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ABSTRACT Electric Vehicles (EVs) are seeing increasing worldwide adoption, largely due to their reduced
greenhouse gas emissions and reliance on hydrocarbons. Slow advances in battery technology are one of
major factors restricting the development of EVs. Many customers worry that their EVmay run out of power
during a journey, especially in colder climates. This paper proposes a vehicle-to-vehicle (V2V) charging
system that works together with charging plug-in EVs, or operates independently. The new V2V charging
technology helps to address problems due to a limited number of plug-in stations, as well as to reduce the
risk of an EV running out of power during a journey. A novel transmitter coil structure is proposed for
wireless V2V charging, to address issues caused by angular offset between the transmitting and receiving
EV. Simulation results show that the novel transmitter coil structure is able to generate a stronger magnetic
field than benchmark transmitter coils. An experimental prototype has been built for evaluation. Compared
with the benchmark transmitter coil constructed from the same amount of materials, the novel transmitter coil
structure offers more than 10 percent of efficiency improvement, which demonstrated by the 90% efficiency
prototype.

INDEX TERMS Vehicle to vehicle (V2V) charging, wireless charging, angular offset, power transfer
efficiency.

I. INTRODUCTION
Interest in renewable energy generation and electric
vehicles (EVs) has increased in recent years due to growing
concerns over climate change, air pollution, and energy secu-
rity [1]. Automotive manufacturers have developed various
types of EVs, such as pure battery EVs and hybrid EVs. The
slow rate of progress in electrical energy storage technology
is a key issue that is restricting EV development. The design
of electrical energy storage systems for EVs is complex due
to the EV’s need for high energy density, low cost, a long
lifetime, and many other requirements [1].

Currently, there are two methods used to charge EVs:
plug-in charging, and wireless charging, with most EVs
currently relying on the former. Plug-in charging can pro-
vide high charging efficiency. However, there are various
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downsides to plug-in charging, such as the charging cables
presenting a potential trip hazard, the inconvenience of hav-
ing to physically insert and remove the charger, and degra-
dation of the charger cables over time, potentially creating a
hazard to the user [2]. Wireless charging can help to address
these problems and it also can work together with monitoring
systems [3]–[5]. A regulatory and consumer-led insistence
on greater levels of safety and convenience has prompted
an ever-growing demand for wireless power transfer (WPT).
In 2014, Plugless Power began offering WPT kits for the
Chevy Volt, Nissan LEAF, and Cadillac ELR. The power
levels can achieve: 3.7kW (WPT 1), 7.7kW (WPT 2), 11kW
(WPT 3). In recent years, Plugless has expanded its offer-
ing to include the BMW i3, Mercedes S550e, and Tesla
Model S [6], [7].

Although governments, such as the UK, have created
various incentives to encourage EV adoption, e.g. through
tax breaks on the purchase of EVs and the Charging
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Infrastructure Investment Fund [8], many consumers are still
reluctant to purchase pure battery EVs. There are a number
of causes for this trepidation, key amongst them being anx-
iety over the potential need to recharge the vehicle during a
journey. The number of plug-in charging stations is limited
and may not be conveniently located relative to a user’s
route, especially when compared to the ease of locating a
petrol station. A further issue may then arise where the user
has located a charging station, only to find that all charging
slots are already occupied. Vehicle-to-Vehicle (V2V) charg-
ing technology can provide a good solution to the above
problems.

A number of works propose to investigate V2V charging
strategies [9]–[18]. Liu et al. [11] mentions a framework for
V2V charging. When EVs are connected to the power grid
for charging and/or discharging, they become gradable EVs
(GEVs). This paper researches the relationship between the
EVs as GEVs inV2V and smart grid. Zhang et al. [12] present
a flexible energy management protocol for cooperative EV-
to-EV charging, which can help the EVs achieve improved
charging/discharging behaviors. Even taking the potential
cost (e.g., the battery lifetime loss) into consideration, there
is still a profit margin for EVs as energy providers to achieve
cooperative V2V charging based energy trading with their
stored low-cost surplus power. Abdolmaleki et al. [14] pro-
posed an energy trading method based on dynamic pro-
gramming solution methodology to analysis the impact of
adopting wireless V2V technology in terms of system-wide
energy savings, charging infrastructure requirements, and
travel times, and investigate the possibility of reducing bat-
tery capacity in EVs. Li et al. [13] proposed an intelligent
vehicle-to-vehicle charging navigation for mobile electric
vehicles via VANET-Based Communication. Sousa et al. [16]
present a direct on-board DC V2V method, using only
two conversions (DC-DC, DC-DC), potentially increasing
the overall efficiency of power transfer between EVs and
reducing the weight of devices in V2V.

