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Abstract: Fast charging of electric vehicles (EVs) has been the trend recently. For conductive charging, normal charging can be
realised by an on-board charger, while fast charging can be realised by a DC charger which is usually off-board the vehicle.
However, for wireless charging, there is a need of a transmitter on the ground and a receiver on the EV side. Therefore, there
will be a high-power receiver and a low-power receiver in one EV to achieve dual charging capabilities. To reduce the EV-side
cost, weight, and volume, this paper proposes a wireless charging system with a shared receiver compatible of fast wireless
charging (FWC) at a small air gap and normal wireless charging (NWC) at a large air gap. The relationship between the coil size
and the power level is investigated and a suitable receiver coil size is selected for FWC. The LCC-LCC topology is selected due
to its characteristic of output power proportional to the coupling coefficient. Design procedures of the receiver and transmitters
are investigated. The simulations and the experimental results obtained from the downscaled prototype verified the

effectiveness of the compatibility design.

1 Introduction

Wireless power transfer (WPT) [1-4] is an emerging technology
that has achieved a great advancement in academia and a deep
penetration into the commercial market. Electric vehicle (EV)
wireless charging is a typical application of the WPT technology
[5, 6]. Compared with conductive charging, wireless charging has
the advantages of convenience (free from manual operation) [7],
safety (free from electric shock and sparks), reliability (free from
water and dust), and applicability in harsh environments [8, 9].
However, cost, size, charging time, and efficiency are the barriers
that affect the application of EV wireless charging.

The charging time is one of the major concerns of EV charging.
Take Tesla Model S as an example. The battery capacity in the
standard edition is 75 kWh. To fully charge Tesla Model S from
15% state of charge, it takes over 9 h for a 7kW charger; while
only 32 min are spent for a fast charger rated at 120 kW. Thus, fast
charging is one of the future trends that shorten the charging time
for EVs. Tesla has developed a supercharger capable of 120 kW
conductive charging [10]. For wireless charging, there is a need of
a transmitter on the ground and a receiver on the EV side. Fast
wireless charging (FWC) is needed for an EV to shorten the
charging time, which normally occurs in the charging station,
where high-power charging facilities are available. Normal
wireless charging (NWC) is also required for an EV, which mainly
takes places in the residential or public garages, where only low-
power charging facilities are available. Therefore, to enable the EV
for FWC and NWC, there will be two sets of receivers, resulting in
high cost, bulky size, and heavy weight on the EV side. To address

Table 1 Design requirements for two charging scenarios
Parameter FWC NWC (J2954)
charging location Charging Station Residential Garage

output power 120 kW 7 kW
charging distance 35 mm 150 mm
misalignment issue No Max (75 mm, 100 mm)
operating frequency <85 kHz 85 kHz
inverter DC voltage <800V <650 V

rated battery voltage 320V 320V
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these issues, power interoperability of NWC and FWC should be
studied.

For purposes of compatibility, the receiver in a WPT system
should be interoperable with different transmitters, and vice versa.
Current literature in this area focuses on (i) battery voltage
compatibility [11], where battery packs with the voltage ranging
from 250 to 700 V could be wirelessly charged by inserting either a
buck or a boost converter; (ii) coil compatibility [12—14], where
different coil shapes, such as circular coil, bipolar coil, and DD
coil, were compared and tested; (iii) power compatibility, where
the transmitter was designed for receivers with different power
levels [15, 16]; (iv) frequency compatibility, where dual-frequency
operation was studied for low-power applications [17, 18].
However, there is a lack in designing a receiver capable of both
FWC and NWC.

