacity limitation, distance anxiety, 
and inconvenient charging operations are still roadblocks to 
the mass acceptance of these vehicles. To solve these issues, 
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the placement of electric chargers along the moving way of 
vehicles is necessary. Compared with the wired charger, 
which requires vehicles to park at a fixed position and affects 
the operational efficiency of the vehicles during the charging 
process, Dynamic Wireless Power Transfer (DWPT) technol-
ogy is an attractive choice nowadays [1]-[5]. With the track 
coils embedded in the road and the receiver coils set under the 
bottom of the vehicles, the DWPT system can conveniently 
charge the vehicles in the moving process. 

Nowadays, according to the length of the track coils, the 
DWPT system can be divided into two categories. The first is 
the long-track type [6]-[9], which is always designed to be 
tens or hundreds of meters. Although it can provide a flat 
magnetic field for vehicles, the Electromagnetic Interference 
(EMI) and power loss of the track coils are difficult to limit 
[10]-[12]. The second is the short-segment type [13], [14]. By 
setting multiple short track coils and individually controlling 
them, the segmented track coils can be excited one by one 
when vehicles move along the track. The length of these coils 
is equal to or just several times longer than the receiver coils. 
Thus, only one or two track coils will be excited simultaneous-
ly, optimizing the EMI and reducing coil loss. However, the 
electromagnetic field generated by the segmented track coils is 
not flat enough, which results in power null and pulsation 
phenomena [11], [15]. Although the closed-loop controlled 
converter can assist in regulating the system output [16]-[19], 
the power fluctuations are still hard to avoid, while the fre-
quent regulating of the converters will bring severe burdens on 
the controller and undesired power loss to the converter. 

To eliminate the power null and pulsation phenomena 
caused by the variation of the mutual inductances between 
track coils and receiver coils, adjusting the width of the track 
coils is an available method [15], [20], [21]. However, there is 
always unavoidable cross-coupling between the adjacent track 
coils, negatively affecting the system gain and efficiency. To 
solve this issue, some researchers adopted the Double-D 
Quadrature (DDQ) structure [11] to ensure that the track coils 
can be arranged snugly with a relatively flat electromagnetic 
field. Moreover, several researchers report some methods of 
setting dual [22]-[24] or multiple [25] receiver coils to miti-
gate the power fluctuation issue. However, the power fluctua-
tion is still hard to eliminate completely, especially when the 
receiver moves above the adjacent parts of the track coils. 

In addition, in long-distance DWPT systems with multiple 
track coils, a single inverter can only excite one or several 
adjacent track coils. If there is a tiny frequency difference be-
tween the currents in the adjacent track coils due to the lack of 
synchronization of the inverters, when the vehicle moves 
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above the adjacent parts of the track coils, the voltages in-
duced from different track coils contain huge harmonics and 
distortions. This issue always exists and is hard to avoid be-
cause of the manufacturing tolerance of the crystals in differ-
ent Microprogrammed Control Units (MCUs). Generally, the 
current frequency difference between the adjacent track coils 
can reach about 5‰. For example, if the current frequency in 
one track coil is defined as f, that in the other track coil might 
reach (1+5‰)∙f. However, such a tiny frequency difference 
will also cause severe power oscillation. 

To achieve high-frequency current synchronization in dif-
ferent inverters, a few researchers have proposed some signal 
synchronization methods for inverters based on Master-Slave 
(MS) segmented driving technology [10]. By detecting the 
receiver’s position, the MS controller will provide the drive 
signal to the corresponding master inverter and its adjacent 
slaver inverter. Nevertheless, in practice, the distance between 
the placement positions of the different inverters can be pretty 
long. Meanwhile, with the complex surrounding electromag-
netic environment, the drive signals will be delayed, interfered 
with, and even interrupted by the unavoidable EMI. Nowadays, 
this issue still lacks available solutions. 

In DWPT applications, most of the electrical device is con-
nected to the output DC bus of the DWPT system, e.g., energy 
storage devices, traction loads, and lighting devices. Thus, 
achieving a Constant Voltage (CV) output for the DC bus is 
vital and necessary [26], [27]. In this paper, a novel receiver 
structure and topology are proposed to achieve a CV output 
and avoid the power oscillation caused by the current frequen-
cy difference between two adjacent track coils in the DWPT 
system. The main contributions and works are introduced as 
follows. 

The VD-rectifier-based dual-receiver DWPT system is pro-
posed to maintain CV output when the vehicle moves along 
the track. When the induced voltages of the receiver coils are 
balanced, the rectifier can be regarded as a full-bridge (FB) 
rectifier with two series-connected receiver coils transferring 
power cooperatively. When the induced voltages are not bal-
anced, only the receiver coil with a higher induced voltage can 
output power with a doubled output voltage, and the current in 
the other coil will be cut-off. As a result, when the receiver 
moves above the adjacent part of the track coils, only the re-
ceiver coil with higher induced voltage can transfer power 
from only one track coil, and power oscillations caused by the 
current frequency difference can be theoretically avoided. 

Meanwhile, based on the operating situation of the rectifier 
and receiver coils, three operation modes of the receiver are 
classified. By clarifying the characteristic of each mode, the 
accurate mathematical models of power divisions, loop cur-
rents, and boundary conditions of the proposed system are 
established. Moreover, based on the system model and essen-
tial factors analysis of the power oscillation caused by the cur-
rent frequency difference, the magnetic coupler of the pro-
posed system is designed with precise principles and goals to 
practically achieve dynamic CV characteristics. 