Magnetic resonant couplingWPT technology is well suited
for use inwireless EV charging due to this technology’s safety
and high power transfer efficiency (PTE) over a long transmit
distance [3], [19], [20]. Conventional wireless EV charging
systems include a transmitter coil, which is embedded in
the floor of the charging area, and a receiver coil, which
is embedded in the vehicle’s chassis. The transmitter coil
connects to the power supply (grid or storage), and the
receiver coil connects to the vehicle’s battery. In this case,
the key factors affecting PTE are the distance between the
lateral misalignment, and the angularmisalignment is ignored
[21], [22]. Another potential misalignment is the introduction
of an angular offset, which is especially relevant in wireless
V2V charging due to the positioning of the resonant coils in
the front and rear of the vehicle. Some analysis of angular
offset has been undertaken in previous research. Angular
offset significant reduces PTE in wireless charging systems
[23]–[25]. J. Chow et al. present a structure that com-
prises two windings located in an orthogonal arrangement,

lessening variation of the coupling coefficient due to coil
lateral and angular misalignment [26]. Another issue in
wireless EV charging is the choice of resonant coil size.
Kavitha [27] show that increasing the receiver coil size
can reduce magnetic flux leakage, thereby increasing PTE.
W. Zhang et al. show that a larger receiver coil can improve
the coupling coefficient when two resonant coils have
misalignment [28].

Compared with internal combustion engine vehicles,
the limited driving range and the long charging time of elec-
tric and plug-in hybrid vehicles cause ’range anxiety’ among
existing owners while posing barriers to market adoption by
potential new owners [29]. Lee presented that journeys over
300 miles will require at least one charging station, using
Tesla Supercharger to completely 300 miles would take about
45 minutes. Further, in areas with charging station conges-
tion or stations where customers typically leave their car to
charge while they do something else (shopping for example),
there may be an additional delay waiting for a space to
open up [30]. Utilizing the proposed wireless V2V charging
system, multi vehicles can be charged from a single wire-
less V2V charging system, which addresses the availability
issues from the limited numbers of plug-in charging stations.
furthermore, a car equipped with wireless V2V charging
technology could bed used a rescue vehicle hence perform
auxiliary charging in urgency scenario. Besides, compared
with typical wireless magnetic resonant coupling EV charg-
ing technology, angular offset is amore significant problem in
V2V applications, due to the positioning of the resonant coils
in the front and rear of the vehicle. Considering the rounded
shape of the front of a typical car, this article proposes a
triangular transmitter design capable of improving charging
efficiency when the resonant coils are operating at an angular
offset.

The summary contributions of this paper are as follows:
1) We proposed the detail framework and scenarios of

wireless V2V charging technology which can effective
sole the ’range anxiety’ among existing owners. Expan-
sion of the EVsmarket, especially potential consumers.
The proposedwireless V2V charging system is not only
an implementation of engineering technology but also a
new energy and electricity market transaction. The EVs
users can earn revenue through this energy trading.

2) Both wireless charging and wired charging can be
realised in a V2V charging system. Considering the
convenience of EVs consumers, this paper focuses on
wireless V2V charging technology. We proposed a new
triangular transmitter coil structure in the wireless V2V
charging system.

3) Angular misalignment is ignore in traditional wireless
EVs charging due to the resonant coil position in the
car’s chassis, however, it can not be ignored in the wire-
less V2V charging system. This paper gave an analysis
of angular misalignment and provide a triangle-shaped
transmitter coil to solve the angular misalignment thus
improve the power transfer efficiency.
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Section II introduces the framework of this wireless V2V
charging system. Section III provides a theoretical analysis
of a multi-turn coil with an angular offset in a WPT sys-
tem. Section IV presents the structure of the proposed
transmitter and an existing benchmark transmitter, both are
compared using a CST H -field simulation and a hardware
implementation.