To achieve dual power capability of FWC and NWC using a
shared receiver with reduced EV-side cost, weight, and volume, the
shared receiver and the respective transmitters should be carefully
designed. FWC and NWC have different charging scenarios.
Usually the charging distance of FWC shall be designed to be very
small so that the power density can be improved and the coil size
and system cost can be reduced. A mechanical positioning device
can be employed to accurately adjust the charging position. Thus,
there are no misalignment issues for FWC. In comparison, the
charging distance of NWC is usually large, approximately 100—
200 mm. If no mechanical device is utilised, there will be a
misalignment issue. The maximum misalignment is set to 75 mm
in the front-to-rear direction and 100 mm in the door-to-door
direction according to the recommended practice J2954 from the
Society of Automotive Engineers. The typical design requirements
for the two charging scenarios are summarised in Table 1.

This paper proposes a wireless EV charging system capable of
FWC and NWC with a shared receiver. The design procedures of
both FWC and NWC following Table 1 are performed and a
downscaled system is implemented to validate the analysis.

2 Coil size and power level

To design a receiver compatible of 120 and 7 kW transmitters, the
receiver coil size should be first determined. This section
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Fig. 1 Model of a single-turn coil
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Fig. 3 Simulation results
(a) Lo and k1 vs. IL,
(b) NI and Pgy; vs. IL

investigates the relationship between the coil size and the power
level.

2.1 Maximum output power

For an inductive WPT system, the active transferred power of two
coupled coils is maximised when the phase difference between the
coil currents is 90° [19]. Under this condition, the output power
can be expressed by

P = wklz\/Llelllz = klzvaloLzo(’llll)(nzlz) . (1)

where  is the operating angular frequency, /; (lp), Ly (L), Lig
(Lpo), ny (ny), and nyly (nyly) are the current root-mean-square
(RMS) value, the self-inductance, the single-turn self-inductance,
the turn number, and the ampere-turn of the transmitter (receiver).
k1, is the coupling coefficient. The single-turn inductance has the
same coil dimension as the original coil, such as outer length (OL)
and inner length (IL), but with only one turn, as shown in Fig. 1.
Once the single-turn inductances Ly and Ly are obtained from the
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simulation, the actual inductances can be calculated by L; =L;q %

n12 and Ly = Ly % n22.

When the coil dimensions are determined, the maximum output
power can be determined by the ampere-turn of the coils, which is
maximised when the coil is tightly wound and can be calculated by
its dimension and the withstanding current density. The cross-
section of a tightly wound coil is shown in Fig. 2, where the coil
layer is 1, the coil width is w, and the diameter of the litz wire is
dw. The area of the cross-section can be expressed by S=w X dy.
Assume the litz wire has Ngt strands with a strand radius of rg, and
the utilisation ratio of the copper in the cross-section u, can be
calculated as
arg

o @

u; = kyrNsT

where kyg is the coefficient that takes into consideration the fact
that the wires cannot be tightly wound in reality. When the current
density flowing through the copper is J, the maximum ampere-turn
of a coil can be expressed as

(n])max = Sur'] . (3)

For coils with ferrites, k5, L}, and Lyj in (1) can be obtained
through finite element simulation. Hence, the theoretical maximum
power level of coupled identical coils can be obtained by

Pin - max = klzw\/LIOLZO(SurJ)Z . (4)

2.2 Impact of IL

In J2954, the receiving coil size for the standard 7.7 kW charging
was recommended to be 300 mm. Therefore, in this study, we start
with the size of 300 mm x 300 mm X 4 mm to study the impact of
the coil size. Two charging distances are selected: 35 and 150 mm.

The simulated single-turn self-inductance (Lg) and ki, varying
with IL are plotted in Fig. 3a. L increases with the increasing IL,
and this can be explained by the fact that the coil mean length
increases with the increasing IL. kj, decreases with the increasing
IL, and when IL is smaller than one-third of OL, k;, will saturate.

To calculate the maximum output power, the operating
frequency is set to 85 kHz as recommended by J2954 and J is
assumed to be 3 A/mm?. An 800-strand litz wire with a strand
radius of 0.05 mm is suitable for this frequency. u, is calculated to
be 0.3. The calculated maximum ampere-turn and output power are
shown in Fig. 3b. Both the ampere-turn and the output power
decrease with the increasing IL. The maximum ampere-turn has
nothing to do with the coupling coefficient and it is only
determined by the coil geometry and current density, as shown in
(3). Given the coupling coefficient and the maximum output power,
IL is selected to be one-third of OL.