Finally, a 2.2 m 220 V-800 W prototype is built to verify 
the dynamic output characteristic of the proposed DWPT sys-
tem. The experimental results show that even with the track 
current frequency difference, the output voltage fluctuation is 
limited to 3.4% during motion, and the system efficiency re-

mains above 90.7%. 

II. ANALYSIS OF THE SINGLE RECEIVER DWPT SYSTEM 

To clarify the power fluctuation issue, this section introduc-
es a typical single receiver DWPT system firstly as follows. 

DD track 

coil #1

Q11 Q12

Q13 Q14

Q21 Q22

Q23 Q24

Qn1 Qn2

Qn3 Qn4

Lr1
Cr1

Cp1

Lr2
Cr2

Cp2

Lrn
Crn

Cpn
DD track 

coil #2

D1 D2

D4D3

CL RL

Io

Vo
Css

DD receiver coil

Vdc

Idc

Inverter #1 Inverter #2 Inverter #n

FB rectifier

Lp1 Lp2 Lpn DD track 

coil #n

vss

 

Fig. 1. The generic view of the single receiver DWPT system. 
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Fig. 2. The equivalent circuit of the single receiver DWPT system. 

A. Description of the Single Receiver System 

Fig. 1 shows a generic view of the conventional single re-
ceiver DWPT system. On the ground side, n FB inverters (Qi1-
Qi4, 1≤i≤n) are parallel-connected with the same DC power 
source Vdc, and each inverter connects an Inductor-Capacitor-
Capacitor (LCC) compensation network (Lri, Cri, and Cpi). 
Meanwhile, segmented DD track coils (Lpi) are arranged 
straight. On the vehicle side, DD receiver coil Lss is set to pick 
up energy. Css is the compensated capacitor of the receiver coil. 
Diodes D1-D4 form the FB rectifier. Vo and Io are the DC volt-
age and current on the load resistance RL. 

Generally, when the vehicle moves along the track coils, the 
receiver coil will be coupled with two track coils at most. 
Thus, we can have a simplified system equivalent circuit, as 
shown in Fig. 2. Here, track coils #1 and #2 with their corre-
sponding inverters and compensation networks are analyzed as 
an example. M1s and M2s are mutual inductances between the 
track and receiver coils. Rr1, Rr2, Rp1, Rp2, and Rss, are the 
equivalent series resistances (ESRs) of each loop. vin1 and vin2 
are the AC voltage of inverters #1 and #2, while vss is the AC 
voltage of the rectifier. It is worth noting that, the distances 
between the track coils and between the receiver coils should 
be large enough so that the cross-coupling between the coils 
on the same side can be neglected. Then, ignoring the ESRs, 
Kirchhoff’s voltage equations are established as 
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When the compensation networks are resonant, we have 

 

r1 r1 p1 r1 p1

r2 r2 p2 r2 p2

ss ss

1 0 1 1 0

1 0 1 1 0

1 0

ω ω ω ω ω
ω ω ω ω ω
ω ω

+ = + + =
 + = + + =
 + =

j L j C j L j C j C

j L j C j L j C j C

j L j C

,  (2) 

where ω is the system angular frequency, vin1(1), vin2(1), and vss(1) 

are the fundamental component of vin1, vin2, and vss. Substitut-
ing (2) into (1), the rectifier input voltage can be solved as 

 ss(1) 1s in1(1) r1 2s in2(1) r2= +V M V L M V L .  (3) 

With the FB diode rectifier, the relationship between the 
voltage and current of the AC and DC side of the diode recti-
fier can be expressed as 

 
o ss(1)

o ss

2 2

2 2

π

π

 =


=

V V

I I
,  (4) 

where Vss(1) is the Root-Mean-Square (RMS) value of the vss(1), 
and Iss is the RMS value of the receiver coil current iss. 

B. Magnetic Coupler of the Single Receiver System 

This section introduces two segmented track coils to simpli-
fy the system analysis. The segmented magnetic coupler of the 
single receiver DWPT system is shown in Fig. 3, and the basic 
dimensions are listed in TABLE I. The finite-element-method 
model is built in ANSYS MAXWELL software to assist the 
coupler design, and the simulated results are plotted in Fig. 4. 

To eliminate the cross-coupling between the track coils and 
avoid circulation currents in both inverters and track coils, the 
distance between track coils dtt is set as 100 mm. Therefore, 
the mutual inductance between the track coils can be kept be-
low 0.5 uH, which can be regarded as decoupled. However, 
the cost of increasing dtt is the coupling fall area in the adja-
cent part of the track coils, as shown in Fig. 4. In this area, the 
sum of M1s and M2s is lower than 20% of the rated value, 
which easily triggers the low-voltage protection of the on-
board load equipment. 

C. Dynamic Performance 

To clear the dynamic performance of the single-receiver 
DWPT system, we input the simulated mutual inductance re-
sults into Simulink software. With the circuit parameters listed 
in TABLE II, the simulated waveforms are shown in Fig. 5. 

Here, the frequency of ip1 is always set as f, and the fre-
quency of ip2 is set as f, (1+2‰)∙f, and (1+5‰)∙f, in turn, to 
verify the system output characteristic with a tiny frequency 
difference between adjacent coils. Meanwhile, RL is set to 60.5 
Ω, and the system output power is 800 W. In Fig. 5(a), it is 
obvious that the single receiver system can provide a constant 
output when the receiver moves above the middle range of the 
track coils. However, when the vehicle is above the adjacent 

area between the track coils, Vo will sharply drop by over 20%. 
Moreover, as shown in Fig. 5(b) and (c), the tiny difference in 
the adjacent coil current frequency will not only aggravate the 
fluctuation of the system output voltage Vo, but also result in 
the oscillation in the receiver coil current, which further leads 
to a more severe transfer power  oscillation and damage to the 
onboard devices. The oscillation frequency fr is the difference 
between current frequencies of the two track coils. When the 
frequency of ip2 is (1+2‰)∙f, the oscillation frequency fr=2‰∙f, 
and the overcurrent of iss is more than five times compared to 
the rated value. Similarly, when the frequency of ip2 is 
(1+5‰)∙f, fr is increased to 5‰∙f, and the overcurrent of iss is 
near to four times of the rated value. 