II. WIRELESS V2V CHARGING SYSTEM FRAMEWORK
The framework of V2V charging system, as shown in Fig. 1.
There are two scenarios of V2V charging system: Plug-in
with wireless V2V charging system and Vehicle assistant
wireless charging system.

FIGURE 1. Framework of Wireless V2V charging system.

A. PLUG-IN WITH WIRELESS V2V CHARGING SYSTEM
Fig. 1a shows the structure of the combined plug-in and wire-
less V2V charging system. The transmitter and the receiver
coils are embedded in the front and rear of the car respec-
tively. If there are insufficient charging points the first car
can automatically wirelessly charge the car behind it. This
is useful, as with increasing numbers of EVs the biggest
drawback of plug-in charging systems is the limited number

of charging stations. Addressing this by simply increasing the
quantity of charging points requires greater investment, and
increases maintenance costs. The proposed combined plug-in
and wireless V2V charging system can improve utilization of
plug-in charging points, and reduces the difficulty of charging
when all chargers are found to be occupied. This technology
can effectively solve the first EVs that are fully charged but
later EVs need to wait for the charging station to open up. The
charging agreement communication between the two EVs
drivers is necessary which can through drivers’ smartphone
APP. The both parties to the transaction must agree to some
information sharing, e.g. charging time, battery capacity etc.
In addition, the application is suitable for scenarios of large
parking stations and side street parking stations. There is no
parking area that will be blocked because this application can
not be completed if no parking area.

B. VEHICLE ASSISTANCE WIRELESS CHARGING SYSTEM
Fig. 1b shows the vehicle assistance wireless charging sys-
tem. When a vehicle’s battery runs low, the driver can request
the help of other EVs on the road to wirelessly charge the
vehicle. In this process, there are several auxiliary technolo-
gies, such as vehicle-to-vehicle communication, GPS, and
battery state of charge detection etc. The driver can find
suitable power supply vehicles using an application on their
smart device that indicates available donor vehicle energy,
pricing, distance, and other metrics.

This concept can help to alleviate a potential EV pur-
chaser’s concerns around range anxiety. In addition, the sup-
plier EVs have enough electrical energy that can arrive at the
destination, and under this premise, the supplier EVs owners
can earn revenue through energy arbitrage from every kWh of
electricity that is discharged from their vehicle’s ESS to the
other vehicle.

III. ANALYSIS OF MULTI-TURN COILS WITH AN
ANGULAR OFFSET
A. POWER TRANSFER EFFICIENCY
The power transfer efficiency (PTE) η of a wireless EV
charging system can be defined as [21]

η =

√
1+ k2

LT LR
− 1√

1+ k2
LT LR
+ 1

(1)

where LT and LR represent the inductance of the transmitter
and receiver coils respectively. k = Mω

2
√
LT LR

represents the
coupling coefficient between the two resonant coils, ω the
resonant frequency, and M the mutual inductance of the
transmitter and receiver. There are two important parameters
in PTE calculation: the inductance of coil (L) and the mutual
inductance between coils (M ).

B. INDUCTANCE CALCULATION OF MULTI-TURN COIL
The total inductance L of the coil is equal to the sum of the
self-inductance LS of each straight conductor plus the sum
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of the mutual inductances LM between these conductors. The
mutual inductance between the straight conductors LM can
be divided into positive mutual inductance LM+ and negative
mutual inductance LM− . Positive mutual inductance is the
mutual inductance between conductors that have the same
current direction. Negative mutual inductance is the mutual
inductance between conductors that have opposing current
directions. The total inductance L of the coil can be defined
as [17], [31]:

L = LS + LM+ − LM− (2)

The self-inductance of a straight conductor LSi [32]:

LSi = 0.002 · li · {ln(
li
r
)+ 0.50049+

2r
3li
} (3)

where li denotes the length of the conductor in centimeters
(each straight segment of the coil, i denote the number of
straight segment), and r the diameter of the conductor in
centimeters. As shown in Fig. 2a-A, the total self-inductance
of the coil is LS = LS1 + LS2 + LS3 + · · · + LS16.