2.3 Impact of OL

Under the aforementioned conditions and IL is set to one-third of
OL, the simulated L, kjp, nl, and Pg, varying with OL are
depicted in Fig. 4. Only when OL exceeds 450 mm, 120 kW output
can be achieved.

The selection of J affects the maximum power level. When J >
3 A/mm2, a higher maximum output power can be achieved, but
the cooling of the litz wires should be taken into consideration.
Another factor that impacts the selection of the ampere-turn is the
saturation of ferrite, which can be avoided by increasing the ferrite
thickness.

3 Full-Scaled system design

3.1 Topology selection

The series-series (SS) and LCC-LCC topologies are two popular
topologies in a WPT system due to the constant-current output
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characteristic. They are compared to find a better solution to satisty
the design requirements. The equivalent circuits of the SS and
LCC-LCC topologies are shown in Fig. 5, where U; (U,) is the
inverter (rectifier) AC voltage, L; (L»), Le; (L), Ci (Cy), and Cyy
(Cp) are main coil inductance, the auxiliary coil inductance, the
series compensation capacitance, and the parallel compensation
capacitance of the transmitter (receiver), respectively.
For the SS topology, the resonant frequency is

1 1

a)=—=m.

L,C,
In this condition, the output power of the SS topology can be
expressed by

©)

U] Uz 1 U1 Uz

Py = =— .

T WMy, Tk wv/L\L, (©)

For the LCC-LCC topology, the resonant frequency is
o= 1 1

\/Lflel \/szcfz
- 1 _ 1 (M
[ GG [ GG

\/L] C +Cqy \/LZ C,+ Cp,

In this condition, the output power of the LCC-LCC topology can
be expressed by

— oM,,U,U, — k. UU, (8)
T wlywLy, — o wyJLL,
where a; and a; are defined as
_Ln _Le
a = T,’ 0 = E . ©)

Comparing (6) with (8), we can see that the output power of the SS
topology increases with the decreasing ki, while that of the LCC-
LCC topology increases with the increasing k. In the application
scenario, ki, of FWC is much larger than that of NWC. The
characteristic of the LCC-LCC topology facilitates the design of a
receiver compatible of two distinctly different power levels.
Moreover, there are two extra degrees of freedom, namely a; and
0y, to help the design of such a WPT system. Therefore, the LCC-
LCC topology is selected.

3.2 Coil design

In the two charging scenarios, there is only one receiver, but the
receiver is at two different charging distances. Thus, the self- and
mutual inductances vary but the capacitances keep the same.
Therefore, there are two sets of parameters for one receiver. The

equivalent circuits of the two charging scenarios are shown in
Fig. 6, where Ly; (Lpp) and Ly (Lpp) are the receiver main coil
and auxiliary coil inductances of FWC (NWC). M|, and M3,; are
the mutual inductances. The single-turn inductances are denoted by
adding 0 in the subscript (19, L220, Lf210> and Log)-

One of the problems with the shared receiver using the LCC-
LCC topology is that L,; differs greatly from L,, at the two
charging distances of 35 and 150 mm, but C, and Cy, remain the
same. If Ly and Lgy, are the same, the receiver will not work in
resonance for both scenarios. That means if the parameters are
tuned for one charging scenario, the parameters for the other will
be detuned due to the variation of the main coil inductance. The
solution to this issue is to integrate the auxiliary coil with the main
coil and carefully design the coils so that the receiver works in
resonance for both case, i.e.
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We can see from (11) that the main coil inductance and the
auxiliary coil inductance of the receiver should have the same
variation rate. In this case, the relationship of the operating
frequencies of the two charging scenarios can be expressed by

Loy

NWC at the maximum misalignment reaches the rated value, while
for the perfect alignment case, the inverter DC voltage can be
regulated for the rated output.