TABLE I THE KEY PARAMETERS OF THE SEGMENTED MAGNETIC COUPLER 

Symb. Para. Val. 

ltc Length of the track coils 1000 mm 

ltf Length of the track coils’ ferrite 2400 mm 

wtc Width of the track coils 400 mm 

wtf Width of the track coils’ ferrite 500 mm 

dtc Line width of the track coils 20 mm 

dtt Distance between two track coils 100 mm 

lrc Length of the receiver coils 250 mm 

lrf Length of the receiver coils’ ferrite 300 mm 

wrc Width of the receiver coils 400 mm 

wrf Width of the receiver coils’ ferrite 500 mm 

drc Line width of the receiver coils 33 mm 

g Air gap 80 mm 

ltfwtc
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DD track coil #1
 (6 turns)
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(6 turns)
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Fig. 3. The magnetic coupler in the single receiver DWPT system. 
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Fig. 4. Mutual inductances of the single receiver DWPT system. 

TABLE II SYSTEM SPECIFICATION AND PARAMETER VALUES 

Sym. Val. Sym. Val. Sym. Val. Sym. Val. 

Vdc 240 V Vo 220 V Io 3.6 A f 85 kHz 

Lr1 92 uH Lr2 92 uH Lp1 274 uH Lp2 274 uH 
Cr1 38.1 nF Cr2 38.1 nF Cp1 19.3 nF Cp2 19.3 nF 
Rr1 0.11 Ω Rr1 0.11 Ω Rp1 0.31 Ω Rp2 0.31 Ω 

Lss 732 uH Css 4.8 nF Rss 0.83 Ω   
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Fig. 5 The dynamic waveforms of the induced voltages and currents of receiver coils, system output voltage of the conventional single receiver 
system when the current frequency of ip1 is f and the current frequency of ip2 is (a) f, (b) (1+2‰)∙f, and (c) (1+5‰)∙f. 
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Fig. 6 Simulated waveforms of (a) vsind, (b) Vo, and (c) iss with Δω=2‰ 
when the receiver moves above the adjacent area of the track coils. 

D. Analysis of the power oscillation 

It is not difficult to deduce that the root cause of the system 
power oscillation when the receiver moves above the adjacent 
area of the track coils is the frequency difference in the in-
duced voltage of the receiver coil from different track coils. 
Here, the time domain expression of the induced voltage of the 
receiver coil vsind can be defined as 

 sind 1s in1(1) r1 2s in2(1) r2(t) (t) (t)v M v L M v L= + ,  (5) 

where 
( )dc

in1(1)

4 sin t
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4 sin t
(t)

V
v

ω ω
π

+ 
=  

are the fundamental components of the inverter output voltag-
es. Δω is the angular frequency difference between the two 
adjacent inverters. Thus, based on the wave superposition 
analysis method, vsind can be further derived as 

( ) ( )( )
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According to (6), we can draw two conclusions as follows: 
1) Since there is a tiny difference between the voltages in-

duced from the two different track coils, the amplitude of vsind 
will also oscillate with the frequency Δω. Meanwhile, the an-
gular frequency of the induced voltage itself will also be af-
fected. With the variations on the relationship between the 
amplitudes of vin1(1) and vin2(1), the angular frequency of vsind 
will vary within ω to ω+Δω. 

2) If Δω≠0, the amplitude of vsind will oscillate from 
4Vdc|M1s/Lr1-M2s/Lr2|/π to 4Vdc|M1s/Lr1+M2s/Lr2|/π. Actually, the 
inductance of Lr1 and Lr2 are approximately equal, and when 
the receiver moves above the central position of the adjacent 
part of the track coils, M1s and M2s can be also regarded as 
equal. Thus, in the whole moving process, the envelope of vsind 
will cover the range from 0 to the maximum value of 
4Vdc|M1s/Lr1+M2s/Lr2|/π. 

When the receiver moves above the adjacent part of two 
track coils, the detail waveforms of vsind, Vo, and iss under 
Δω=2‰ are shown in Fig. 6 to analyze the power oscillation 
issue as an example. It is obvious that there are apparent oscil-
lations on the induced voltage vsind, which also cause the ripple 
on the system DC output voltage Vo, as shown in Fig. 6 (a) and 
(b). Moreover, the power oscillation is reflected in the current 
oscillation of the receiver coil. Due to the clamping effect of 
the diode rectifier, only when the RMS value of the induced 
voltage Vsind is higher than 2 2 ∙Vo/π, the rectifier will output 
power, i.e., the RMS value of the receiver coil current Iss > 0. 
Thus, the current iss tends to be of the short pulse in Fig. 6(c). 

It should be noted that the peak value of the pulse current iss 
is determined by the difference between Vsind(t) and 
2 2 ∙Vo(t)/π, and the length of the time period that Vsind(t) is 
higher than 2 2 ∙Vo(t)/π, which is always negatively correlat-
ed with Δω. Meanwhile, the dynamic characteristic of the re-
ceiver circuit will also affect the overcurrent in the receiver 
coil. Generally, the current impulse of iss is always much high-
er than the rated value of iss. 

