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Abstract

The popularization of electric vehicles (EVs) will bring a sustainable green-tech revolution to the world at large. Multistorey car
parks (MCPs) will be one of the most potential solutions to advance transportation and urbanization toward electrification,
connection, and intelligence, promoting the approach of carbon neutrality and sustainable development goals. Wireless charging
technologies link the EVs and MCPs to interact with the power grid and renewable energy networks. Societal expectations of low
carbon footprint and high space utilization will make requests for higher energy efficiency and higher power density of EV
wireless chargers. Therefore, wireless direct charging (WDC) technology is developed to occupy less space and improve power
conversion efficiency, thus conforming to societal expectations, especially for the MCPs in urban areas. Technically, a one-stage
WNDC is artfully devised to avoid the need for two-stage lossy power conversion during EV wireless charging. On top of the WDC
topology, transmitter-end power control incorporated with new pulse frequency modulation (PFM) is proposed for automatic EV
wireless charging. This control method can also be readily extended to bilateral power control using PFM for EV bidirectional
charging, enabling wireless energy routing in the MCPs and wireless energy trading among EVs. Finally, theoretical analysis and
computational simulation are given to verify the feasibility of the proposed WDC in urban MCPs.
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1 INTRODUCTION

Development of electric vehicles (EVs) [1], [2] will bring
green and sustainable solutions for transportation
electrification and decarbonization. With the development of
artificial intelligence, communication technologies and
self-driving technologies [3], modern EVs will evolve into
intelligent mobile offices. Hodiernal millions of EVs and
future billions of EVs create new demands for multistorey car
parks (MCPs) having wireless charging capabilities [4]-[6].
Apart from wireless charging functions, the MCPs are
expected to support bidirectional charging [7], [8] and wireless
energy trading [9], [10] among EVs as well as wireless energy
routing [11], [12] inside the MCPs.

Wireless charging technology provides us with a smart power
interface [13], [14] between the power sources such as the
power grid or renewable energy networks and electric loads
such as EVs or MCPs. Furthermore, this wireless power
transfer technology has been widely explored in numerous
areas including multi-frequency power transmission [15]-[17],
wireless motor [18], [19], wireless lighting [20], [21],
magnetic field beamforming and editing [22], [23], wireless
peer-to-peer charging [24], wireless energy encryption and
decryption [25], [26], and wireless power and drive transfer
[27], [28]. To control wireless power in various applications of
wireless power transfer, multiple strategies have been actively
developed for wireless energy modulation [5]. All these
modulation strategies can be classified into five individual

types plus one hybrid: (i) pulse width modulation such as duty
ratio control and phase shift control [29], (ii) pulse density
modulation [30], (iii) pulse frequency modulation (PFM) [31],
[32], (iv) pulse phase/position modulation [33], (v) pulse
amplitude modulation [34], and (vi) hybrid modulation [35]. In
particular, the PFM exhibited the “real” merits, namely robust
soft switching, eliminating even-order harmonics, alleviating
switching loss, and lower switching frequency [36], [37].

Classified by different power flows, EV wireless charging and
discharging typically have three types: (i) unidirectional
grid-to-vehicle (G2V) charging [38], [39] (ii) bidirectional
vehicle-to-grid  (V2G) charging [40], [41], and (iii)
bidirectional vehicle-to-vehicle (V2V) charging [42], [43],
[10]. This paper is to investigate both the unidirectional and
bidirectional wireless charging for EVs in MCPs. In urban area
applications, MCPs should be deployed multifunctional
wireless chargers for EVs, forming wireless energy internet by
networking the parked EVs in the MCPs. To improve the
space utilization and power conversion efficiency, wireless
direct charging (WDC) technology using the PFM [32] can be
developed to avoid the second-stage lossy power conversion
[44] while adapting to different power sources and various
requirements of battery management systems in EVs [45].

2 MULTISTOREY CAR PARKS

Hodiernal millions of EVs will promisingly increase to billions
of EVs in the near future, which highlights the charging



demand and underlines the significance of charging
convenience for EVs. In  Fig. 1, wireless charging stations
and MCPs can be constructed and deployed along the traffic
roads in both the suburbs and urban areas. In particular, the
development of MCPs incorporated with wireless chargers
takes the definite advantage of improving space utilization for
accommodating and charging more numerous EVs over the
distributed wireless charging stations. Electricity can be
fetched from the power grid on the ground and energy storage
systems underground, and it can be converted into AC and DC
forms while passing through the power electronic devices.
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Fig. 1. Scenarios of wireless charging stations and MCPs.