The mutual inductance of the straight conductors LMi [33]:

LMi = 2 · li · Fi (4)

where Fi the mutual inductance parameter calculated as [33]:

Fi = ln{(
li
d
)+ [1+ (

li
d
)2]

1
2 } − [1+ (

li
d
)2]

1
2 + (

d
li
) (5)

where d is the distance between two conductors. The diagram
of the mutual inductance between two conductors is shown
in Fig. 2a-B, where g and h specify particular conductors,
and p and q denote the difference in length between the two
conductors.

Mg,h =
1
2
{(Mh+p +Mh+q)− (Mp +Mq)} (6)

The mutual inductance of two conductors is maximized if
the two conductors are in parallel, and is minimized if they are
arranged orthogonally, so for the four-turn spiral coil positive
mutual inductance is defined as

LM+ = 2(LM1,5 + LM1,9 + LM1,13 )

+ 2(LM5,9 + LM5,13)+ 2(LM9,13)

+ 2(LM3,7 + LM3,11 + LM3,15 )

+ 2(LM7,11 + LM7,15)+ 2(LM11,15)

+ 2(LM2,6 + LM2,10 + LM2,14 )

+ 2(LM6,10 + LM6,14)+ 2(LM10,14)

+ 2(LM4,8 + LM4,12 + LM4,16 )

+ 2(LM8,12 + LM8,16)+ 2(LM12,16) (7)

and negative mutual inductance is defined as

LM− = 2(LM1,3 + LM1,7 + LM1,11 + LM1,15 )

+ 2(LM5,3 + LM5,7 + LM5,11 + LM5,15)

+ 2(LM9,3 + LM9,7 + LM9,11 + LM9,15 )

+ 2(LM13,3 + LM13,7 + LM13,11 + LM13,15)

FIGURE 2. Diagram of resonant coils with angular offset in WPT system.

+ 2(LM2,4 + LM2,8 + LM2,12 + LM2,16 )

+ 2(LM6,4 + LM6,8 + LM6,12 + LM6,16 )

+ 2(LM10,4 + LM10,8 + LM10,12 + LM10,16)

+ 2(LM14,4 + LM14,8 + LM14,12 + LM14,16) (8)

C. MUTUAL INDUCTANCE BETWEEN TRANSMITTER AND
RECEIVER WITH AN ANGULAR OFFSET
Fig. 2b shows a diagram of two multi-turn resonant coils
with an angular offset. ABCD denotes the multi-turn trans-
mitter coil and EFGH the multi-turn receiver coil. ai and bi
indicate the half-width and half-length of the transmitter coil
respectively, and cj and dj indicate the half-length and the
half-width of the receiver coil respectively. i and j denote
the number of turns of each of the coils. r is the diameter
of the conductor, s represents the space between two adjacent
conductors, w = s + r the distance of track centers between
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two adjacent conductors, and ai is equal to a1 − (i − 1)w.
θ represents the angular offset between the transmitter coil
and the receiver coil. θ is π/2 when the two coils in parallel
position. P(x,y,z) represents an arbitrary point in the receiver
coil.

The magnetic flux φ can be calculated as [34]:

φXAB =
cos(θ)µ0

2π

· [log(
√
(ai + cj)2 + z2 + (bi + dj)2 + (ai + cj))

+
bi + dj
z
· arctan(

(bi + dj) · (ai + cj)

z ·
√
(ai + cj)2 + z2 + (bi + dj)2

)

− log(
√
(ai + cj)2 + z2 + (bi − dj)2 + (ai + cj))

−
bi − dj
z
· arctan(

(bi − dj) · (ai + cj)

z ·
√
(ai+cj)2+z2+(bi − dj)2

)

− log(
√
(ai − cj)2 + z2 + (bi + dj)2 + (ai − cj))

+
bi + dj
z
· arctan(

(bi + dj) · (ai − cj)

z ·
√
(ai − cj)2 + z2 + (bi + dj)2

)

+ log(
√
(ai − cj)2 + z2 + (bi − dj)2 + (ai − cj))