In conclusion, the induced voltage is the sum of the induced 
voltage from two different track coils in the single-receiver 
system. Thus, when there is a tiny current frequency differ-
ence between the adjacent track coils due to the failure of syn-
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chronization of the inverters, the power oscillation is hard to 
be avoided in the process that the receiver moves above the 
adjacent area of the track coils. To solve this issue, an availa-
ble method to avoid the receiver transferring power from two 
different track coils is required. 
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Fig. 7. The generic view of the proposed dual-receiver DWPT system. 
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Fig. 8. The equivalent circuit of the proposed DWPT system. 

III. ANALYSIS OF THE DUAL-RECEIVER DWPT SYSTEM 

A. Circuit Description and Analysis 

In this paper, a novel DWPT system based on dual-receiver 
coils and a VD rectifier is proposed. Fig. 7 shows a generic 
view of the proposed system. The main difference between the 
proposed system and the conventional single-receiver system 
is the topology on the receiver side. Here, two identical DD 
receiver coils Ls1 and Ls2 are set with their series compensated 
capacitors Cs1 and Cs2. Both receiver coils are connected to the 
VD rectifier consisting of two capacitors (C1, C2) and four 
diodes (D1-D4). Similarly, the distance between the receiver 
coils is large enough to eliminate the cross-coupling. 

The simplified equivalent circuit of the proposed DWPT 
system is depicted in Fig. 8. vao and vob are the AC input volt-
ages of the VD rectifier, is1 and is2 are the coil currents in the 
receiver coils. M11, M12, M21, and M22 are mutual inductances 
between the track and receiver coils. Rs1 and Rs2 are the ESRs 
of the receiver coils. Then, ignoring ESRs, the Kirchhoff’s 
equations of the proposed DWPT system can be established as 

( )
( )

( )
( )

in1(1) r1 r1 r1 r1 p1

in2(1) r2 r2 r1 r2 p2

11 s1 12 s2 r1 r1 p1 r1 p1 p1

21 s1 22 s2 r2 r2 p2 r2 p2 p2

11 p1

1 1

1 1
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ω ω ω
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ω ω ω ω ω ω
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V j L j C I j C I
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j M I ( )
( )

21 p2 s1 s1 s1 ao(1)

12 p1 22 p2 s2 s2 s2 ob(1)

1

1

ω ω ω

ω ω ω ω










− +  =


+ − +  =

j M I j L j C I V

j M I j M I j L j C I V

, (7) 

where vao(1) and vob(1) are the fundamental components of vao 
and vob. When the compensation networks are completely res-

onant, ao(1)V  and ob(1)V can be solved as 

 
ao(1) 11 in1(1) r1 21 in2(1) r2

ob(1) 12 in1(1) r1 22 in2(1) r2

 = +


= +

V M V L M V L

V M V L M V L
.  (8) 

B. Characteristics of the Dual-receiver DWPT System 

In the proposed DWPT system, when the vehicle moves to 
different positions, the variations of the mutual inductances 
between the track coils and the receiver coils will switch the 
receiver into different operation modes. Here, the characteris-
tics of these operation modes are analyzed as follows. 

1) Mode A: FB rectifier mode 

If the RMS value and the frequency of the rectifier input 
voltage Vao and Vob are identical, the receiver can be regarded 
as series-connected dual receiver coils with the diode rectifier, 
and the rectifier will operate in the FB mode, and the currents 
flow to C1 and C2 are quite small, as shown in Fig. 9(a). The 
induced voltages vs1 and vs2 can be expressed as 

 s1 11 in1(1) r1 21 in2(1) r2 ao(1) s1 s1

s2 12 in1(1) r1 22 in2(1) r2 ob(1) s2 s2

 = + = +
 = + = +

V M V L M V L V I R

V M V L M V L V I R
.  (9) 

Considering the ESRs and the forward voltage of the diodes 
VF, the system output voltage Vo can be obtained as 

 ( )o s1 s2 s1 s1 s2 F= 2 2 2π + − + −  V V V I R R V ,  (10) 

where Vs1 and Vs2 are the RMS value of the induced voltages 
vs1 and vs2. Is1 is the RMS value of current in receiver coil#1, 
which is equal to that in receiver coil #2 Is2. The key wave-
forms of this mode are shown in Fig. 9(b). With the diode rec-
tifier, the system output current Io expressed as 

 o s1 s2 o L2 2 2 2π π= = =I I I V R .  (11) 

Combining (10) and (11), the exact expression of the sys-
tem output voltage Vo and the coil current can be solved as 

 ( ) ( )o L s1 s2 F s1 s2 L= 4 2 2 2π π + − + +V R V V V R R R . (12) 

 ( )( ) ( )s1 s1 s2 F s1 s2 L2 2 2 2 2π π= + − + +I V V V R R R . (13) 

According to (12), we know that Vo is determined by the 
sum of the induced voltages of the two receiver coils. Thus, to 
achieve the same rated output voltage as the single receiver 
system, the turns of each receiver coil should be halved. 