Wireless charging behaviors can be classified into three types:
(i) The batteries in EVs can be directly recharged via wireless
chargers in the form of unidirectional power flow, coined as
unidirectional G2V charging; (ii) EVs can discharge their
batteries to feed electricity into the power grid or upload
energy packets onto energy storage systems such as batteries
[45], coined as bidirectional V2G operation; and (iii) the
discharging EVs can directly charge another group of
recharging EVs via wireless chargers, therefore routing the
energy packets from the discharging EVs to the charging EVs.
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Meanwhile, the energy surplus and shortage can be balanced
by the energy storage system and power grid via wireless
energy routing and exchanging. This process can be coined as
bidirectional V2V charging. Correspondingly, Fig. 2 shows the
systematic configuration of wireless charging for EVs in
MCPs or wireless charging stations. Multiple charging and
discharging EVs are involved in energy exchange between
themselves and power grids or energy storage systems.

3 WIRELESS DIRECT CHARGING

Fig. 3 shows the system topology of the proposed WDC for
charging or discharging each EV in MCPs. In Fig. 4, only the
switched power converter is controlled by double closed-loop
proportional-integral (PI) controllers using the PFM to
generate the required outputs, which guarantees to follow the
references of constant-current (CC) and constant-voltage (CV)
charging profile. This WDC avoids the use of second-stage
DC-DC converters bilaterally, thus having the advantages of
higher power conversion efficiency, higher power density,
fewer components and lower cost. The proposed WDC
benefits environmental friendliness and sustainability,
reducing carbon footprint and promoting carbon neutrality.

For the 1% scenario of unidirectional G2V charging, Fig. 3(a)
shows the circuit system of the proposed WDC system for
unidirectional EV wireless charging. A low-cost diode rectifier
can be used for directly charging the EV batteries, while all
control is performed in the inverter at the transmitter side only.
For the 2" or 3 scenarios of bidirectional V2G or V2V
charging, Fig. 3(b) shows the circuit system of the proposed
WNDC for bidirectional (dis)charging the EVs wirelessly. Apart
from functioning for the CC and CV charging, the PFM can
also help the WDC to match different voltages of power
sources and different specifications of power batteries.
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Fig. 2. System configuration of wireless charging for EVs in MCPs.
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Fig. 3. Proposed WDC for EVs in MCPs. (a) Unidirectional G2V charging. (b) Bidirectional V2G or V2V charging.
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Fig. 5. Equivalent circuit of wireless charging for EVs.

Fig. 5 shows the equivalent circuit of the proposed WDC. A
basic series—series network is used, which should follow:
1 1

w pu— pu—

* VILC., VILC.
where wy, is the angular frequency; L, and C, are the coil
inductor and matched capacitor of the transmitter (or

)

transceiver 1); and L, and C, are those of the receiver (or

transceiver 2). Besides, other types of basic and high-order

networks can also be used for this WDC. For both the

unidirectional and bidirectional WDC, the wireless power and

its transmission direction can be controlled as given by [46]:
_ U.U,siné,,
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where U, and U, are the root-mean-square (RMS) values of

transmitter and receiver (or transceiver) AC voltages,
respectively; 6, is the phase difference between voltage

phasors U, and U,; and M is the mutual inductance of
wireless charging coupler. Accordingly, 6, = m/2 can

control the forward transmission of wireless power from the
power grid, energy storage system or discharging EVs to the
charging EVs, and 6,=— n/2 can control the reverse

transmission of wireless power.

4 WIRELESS CHARGING USING PULSE FREQUENCY
MODULATION

In Fig. 4, the sigma-delta (ZA) modulation algorithm is
borrowed to generate the PFM sequence [31], [47]. This PFM
is in charge of CC/CV charging and voltage compatibility
while achieving zero voltage switching, thus improving the
system efficiency. No matter for unidirectional G2V charging
or bidirectional V2G and V2V charging, the inverter output
voltage using the PFM can be expressed as [46]:



uppn (1) = amiy + (i — )M %Sin (wot) 3)
where n; =2n-1 and n,=2n+1; E is the DC voltage
of inverter, namely Vi or Vi.iay; and &, is the duty ratio
of PFM. Moreover, ¢ is the ratio of the voltage RMS value
Upem = U, and the current RMS value Ippy =1, to their

rated values U...a and I...q,respectively. Thus, it yields:

1
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5 RESULTS AND VERIFICATION

The specifications and parameters are listed in Table | to
illustrate the design of the proposed WDC system in MCPs. In
different scenarios, the DC voltage of power supply can be Vgc
from the power grid and energy storage system or Vpatery from
the discharging batteries in EVs in Fig. 3. Both coil sizes of
the coupler are in size of 420 mmx300 mm. A simulation
model is built, and the computational simulation of two
scenarios is performed to evaluate the feasibility and
performance of the proposed WDC for EVs in MCPs. Due to
the limitations of computing hardware, the battery capacity is
scaled down by 10,000 times to speed up the simulation.