+
bi − dj
z
· arctan(

(bi − dj) · (ai − cj)

z·
√
(ai−cj)2+z2+(bi − dj)2

)]

(9)

φZAB =
sin(θ )µ0

2π

· [
√
(ai + cj)2 + z2 + (bi + dj)2

− (bi + dj) · arctan−1(
(bi + dj)√

(ai+cj)2+z2+(bi + dj)2
)

−

√
(ai + cj)2 + z2 + (bi − dj)2

+ (bi − dj) · arctan−1(
(bi − dj)√

(ai+cj)2+z2+(bi − dj)2
)

−

√
(ai − cj)2 + z2 + (bi + dj)2

+ (bi + dj) · arctan−1(
(bi + dj)√

(ai−cj)2+z2+(bi+dj)2
)

+

√
(ai − cj)2 + z2 + (bi − dj)2

− (bi − dj) · arctan−1(
(bi − dj)√

(ai−cj)2+z2+(bi−dj)2
)]

(10)

where µ0 represents the permeability of free space. The
magnetic flux φ produced by the other three conductors BC,
CD and DA can be calculated using the same method as for
conductor AB. The total magnetic flux due to the ith coil with
unit current is φij = φXAB+φXCD+φZAB+φZBC+φZCD+φZDA ,
and the mutual inductance between the ith coil with the jth

coil is defined as Mij, where Mij = φij. Defining the number
of turns of the transmitter and receiver coils as N1 and N2
respectively, the total mutual inductanceM is given by:

M =
N1∑
i=1

N2∑
j=1

φij (11)

Fig. 3 shows the theoretical calculation result between the
mutual inductance M and misalignment angle (θ) according
to the above equations (Maple Software). The transmitter coil
is sized at 350mm ∗ 210mm and contains 7 turns, while
the receiver coil has the same amount of turns but sized at
510mm ∗ 210mm. The distance between those two coils is
200mm (generally, the transmission distance in traditional
wireless EVs charging is less than 300mm, so here it is
assumed 200mm). The calculation results show that the
mutual inductance reaches its maximum point (8 µH ) when
two coils in parallel position (θ is π/2). The mutual induc-
tance is decreasing when two coils’ angular misalignment
increases.

FIGURE 3. The mutual inductance calculation result.

IV. NOVEL COIL DESIGN IN WIRELESS V2V SYSTEM
To solve the angular offset problem inwireless V2V charging,
a novel transmitter coil design is now proposed, as shown
in Fig. 4. Considering the shape of the front bumper of an EV,
a three-sided transmitter coil located at the front of the car is

FIGURE 4. Novel coil structure of wireless V2V charging system.
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proposed. The receiver coil is a rectangular coil located at the
rear of the car, and is of a larger size than the transmitter.
To make the coil size design more reasonable, we use the
Nissan Leaf in the laboratory as an example model. Coil size
design based on Nissan Leaf size and specifications [35]. The
transmitting coil can be placed in the space behind the license
number plate.

Unlike ordinary wireless EV charging, wireless V2V
charging not only suffers from lateral misalignment, but can
also have an angular offset. This novel three-sided transmitter
coil is able to minimise the reduction in mutual inductance
caused by this angular offset, thereby improving the PTE of
the system.

As the transmitter and receiver coils are both symmetrical,
analysis remains the same for either direction of angular
offset. Here, we assume that the receiver coil is angled in
a counter-clockwise direction. Fig. 5a shows the structure
of the novel transmitter coil design. The top-profile of the
transmitter coil forms an isosceles triangle shape, and is a
three-sided, 7-turn coil with a base angle of 20◦. The receiver
coil is a rectangular 7-turn coil of dimensions 510mm ×
210mm. When the receiver coil is located on the left of the
transmitting EV the left transmitter coil will be connected
to the underside coil, otherwise, the right coil will be con-
nected to the underside coil. If there is no angular offset, it is
processed according to the first case (left). There is no case
where two additional top coils are opened at the same time
here. For comparison Fig. 5b shows a benchmark coil which
is the flattened version of the novel coil, a three-coil with a
parallel arrangement. The size of the benchmark transmitter
coil is the same as the proposed novel transmitter coil. The
gap between the transmitter coil and the receiver coil chosen
as 200mm. Fig. 5c shows a second benchmark coil with a
11-turn single coil structure designed as to maintain equiva-
lent total inductance compared to the novel and first bench-
mark coil. This second benchmark coil has the same size as
the bottom coil of the three-sided transmitter coil.