The output power of FWC and NWC with the maximum
misalignment can be expressed, based on (8), as

frwe =\|T_“fxwe- (12) P e = K U,\U, 13)
out-FwWe M, COFWC\/Llosz
For FWC, the coils are designed to be symmetrical. The main coils
are unipolar coils and the auxiliary coils are bipolar coils which are ks U,U,
perpendicular to each other, as depicted in Fig. 7. Thus, there is no Pow-nwe = a5 oy Lok (14

coupling between L¢; and L, or between Lg and Ly, Ly and L.

The size of the main coils is selected according to the maximum
power level estimation of Section 2. The coil dimensions are given
in Fig. 7. By changing the dimensions of the auxiliary coils of
FWC, Lpyo and Lgyo can be adjusted to achieve (11). Since the
receiver auxiliary coil is a bipolar coil, there are many parameters
that can be changed to satisfy (11), such as the coil outer length,
outer width, inner length, and inner width. One design instance is
shown below. When the length of the bipolar coil is set to 500 mm
and the coil width is 80 mm, the simulated single-turn self-
inductances varying with the width of the bipolar coil are shown in
Fig. 8. When the width of the bipolar coil is 500 mm, Lg 1o / Leng
=L>19 / Lyyo- Therefore, the width of the bipolar coil is chosen to
be 500 mm. The simulation results are listed in Table 2.

We can see from Table 2 that there is no major difference in the
parameters between the perfect alignment and misalignment of
NWC except for the coupling coefficient. The output power of the
LCC-LCC topology increases with the increasing coupling
coefficient. Therefore, for a given range of the inverter DC voltage,
the parameters should be designed so that the output power of

540

where ny, ny, and n3 are the turn numbers of L, Ly (Lyp) and L3,
respectively.

When the operating frequency of NWC is 85 kHz, the operating
frequency of FWC can be calculated, according to (12), as 68.1
kHz. For the two charging scenarios, oy, np, and U, are the same,
but k121, k322, L10> L2190, L30, and Ly are all determined by the coil
geometry. Thus, only a4, ny, a3, n3, U; and Us can be adjusted for
the two power levels. By substituting the parameters into (13) and
(14), the relationship between the designed parameters of the
transmitters can be expressed as

U, Pout-Fwe ks I% ~ 4.14. (15)
30

anUs Poyi-nwc ki

There are multiple combinations of the parameters a;, 1y, az, n3,
U and Uj that can achieve the requirement of (15). One suitable
solution is listed in Table 3.
The system design procedure is summarised in Fig. 9.
540 Unit: mm

Ferrite
[ | Bipolar Coil
Unipolar Coil
340

—

300

0
L

Fig. 7 Coil geometry and dimension
(a) Shared receiver,
(b) FWC transmitter,

(¢) NWC transmitter
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Fig. 8 Simulated single-turn self-inductances and their ratios vs. width of bipolar coil

Table 2 Simulated single-turn self-inductances and coupling coefficients

FWC (uH) (0 mm, 0 mm)

NWC (uH) (0 mm, 0 mm)

NWC (uH) (75 mm, 100 mm)

Lf10 2.574 Lt30 0.518 Lf30 0.519
L1o 0.966 Lag 0.407 L3g 0.407
Lf210 2.575 Lf220 1.655 L2200 1.627
Lo10 0.965 Looo 0.619 Lo2g 0.628
k121 0.810 k322 0.192 k322 0.127
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Table 3 One suitable solution for power compatibility

Symbol Value Symbol Value
nfq 2 ng3 7

nq 6 n3 11
nf 2 nf2 2

no 6 ny 6

L1 10.3 uH L¢3 25.4 uyH
Lq 34.7 yH L3 49.2 uH
Lf21 10.3 yH Lfoo 6.62 uH
Loq 34.7 uH Loo 22.3 uH
Cr1 530.6 nF Cs3 137.9 nF
C1 223.6 nF C3 147.2 nF
Cro 530.6 nF Cro 530.6 nF
Co 223.6 nF Co 223.6 nF
frwe 68.1 kHz fNwe 85 kHz
Uinv1 750 V Uinv3 440-630 V