2) Mode B: VD rectifier with dual coil receiving power 

Continuous moving of the receiver will unavoidably cause 
the imbalance between Vs1 and Vs2. In this situation, the recti-
fier will turn into VD rectifier mode, and the output power of 

each receiver coil is also unbalanced. If 
s1 F o2 2V V V−   and 

s2 F o2 2V V V−   are satisfied, which means the difference 
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between Vs1 and Vs2 is limited, the receiver will operate in VD 
rectifier mode with dual-coil receiving power. As shown in 
Fig. 9(c), D1, D3, C1, and C2 form the VD rectifier for receiver 
coil #1, while D2, D4, C1, and C2 form the other VD rectifier 
for receiver coil #2. Although these two VD rectifiers share 
the same pair of capacitors, they can still be regarded as con-
nected in parallel. Thus, the output currents of these VD recti-
fiers are both input to the load, and Io and Vo should be 

 ( )o s1 s22 π= +I I I .  (14) 

 ( )o s1 s2 L2 π= +V I I R .  (15) 

Meanwhile, the RMS values of Is1 and Is2, which indicate 
the transfer power of the receiver coils, are determined as 

 
( )

( )
s1 s1 o F s1

s2 s2 o F s2

2 2

2 2

π

π

  = − +  


 = − +  

I V V V R

I V V V R
.  (16) 

Thus, the system output voltage Vo can be expressed as 

( ) ( )o s1 s1 s1 F s2 s2 s2 F= 2 2 2 2π π− − = − −V V I R V V I R V .  (17) 

Although Vao and Vob are just half of the rectifier input volt-
age Vab in mode A, Vo in mode B is approximately the same as 
that in Mode A due to the doubled voltage gain of the VD 
rectifier. Taking Vs1-Is1Rs1>Vs2-Is2Rs2 as an example, combin-
ing (15)-(17), Vo, Is1, and Is2 can be accurately solved as 

 
( ) ( )( )

( )
L s1 s2 s2 s1 s1 s2 F

o 2
s1 s2 L s1 s2

2 4
=

2

π

π

 + −  + 

 +  +

R R V R V R R V
V

R R R R R
.  (18) 

 
( ) ( )

( )

2
s1 s2 L s2 s1 F

s1 2
s1 s2 L s1 s2

2 2 2

2

π π

π

− + −
=

 +  +

V V R R V V
I

R R R R R
.  (19) 

 
( ) ( )

( )

2
s2 s1 L s1 s2 F

s2 2
s1 s2 L s1 s2

2 2 2

2

π π

π

− + −
=

 +  +

V V R R V V
I

R R R R R
.  (20) 

In this situation, the transfer power of receiver coil #1 is 
higher than that of receiver coil #2, and the key waveforms are 
shown in Fig. 9(d). It is worth noting that, since Rs1 and Rs2 are 
relatively small compared with RL, though the difference be-
tween Vs1 and Vs2 is limited, the difference between Is1 and Is2 
is significant. According to (12) and (18), while ignoring the 
ESRs and VF, Vo in Mode A and B can be regarded as the 
same. Meanwhile, since the two receiver coils and their VD 
rectifier are symmetric, when Vs1-Is1Rs1<Vs2-Is2Rs2, the expres-
sions of Vo, Is1, and Is2 are symmetric to (18)-(20). Due to 
space limitations, these expressions are no longer given. 

3) Mode C: VD rectifier with single coil receiving power 

In Fig. 9(e) and (f), when the difference between Vs1 and Vs2 
is significant, i.e., 

s1 F o2 2V V V−   or s2 F o2 2V V V−   can-
not be satisfied, due to the clamping effect of the VD rectifier, 
the receiver coil with lower induced voltage will be cut-off, 
and only the receiver coil with higher induced voltage can 
output power with the doubled output voltage. To simplify the 
analysis, the situation in which receiver coil #1 transfers pow-
er individually is analyzed as an example. Here we have 

 o o L s12 π= =I V R I ,  (21) 

 ( )o s1 s1 s1 F= 2 2π − −V V I R V .  (22) 

Combining (21) and (22), the precise expressions of Is1 and 

Vo can be accurately solved as 

 ( ) ( )2 2
s1 s1 F L s12 2 2π π π= − +I V V R R ,  (23) 

 ( ) ( )2
o L s1 F L s12 4 2π π=  − +V R V V R R .  (24) 
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Fig. 9. Diagrams and waveforms of the receiver in Mode A, B, and C. 

According to (24), although Vs1 is only half of Vs1+Vs2 in 
Mode A and B, with the doubled DC output voltage, Vo in this 
mode can still be regarded the same as in Mode A and B, 
which provides a foundation for power fluctuation suppression. 

In conclusion, the proposed system can maintain a CV out-
put by switching the operation modes without any extra con-
trollers within different induced voltages of these two receiver 
coils. To exploit the properties of the proposed system, its 
magnetic coupler is designed and introduced in Section III. C. 

C. Design of Magnetic Coupler of the DWPT System 

To verify the performance of the proposed DWPT system, 
the dimension parameters of the magnetic coupler are the 
same as the conventional single receiver DWPT system listed 
in TABLE I. The only difference is that two identical DD re-
ceiver coils are set at the vehicle side. Meanwhile, the number 
of individual receiver coil turns is half that of the receiver coil 
in Section II.B. The segmented magnetic coupler of the pro-
posed DWPT system is shown in Fig. 10. Here, two main 
principles should be noticed when designing the distance be-
tween the receiver coils. Firstly, the distance between the re-
ceiver coil drr should match the size and distance between the 
track coils dtt to suppress the system power fluctuation during 
the moving process. Secondly, the receiver coils should be 
decoupled, and the overall receiver size should be limited. 