A. SOFTWARE SIMULATION
Fig. 6 shows simulatedmagnetic field strengthH results from
CST Studio. CST Studio is a 3D EM simulation software pro-
viding efficient computational solutions for electromagnetic
design and analysis. The transmitter is added 10A current,
and the load at receiver size is 10�. Magnetic flux density is
given by B = µ0H . Fig. 6 shows simulated H -field results
when the receiver and transmitter are positioned at a 15◦

angular offset, in which colored arrows are used to denote
H -field direction andmagnitude. These results are taken from
a horizontal cross-section of the H -field taken through the
center of both coils, with a frequency of 85 kHz. This shows
a red area around the receiver coil in the novel transmitter
coil structure (Fig. 6c) that is larger than that for the other
two structures. In addition, the three-sided transmitter coil
structures (Fig. 6c and Fig. 6b) both exhibit strongerH -fields
than the single transmitter coil (Fig. 6a).

FIGURE 5. Structures of the coil design in wireless V2V system.

Fig. 7a showsH -Field values for the above transmitter coil
designs over a range of angular offsets from 0◦ to 25◦. In gen-
eral, the H -field values of the novel transmitter coil structure
are higher than the other two transmitter coil structures. The
H -field values for the single transmitter coil structure are
the worst of these three transmitter structures. In addition,
theH -field values of the novel transmitter and the benchmark
transmitter increase with larger offset angles, whereas the the
H -field value of the single transmitter coil structure decreases
for larger angles, due to the receiver’s larger size compared to
the transmitter.

Considering the safety of the devices, we add the alu-
minum shielding behind the transmitter coil. The size of the
aluminum shielding is 600mm × 250mm, the thickness is
3mm, the distance between the bottom of the transmitter
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FIGURE 6. H-field scalar color mapping results.

coil and aluminum shielding is 40mm. The simulation result
displays the aluminum shielding can effectively reduce the
leakage flux, and the H-field value around the coils is
less than 20A/m (blue colour), which equates to 25.1µT.
According to the ICNIRP 2010 guideline, the magnetic field
limit the magnetic field limit for 3 kHz to 100 kHz is 27µT
for general-public exposure [36].

B. HARDWARE IMPLEMENTATION
A simulated vehicle-to-vehicle charging testbed has been
built to evaluate the proposed coil design simulated in the

FIGURE 7. Magnetic field comparison and shielding results.

previous section. An overview of the experimental setup is
shown in Fig. 8a. The prototype is powered from a 60Vpower
supplier and a light bulb rated at 60W is used as the receiver’s
load. The proposed resonant system was evaluated with an
RMS input voltage of 230V. Vishay SiHG33N60E were
used as power switches together with the converter control
system deployed on an STM32F103VGT6 microcontroller.
The output of the driving converter is connected to an LC
resonant tank, where the transmitting coil serves as the reso-
nant inductor (shown in Fig. 8b). Transmitter coils A, B, and
C form the three-sided transmitter coil with parameters given
in TABLE 1. A number of film capacitors form the resonant
capacitor. On the receiver side, a simple LC resonant receiver
consisting of the receiving coil and corresponded capacitor
deliver the received energy into a resistive load.

TABLE 1. Parameters of coil and circuit.
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FIGURE 8. Hardware implementation structure.

The transmitting coil is driven form a matrix converter
as shown in Fig. 8c. The use of a direct converter allows
the elimination of bulky passive energy storage components,
reducing on-board weight and physical dimensions. A DC
power source was used during this evaluation but a high
power AC powered system will be demonstrated in future

publications. In order to evaluate the efficacy of the proposed
design, a pre-built test platform was used. This test platform
consisting of a universal matrix converter which able to util-
ising both DC and AC input power and drive the proposed LC
tank. However, during the evaluation, DC power source was
used with the purpose of stability and accuracy.