TABLE |
DESIGN SPECIFICATIONS AND PARAMETERS OF WDC SYSTEM
Parameter Value
Coil inductance (L) 106.4 pH
Transmitter Coil internal resistance (Ru) 0.09Q
(Transceiver 1) Matched capacitance (Ct) 32.95 nF

Equivalent series resistance of Ct (Ret)  0.034 Q

) Coil inductances (Lr) 104.6 pH
Receiver Coil internal resistances (Rir) 0.07Q
(Transceiver 2) Matched capacitances (Cr) 33.52 nF

Equivalent series resistance of Cr (Rer)  0.034 Q
Coil turn (nr) 10

Transfer distances (D) 150 mm
Mutual inductances (M) 15.1 uH
Nominal resonant frequency (fo) 85.0 kHz
DC input voltage (Vdc) 350,410V
EV battery voltage (Vbattery) 205V

For the 1% scenario of unidirectional G2V charging, a
synchronous rectifier, instead of a diode rectifier, is used at the
receiver side to improve the system efficiency. When the PFM
is used for the proposed WDC, Fig. 6(a) shows the waveforms
of AC inputs (u, i) and outputs (u,, i). By using a
scaled-down battery to accelerate the simulation, the charging
process can be shortened, which can show the whole charging
profile for better visualization. With the scaled-down battery,
Fig. 6(b) shows the whole charging process of EV batteries.
When the battery voltage reaches 205.0 V, the charging

control will switch from the CC mode of 26.0 A to the CV
mode of 205.0 V. Fig. 6(c) shows the trends of output power
and DC-to-DC system efficiency, where the maximum power
is 5.329 kW, and the maximum system efficiency is 96.2%.
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Fig. 6. Waveforms of unidirectional G2V charging. (a) AC
inputs and outputs. (b) CC/CV charging (scaled-down battery
for accelerating simulation). (c) Power and efficiency.

For the 2" or 3 scenario of bidirectional V2G or V2V
charging, the PFM is also used for controlling the WDC.
Accordingly, Fig. 7(a) shows the waveforms of AC inputs (ur,
i) and outputs (u, i). By using a scaled-down battery to
accelerate the simulation, Fig. 7(b) shows the whole charging
process of V2G or V2V operation. Similarly, when the battery
voltage reaches 410.0 V, the charging control will switch from
the CC mode of 13.0 A to the CV mode of 410.0 V. Fig. 7(c)
shows the trends of output power and DC-to-DC system
efficiency, where the power can reach 5.327 kW, and the
system efficiency can reach up to 95.9%.

Therefore, the proposed WDC using the PFM can readily
achieve high-efficiency G2V, V2G or V2V charging in the
MCPs. All these results well verify the feasibility and high



performance of the proposed WDC for EVs in the MCPs. This
WDC scheme is very promising for urban applications.
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Fig. 7. Waveforms of bidirectional V2G or V2V charging. (a)
AC inputs and outputs. (b) CC/CV charging (scaled-down
battery for accelerating simulation). (c) Power and efficiency.

6 CONCLUSION

Ever-increasing EVs will advocate the development of MCPs

having wireless charging capabilities, especially in urban areas.

To promote the transportation and urbanization toward
electrification, connection, and intelligence, the WDC techno-
logy using new PFM control has been proposed and evaluated
for EVs in MCPs. To avoid the use of two-stage lossy power
conversion, the proposed WDC has the advantages of high
space utilization, high energy efficiency and high power
density, which conforms to the societal expectations. On the
other hand, transmitter-end power control incorporated with a
new PFM can readily perform the automatic wireless charging
for EVs in MCPs, successfully handling different scenarios of
unidirectional G2V charging and bidirectional V2G or V2V
charging. This control method can also be valid for wireless
energy routing and wireless energy trading. Theoretical

analysis and computational simulation have been given to
verify the feasibility of the proposed WDC in urban MCPs.
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