Thus, the distance between receiver coils drr is set to 150 
mm as an example to ensure that no matter where the receiver 
locates, at least one receiver coil is strongly coupled with the 
track coils. Due to the characteristic of the proposed DWPT 
system, no matter which receiver coil couples to any track coil 
strongly, the coupling drop area can be avoided. Meanwhile, 
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when drr = 150 mm, the mutual inductance between the re-
ceiver coils is lower than 0.1 uH, which means that the receiv-
er coils are decoupled. With the assistance of ANSYS MAX-
WELL software, the simulated mutual inductances between 
the track coils and receiver coils are plotted in Fig. 12. Then, 
the division of the three operation modes in the proposed 
DWPT system can be cleared and analyzed as follow: 
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Fig. 10 The structure of the proposed segmented magnetic coupler. 
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Fig. 11. The diagram of the receiver positions when the receiver oper-
ates in (a) Mode A, (b) Mode B, (c) Mode C, and (d) Mode B when the 
receiver moves above the adjacent part of the track coils. 
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Fig. 12. Mutual inductances between track coils and receiver coils and 
the divisions of three operation modes. 
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Fig. 13. Zoom-in trends of mutual inductances between track and re-
ceiver coils in the adjacent area of the track coils. 

1) When the receiver is located in the middle range of the 

track coils, as indicated in Fig. 11(a) and marked as ① in Fig. 
12, Vs1 and Vs2 are equal, and the receiver operates in Mode A. 
Both receiver coils are averagely picking power. The length of 
the track coils limits the area proportion of Mode A. The long-
er the track coils, the larger area of Mode A. 

2) When there is a slight but nonnegligible difference be-
tween Vs1 and Vs2, as shown in Fig. 11(b) and marked as ② in 
Fig. 12, the receiver will turn into Mode B. According to the 
analysis in Section III.B, since Rs1 and Rs2 are small, Mode B 
occupies much less area than other modes. Moreover, owing 
to negligible mutual inductances between the receiver coils 
and the next-segment track coils, the output voltage of the VD 
rectifier can still be the same as that in Mode A. 

3) When the balance of the induced voltages of the receiver 
coils is broken, the receiver will turn into Mode C with only 
one receiver coil transferring power, as shown in Fig. 11(c) 
and marked as ③ in Fig. 12. Although the mutual inductance 
between receiver coil #2 and track coil #2 M22 increases sharp-
ly, the total induced voltage of receiver coil #2 Vob is still low-
er than Vao. Thus, only receiver coil #1 picks power from track 
coil #1, and the CV output can be maintained. 

4) As shown in Fig. 11(d), when the receiver is aligned 
above the adjacent area of the track coils, the induced voltages 
of the receiver coils will briefly be balanced, and the receiver 
will operate in Mode B again. However, compared with other 
situations, the corresponding area of this situation is narrow, 
and the dynamic process is also short in the moving process. 

D. Output Characteristic When the Receiver Moves 
above the Adjacent Area of the Track Coils 

Based on the characteristic of the proposed DWPT system, 
when the receiver moves above the adjacent part of track coils, 
two main operation situations are analyzed as follows. 

In the first situation, for example, receiver coil #2 is located 
on the adjacent part of the track coils, and receiver coil #1 is 
strongly coupled with track coil #1, as shown in Fig. 11(c). 
Here, the trends of the mutual inductances between the track 
coils and receiver coils are plotted in the yellow areas of Fig. 
13. Although the induced voltage vs2 is the sum of the induced 
voltage from two track coils, M11 is still much higher than the 
sum of M12 and M22. Thus, even if there is voltage oscillation 
on vs2, only receiver coil #1 can transfer power individually, 
and the voltage oscillation will not result in power oscillation. 

In the second situation, the receiver is nearly aligned with 
the adjacent part of the track coils, as shown in Fig. 11(d). The 
induced voltage of a single receiver coil is designed to mainly 
couple with only one track coil. The corresponding trends of 
the corresponding trends of the mutual inductances are plotted 
in the blue area of Fig. 13. Since M12 and M21 can be regarded 
as zero, there is no voltage oscillation in both vs1 and vs2, even 
though the current frequencies in track coils are different. 
Thus, when M11>M22, i.e., Vs1>Vs2, only receiver coil #1 will 
transfer power, and power oscillation can also be avoided. 
Correspondingly, when M11<M22, only receiving coil #2 will 
output power to the load. 

In particular, when the receiver is well-aligned above the 
adjacent area of the track coils, which means M11=M22, the 
induced voltages of the receiver coils will briefly turn com-
pletely balanced, and the power oscillation may occur again. 
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Luckily, the corresponding area that may occur power oscilla-
tion is extremely narrow, and no fluctuation phenomena will 
be observed in the dynamic test, as introduced in Section III. E. 

E. Dynamic Performance of the Proposed System  

To verify the dynamic performance of the proposed DWPT 
system, the simulated mutual inductance results of the de-
signed magnetic coupler for the proposed DWPT system are 
also inputted to MATLAB/Simulink. Here, all the circuit pa-
rameters except the parameters of the receiver coils are the 
same in TABLE II. The self-inductances Ls1 and Ls2 are about 
188 uH, and the ESRs Rs1 and Rs2 are about 0.21 Ω. Similarly, 
RL and system output power are set as 60.5 Ω and 800 W. Fig. 
14 shows the dynamic simulation waveforms of the proposed 
DWPT system. It is obvious that the proposed system can pro-
vide a stable output voltage Vo by flexibly switching the op-
eration mode of the rectifier without any extra controllers. 

Even if the frequency of ip2 is increased to (1+2‰)∙f and 
(1+5‰)∙f, the output characteristic of the proposed system is 
well maintained, and the fluctuation Vo is limited to 1.42% 
(@(1+2‰)∙f) and 1.56% (@(1+5‰)∙f) of the rated value. 

In conclusion, in the proposed system, the constant output 
voltage can always be achieved when the receiver moves 
along the track. Even if the current frequencies of the adjacent 
track coils are different, since only the receiver coil with high-
er induced voltage can transfer power from only one track coil, 
the power oscillation can be well avoided. 