The focus of this article is proposing the wireless V2V
charging technology, and we used a relatively simple exper-
iment to verify the provided transmitter coil can solve the
angular misalignment to improve the power transfer effi-
ciency. However, there are more further engineering technol-
ogy can be considered in future work as follows:

1) Use distance sensor to measure the distances between
the receiver coil and the two edges of (left/right) trans-
mitter coil, respectively, to confirm the position of
receiver coil and switch the transmitter coil (left/right).

2) In addition to using the shielding behind the transmitter
coil, we can use two shielding plates as a ‘‘door’’ in
front of the car. It will be opened and stay at the left
and right sides of the transmitter coil when the car is
charging. This design not only plays a role of safety
protection but also prevents the car’s front body from
being exposed to the magnetic field of the charging
coils.

3) In principle driver and passenger, need to left their
car and keep a certain safe distance from the charging
car, no matter whether it is wired or wireless charging.
But there has a special case like animals stay between
the charger and the car. In order to solve this prob-
lem, we can put power failure protection. When the
car detected life (infrared sensor) between the car and
charger, the charging will stop.

Fig. 9 shows the experimental results and the actual oper-
ating frequency is set to 83.75KHz due to tolerance in com-
ponents. Fig. 9a is the experimental waveforms of resonant
circuit when the transmitter coil and the receiver coil have no
angular offset.OUT_V andOUT_I represent transmitter side
voltage and current respectively, andREC_V andREC_I rep-
resent receiver side voltage and current respectively. As can
be seen from the figure, the PTE of the resonant circuit is
around 83%. The detailed system-level PTE of the three coils
is shown in Fig. 9b. This measurement of PTE calculated
from the power input to the converter and the power output of
the receiver coil, which includes converter losses. The system
PTE is about 78% when no angular offset happens in novel
transmitter case. That means the converter loss is around 5%.

As can be seen from Fig. 9b, the PTE of the single trans-
mitter coil is the worst of these three structures, but this
does not significantly vary with angular offset. This is due
to the larger size of receiver coil compared to the transmitter,
and so the effective area among two coils remains the same.
Up to 90% efficiency is demonstrated by the novel transmitter
coil structure, while the benchmark transmitter coil structure
reaches 80%. The efficiency of the novel transmitter coil
increases significantly than the benchmark coil and larger
increases in efficiency for larger angular offsets. Moreover,
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FIGURE 9. Hardware implementation results.

the novel transmitter coil efficiency seems to increase fastest
when the angular offset less than 15◦. From these results, it is
clear that the novel transmitter coil yields improved efficiency
when the resonant coils have an angular offset.

V. CONCLUSION
This paper has presented a V2V charging system that can
work together with plug-in charging EVs, or operate inde-
pendently. It can effectively address issues due to both the
limited number of plug-in stations and the risk of an EV
running out of power during a trip. Wireless power transfer
technology has become a priority for V2V charging due to
its convenience. A traditional wireless EV charging topology
places the transmitter coil in the ground, and the receiver
within the undercarriage of the vehicle. In a wireless V2V
charging system the resonant coils are instead located at the
front and rear of the vehicle, meaning an angular offset is
often present. A triangular shaped transmitter coil structure
is proposed in this paper that is able to effectively address
this angular misalignment problem. This is compared with
a benchmark three-coil (parallel) transmitter structure. The
simulation results show that the H -field of the novel trans-
mitter coil is higher than the benchmark transmitter coil
structure when the resonant coils have an angular offset.
Experimental results for a hardware implementation show
that the novel transmitter coil improves the efficiency of the
system compared to the benchmark structure. The proposed
converter is designed to deliver up to 2 kWover-the-air power.

Hence, power losses became significant at low power condi-
tions. This paper mainly focused on proposing the wireless
V2V charging technology, and the analysis of the triangular
transmitter coil design which can solve the angular offset
in the system. There also have some areas for improvement
in the future, e.g. the angular misalignment analysis under
variable gaps, the variation of efficiency with different loads
and power level analysis, the copper losses and other losses
analysis. Moreover, a high power system that is suited to the
practical wireless EV charging will be set up in the future.
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