/ Design Requirements /
¥

| Coil design of Ly, Ly, L

I‘_

Adjust

’—>| Coil design of Ls, Ly, L |
¥

length,
width,

Field simulation to obtain
L2l(); Lﬂl(b L2207 Lf22()

coil width

| Obtain f; for FWC |

v

Select ay, ny, 03, 3, Uy, Us
based on FWC and NWC at
max misalignment

Circuit simulation to obtain
coil currents

¥ Adjust
Field simulation to obtain ferr ite
ferrite flux density thickness

<

No

( Done system design >

Fig. 9 System design procedure

3.3 Simulation

To validate the proposed solution in Table 3, the FWC and NWC
systems are modelled in MATLAB/Simulink. The simulation
results are listed in Table 4. The DC-DC efficiencies of these two
charging systems are both over 94%. Thus, the design requirements
have been satisfied to use the same receiver for two distinctively
different power levels.

The simulation waveforms are shown in Fig. 10.

4 Downscaled system validation

Due to the power limitation in the lab, the 120 kW FWC system
cannot be realised. Instead, a downscaled prototype of 6.4 and 1.0
kW is implemented. The charging distance of the 6.4 kW system is
15mm and that of the 1.0kW system is 142 mm so that
approximately the same coupling coefficients as the full-scaled
systems are achieved. Following the same procedures in Section II,
the coils can be designed. The ferrite size is 448 mm x 354 mm x 8
mm, and the coil dimensions are labelled in Fig. 11. The
photograph of the experimental setup is depicted in Fig. 12. The
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simulated and measured inductances are compared in Table 5. The
largest misalignment is set to (75, 100 mm).

We can see from Table 5 that 85.9 / 59.0 = 288.2 / 195.4.
Therefore, the receiver can stay in resonance at both charging
distances. The resonant frequency of the 1.0 kW system is set to be
85 kHz. Thus, the resonant frequency of the 6.4 kW is calculated to
be 85x4/195.4/288 =70kHz. C;=C,=24.85 nF, Cy=Cp=
59.16 nF, C3=17.0 nF, and Cg; =47.8 nF. The rectifier DC voltage
is set to 250 V, and the maximum inverter DC voltage is set to 450
V for the 6.4 kW system and the maximum inverter DC voltage is
set to 300 V for the 1.0 kW system.

The RMS values of the coil currents are plotted in Fig. 13. The
output power and the DC-DC efficiency of the two power levels
are depicted in Fig. 14. The discrepancies of the output power for
the 1.0 kW system is caused by the discontinuous rectifier current
waveforms. Nevertheless, the DC-DC efficiencies of the two
systems can be over 95%.

The experimental waveforms of the three cases are shown in
Fig. 15.
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Table 4 Simulation results of FWC and NWC

System, mm FWC, 0,0 NWC, 0, 0 NWC, 75, 100
Uiy (V) 750 440 630
Pout (kW) 120.2 6.97 6.99
n (%) 97.0 94.9 94.9
I11(k3) (A) 184.8 20.7 14.1
I1(13) (A) 152.8 28.9 40.1
I (A) 4171 28.7 29.0
I> (A) 66.9 80.6 77.8
400 500 400 [ 400
off 4y oAUz} ot o fin “Nusl | °[[u2
S0} -200 i -200 s00 200 |
400 500 - 400 400
200 1 s0o T ﬁ 50 20 1] sof]
¥ i A W \/12\4 SMAVARMVE:
200 —1 I | 0 0 -20 50
o/ 7\ 0 j 0 j 0 : o -1/ 0 i
200 .ﬁ\/ 100 \ﬁZ\ e \/13\4 -100 \ﬁZ\ -50 13 =100 L2
a b c

Fig. 10 Simulation waveforms
(a) FWC at (0 mm, 0 mm),

(b) NWC at (0 mm, 0 mm),

(c) NWC at (75 mm, 100 mm)