F. Misalignment Effect on the Proposed System  

Actually, the vehicles employing DWPT systems are al-
ways track-constrained or program-controlled to form a rela-
tively fixed route with little misalignment. Even if the lateral 
misalignment occurs, both the receiver coils will synchronous-
ly misalign to the left or right with the vehicle. 
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Fig. 14. The dynamic waveforms of the induced voltages and currents of receiver coils, system output voltage of the proposed dual-receiver sys-
tem when the current frequency of ip1 is f, and the current frequency of ip2 is (a) f, (b) (1+2‰)∙f, and (c) (1+5‰)∙f. 
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Fig. 15. Mutual inductances between track coils and receiver coils with 
different misalignment conditions. 

Therefore, since the misalignment distances of both the re-
ceiver coils are almost the same when the receiver moves 
along the track coils, the proposed three operation modes are 
still valid. To verify the system output characteristic under 
misalignment conditions, the mutual inductances trends be-
tween the receiver coils and track coils with different misa-
lignment distances are plotted in Fig. 15. Although the mutual 
inductances between the receiver and track coils will decrease 

when misalignment happens, the constant output characteristic 
can be still maintained. When the misalignment distance 
reaches 40 mm (10% of the receiver coil width), the system 
coupling can be maintained at ~85% of the rated values, which 
is an acceptable drop under the lateral misalignment condition. 
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Fig. 16. The experimental setup. 

IV. EXPERIMENTAL VERIFICATION 

In order to validate the proposed circuit topology and the 
magnetic coupler, a 220 V-800 W experimental setup is built, 
as shown in Fig. 16. The track coils and the receiver coils are 
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built within the dimensions listed in TABLE I. Digital signal 
processors (DSPs) are used for driving the inverters. 

A. Experimental Waveforms 

1) FB rectifier mode 
When both the receiver coils are above the middle range of 

the same track coil, the induced voltages Vs1 and Vs2 are bal-
anced. Thus, the receiver operates in FB rectifier mode intro-
duced in Section III.B, and its waveforms are shown in Fig. 
17(a). Here, the currents in receiver coils Is1 and Is2 are also 
balanced. When RL is set as 60.5 Ω, and the output power Pout 
is set as ~800 W, the system efficiency is ~93.6% to ~93.9%. 
2) VD rectifier with Dual Coil Receiving Power Mode 

When the receiver operates in Mode B, there is a tiny dif-
ference between Vs1 and Vs2. Since vs1 and vs2 have the same 
frequency and are in phase, both the receiver coils are transfer-
ring power synchronously with an apparent difference in the 
RMS value of coil currents. The key waveforms are shown in 
Fig. 17(b). When Pout is ~800 W, the system efficiency is 
about ~93.0% to ~93.5%, which depends on the difference 
between the induced voltages of the receiver coils. 
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[t: 5 μs/ div]
(a) (b)
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(d)  

Fig. 17. Experimental waveforms of vin1, ir1, is1, and is2 when the receiv-
er operates in Mode (a) A, (b) B, (c) C with Vao>Vob, and (d) Vao<Vob. 

3) VD rectifier with Single Coil Receiving Power Mode 

When Vao and Vob significantly differ, the rectifier operates 
in the VD rectifier with single coil receiving power mode. 
When Vs1>Vs2, the key waveforms are shown in Fig. 17(c). 
Only receiver coil #1 transfers power, and Is2 is kept at zero. 
Compared with the corresponding waveforms in Fig. 17(a), Is1 
is doubled to offer equal system output power. When Vs1<Vs2, 
the corresponding waveforms are shown in Fig. 17(d). Simi-
larly, Is1 is kept at zero, and only receiver coil #2 transfers 
power. Within this operation mode, when Pout is ~800 W, the 
experimental efficiency of the DWPT system will vary from 
~90.7% to ~93.0%, which is affected not only by the charac-
teristic of this operation mode but also by the fabrication tol-
erance of the hand-made coils. 

B. System Output Voltage and Efficiency 

The trends of the system output voltage and the system effi-
ciency against the moving distance are plotted in Fig. 18. With 
the proposed DWPT system, When the frequencies in the two 
adjacent track coils are the same, the fluctuation of the system 

output voltage Vo is limited to ~3.1% (~-1.5% to ~+1.6%), 
which is mainly caused by the fabrication tolerance of the 
hand-made coils. Meanwhile, when the current frequency in 
DD track coil #2 is set as (1+2‰)∙f and (1+5‰)∙f, the fluctua-
tion of the voltage Vo is about ~3.6% (~-1.9% to ~+1.7%) and 
~3.4% (~-1.7% to ~+1.7%). Even if the receiver moves above 
the adjacent part of the track coils, the system output voltage 
is still maintained at a constant value. Moreover, the system 
overall efficiency can be maintained from ~90.7% to ~93.8%, 
even though the track coil currents are different in frequency. 

-1 -0.5 0 0.5 1
80

82

84

86

88

90

92

94

96

98

0

30

60

90

120

150

180

210

240

270

Vo with current frequency of ip2 is f

Vo with current frequency of ip2 is (1+2 )f
Vo with current frequency of ip2 is (1+5 )f

Eff. with current frequency of ip2 is f
Eff. with current frequency of ip2 is (1+2 )f
Eff. with current frequency of ip2 is (1+5 )f

V
o 

(V
)

E
fficien

cy
 (%

) 

Moving Distance (m)  
Fig. 18. Vo and the system efficiency against the moving distance. 
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Fig. 19. (a)Waveforms of Vo, Io, is1, is2 when Pout changed from 800W to 
400W, and waveforms of Vo, is1, is2 when the receiver is moving along 
the track with the frequency of ip2 is (b) f, (c) (1+2‰)∙f, and (d) (1+5‰)∙f. 

C. Dynamic Experiment 

To verify the dynamic performance of the proposed DWPT 
system, the dynamic waveforms are recorded and provided. 
When the RMS values of Vs1 and Vs2 are equal, i.e., the system 
operates in Mode A, both receiver coils transfer power with 
the same coil currents. Here, when the system output power 
Pout changes from 800 W to 400 W, due to the CV characteris-
tic of the LCC-S compensation, the system output voltage Vo 
is well maintained, and the currents in both receiver coils are 
halved simultaneously, as shown in Fig. 19(a). Moreover, 
when the receiver moves along the track and Pout is set to 
800W, Vo can still be kept at a constant value with no apparent 
voltage fluctuation or any current oscillation, as shown in Fig. 
19(b). The operation range of Mode A, B, and C are marked as 
①, ②, and ③. Similarly, even if the frequency of ip2 is set as 
(1+2‰)∙f and (1+5‰)∙f, as shown in Fig. 19(c) and (d), there 
is still no oscillation on Vo when the receiver is moving above 

This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIE.2022.3217592

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: University of York. Downloaded on January 26,2023 at 10:37:38 UTC from IEEE Xplore.  Restrictions apply. 



the adjacent part of the track coils, which proves the good dy-
namic performance of the proposed system. 

D. Comparison with the Other Power Fluctuation Sup-
pression Methods for DWPT Systems  

Several previous methods have been aimed at power fluctu-
ation suppression for DWPT systems. In [12] and [15], the 
coupler size optimization method is proposed to provide a 
smooth output for the DWPT system. However, due to the 
strong cross-coupling between the transmit coils, assistant 
coils should be arranged to eliminate the effect caused by 
cross-coupling, resulting in extra cost and complexity. To 
solve this issue, the bipolar coil [28] and adjacent unipolar-DD 
coil [11] are introduced to the transmitter in the DWPT system. 
By simply adjusting the dimensions of the transmitters and 
receivers, the power fluctuation in the moving process can be 
further suppressed. Moreover, based on misalignment toler-
ance improvement methods for statics wireless power transfer 
systems, an integrated magnetic coupler is proposed to im-
prove the dynamic output characteristic of the DWPT system 

[29], which also achieves good output stability. In addition to 
the single receiver coil system, the multi-receiver structure 
with the corresponding circuit topology is introduced in [25]. 
With the n-type transmitter coils, the system fluctuation can be 
apparently reduced. Although these methods above can effec-
tively improve the system output stability, the power oscilla-
tion caused by the current frequency difference between adja-
cent track coils is still disregarded and unavoidable. 

Compared with these methods above, this paper’s main 
contribution is eliminating the power oscillation phenomena 
when the receiver moves above the adjacent part of the track 
coils by adopting dual-receiver coils and the VD rectifier. 
Even though there is a tiny current frequency difference be-
tween the adjacent track coils, the system output voltage can 
still be maintained at a constant value since only the receiver 
coil with higher induced voltage can transmit power from only 
one track coil individually. In addition, with the well-designed 
coupler in the experimental setup, the proposed system also 
has advantages in output power fluctuation suppression. 

TABLE III SUMMARY AND COMPARISON WITH OTHER POWER FLUCTUATION SUPPRESSION METHODS FOR DWPT SYSTEM 

Ref. Coupler structure 
Air 

gap 

Dynamic output voltage(V) / 

power (P) fluctuation 

Output 

power 

Maximum 

efficiency 

Power oscillation caused 

by the frequency difference 

[12] Tx: DDQ, Rx: Q 100 mm V: within ±2.5% ~259W 90% Not considered 

[15] Tx: DDQ, Rx: Q 150 mm P: ±7.5% ~1.4kW 89.78% Not considered 

[28] Tx: Q, Rx: Q 50 mm V: within ±2% ~167W 87% Not considered 

[11] Tx: DD&Q, Rx: DDQ 100 mm V: within ±2% ~384W 90.374% Not considered 

[29] Tx: Q&Q, Rx: Q&Q 150 mm P: within ±4% ~4.5kW 91.6% Not considered 

[25] Tx: n-type, Rx: DD (4-phase) 170mm V: within  ±7.3% ~10kW  Not considered 

This paper Tx: DD, Rx: DD 80 mm 
P: -2.6% to +3.2% 

V: -1.5% to +1.6% 
~800W 93.8% Eliminating 

 

V. CONCLUSION 

This work proposes an output power fluctuation suppres-
sion method based on dual-receiver coils and a VD rectifier 
for the DWPT system. With the designed magnetic coupler, 
the proposed DWPT system can provide a CV characteristic 
when the receiver moves along the track and avoid power os-
cillation caused by coupling fall area and the currents in the 
adjacent track coils that are desynchronized. According to the 
circuit modelling and mathematical analysis, the operation 
modes of the proposed receiver topology are divided, and the 
specific characteristics in each mode, including the transfer 
power division of the dual receiver coils, are analyzed. The 
experimental results of the built 2.2 m-DWPT prototype show 
that the proposed DWPT system can limit the fluctuation of 
the system output voltage at a low level. Even if there is a tiny 
frequency difference between the adjacent track coils, since 
only one of the receiver coils can transfer power with doubled 
output voltage while the other one is clamped with no output 
power, the voltage fluctuation is generally less than 3.6%. 
Meanwhile, the system overall efficiency in the whole moving 
process can achieve >90.7% with an 8cm air gap. 
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