Receiver 6.4 kW Transmitter

Fig. 11 Coil dimensions of 6.4 and 1.0 kW systems

Receiver

Transmitter

1.0 kW Transmitter

N

Electronic
e e Load M

Fig. 12 Photograph of experimental prototype for NWC at maximum misalignment

5 Conclusion

This paper studied the compatibility of wireless charging of EVs at
both high-power and normal power levels sharing the same
receiver. Two different power levels, i.e. a 120 kW FWC at a 35
mm charging distance and a 7kW NWC at a 150 mm charging
distance, are achieved with relatively high efficiency using the
LCC-LCC topology through simulation. The relationship between
the coil size and the power level was investigated. For a given
power level, the required coil size can be estimated. Based on the
estimated coil size for the target power level, the wireless charging
system compatible of FWC and NWC with the same receiver was
designed. The output power of the LCC-LCC topology decreases

2556

with the decreasing coupling coefficient which offers a better
controllability for the WPT system. To keep the receiver in
resonance at the two charging distances, the coils should be
carefully designed such that the inductance variation ratios of the
main coil and the auxiliary coil due to the charging distance
variation are the same. By setting the transmitters with different a;
and different inverter DC voltages, the compatibility of 120 kW
FWC and 7kW NWC with the same receiver was achieved.
Simulations were conducted to verify the design.

A downscaled prototype was built with a rated power level of
6.4 and 1.0 kW. The equal inductance variation ratios of the main
coil and the auxiliary coil was achieved. The experimental results
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Table 5 Simulations and measurements of the experimental prototype

System Symbol Turn Number Simulation Measurement Error, %
FWC (0, 0) Lgq 10 87.7 uH 86.0 uH 1.94
L 15 281.8 uH 287.5 uH -2.02
Lfpq 10 87.7 uH 85.9 yH 2.05
Loq 15 281.8 yH 288.2 yH -2.27
k121 - 0.783 0.780 0.38
NWC (0, 0) L3 12 76.2 uH 74.6 uH -2.10
L3 20 281.4 yH 281.9 uH -0.18
Lo 10 61.0 yH 59.0 uH 3.28
Loo 15 194.9 yH 195.4 yH -0.26
ko232 - 0.202 0.198 1.98
NWC (75 mm, 100 mm) L3 12 76.1 uH 74.1 uH 2.70
L3 20 282.0 yH 282.9 uH -0.32
Lo 10 60.9 uH 59.0 yH 3.22
Loo 15 195.0 yH 196.3 uH -0.66
k232 - 0.115 0.119 -3.36
30 N 8 ! : 8
——Ty:cal ====Iy:cal o. PN
25 O Iyiexp O Iyexp Y v P kY 3 3 S
- = lical e Iy: cal - a .-
0 Ji:cxp YV Ipiiexp 6 ’_n" 6 ’,”
g e o _-"
2 o o o o 0 9 A 8 Lo
£ 15 v S4 o_-*
5 5 -5
© 10 5 a2 ——Ical ==Ly cal C 5=
= - O Iyexp O Ipe 2
[ e anuing ; ol Bt v -k ccalp """"" I c)gl) S
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Fig. 13 Calculated and measured current RMS values
(a) 6.4 kW system at (0 mm, 0 mm),
(b) 1.0 kW system at (0 mm, 0 mm),
(¢) 1.0 kW system at (75 mm, 100 mm)
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Fig. 14 Calculated and measured output power and DC-DC efficiency
(a) 6.4 kW system at (0 mm, 0 mm),
(b) 1.0 kW system at (0 mm, 0 mm),
(¢) 1.0 kW system at (75 mm, 100 mm)
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Fig. 15 Experimental waveforms
(a) 6.4 kW system at (0 mm, 0 mm),
(b) 1.0 kW system at (0 mm, 0 mm),
(¢) 1.0 kW system at (75 mm, 100 mm)
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showed that a DC-DC efficiency of over 95% can be achieved for
the two different power levels with the same receiver.
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