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Abstract: On-road charging systems for electric vehicles (EVs) have shown revolutionary potential in
extending driving range and reducing battery capacities. The optimal equivalent load resistances to
maximize receiving power of each EV according to different EV amounts are investigated. This paper
introduces a typical on-road charging system with a single transmitting coil and multiple receiving
coils. The equivalent circuit models according to different numbers of EVs are built. Power control
strategies with regard to a varying number of EVs are then presented. Specifically, self-adaptive
source voltage based on primary current detection is utilized to charge EVs, while the source can
support enough EVs by providing the rated power. Otherwise, the source voltage is regulated to its
maximum value and the charging energy of each EV is suggested to be controlled by adjusting the
individual driving speed. A remarkable feature of the power control strategies is that the charging
power for each EV is stable and can compensate for energy losses efficiently. As for urgent power
demand from a particular EV with a low battery capacity, the adjustment of the corresponding load
resistance is applied to alter the power distribution. The proposed technique has been verified in
an experimental prototype.

Keywords: magnetic resonant; on-road charging; power control strategies

1. Introduction

Wireless power transfer (WPT) has become an alternative to conventional electric vehicles (EV)
charging systems. Compared with traditional charging systems with power cables, WPT provides
a cord-free and contactless approach. Due to the significant simplification of WPT, EVs can, therefore,
be charged on the road and large batteries are no longer necessary, which will undoubtedly increase
the popularity of EVs [1–6]. Attempts have been made to validate the feasibility of WPT in on-road
charging for EVs. For instance, the effect of on-road charge replenishment on driving range of an EV
for varying levels of power transfer is analyzed, and a considerable enhancement of driving range is
achieved [7].

There are many research areas in on-road charging for EVs, such as coil design [8–10],
compensation optimization [11–13], control methods [14–17], and real-time detection of EV
positions [18]. These studies have laid solid foundations for commercialization of on-road charging
systems. However, most work is carried out on the basis of a system with a single receiver (RX)
while several EVs are expected to be charged simultaneously for the sake of higher efficiency and
practical considerations. Therefore, it is necessary to analyze the performance of WPT systems with
multiple RXs.
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In some other engineering applications, WPT systems with multiple RXs are of great interest.
Reference [19] presents the WPT system characteristics by using capacitive impedance matching
networks according to load variations in multi-device WPT systems. Reference [20] investigates the
effect of multiple devices on the WPT system efficiency. Reference [21] utilizes an intermediate-coil
structure to transfer the same power to multiple loads over various distances. Reference [22]
investigates an impedance matching method of providing adjustable power distribution among
receivers. These studies are carried out on the similar assumption, which is that all of the RX positions
remain unchanged. However, a typical feature of an on-road charging system is that receivers keep
moving. In addition, the number of charging EVs will change according to different traffic conditions.
As a result, both the speed and the number of variations of RXs should be taken into consideration,
which are rarely considered in the works mentioned above. In this paper, the performance of an on-road
charging system with multiple moving RXs is shown with the proposed power control strategy.

The rest of the paper is arranged as follows. In Section 2, the framework of an on-road charging
system with a single transmitter (TX) and multiple RXs is introduced. Based on the equivalent
circuit model, the impacts of different loads and the amount of EVs on transfer power are analyzed.
Optimized load impedance to achieve maximum receiving power of each EV is then deduced for
a system whose loads can be regulated to the same. In Section 3, systems with different numbers
of EVs are divided into three categories by considering the primary current and charging power.
Accordingly, self-adaptive source voltage and constant source voltage are selected to provide identical
power for EVs. To meet the large power demand of a particular EV with very low battery capacity,
the power control strategy by adjusting load impedance is proposed. In Section 4, testing of
an experimental prototype is presented and measured results validate the correctness and feasibility of
the method. Further discussions and conclusions are finally drawn in Sections 5 and 6, respectively.

2. Fundamental Analysis

In order to realize the on-road charging for EVs, roads should be transformed by burying
transmitting coils and corresponding receiving coils are supposed to be attached to the chassis of EVs.
Only when EVs pass by the transformed road can power be transferred through magnetic resonance
from the transmitting side to the receiving side. A typical schematic illustration of an on-road charging
system is shown in Figure 1, including power supply, inverter, resonators, AC/DC module, and
impedance matching network (IMN). It has been demonstrated by a number of studies that the
variations of load impedance have a large influence on WPT system performance [23–25]. In an on-road
charging system including several EVs, the system will be uncontrollable if all of the load impedances
change randomly. As a result, to realize timely control of receiving power of each EV, the IMN is
used to ensure a constant reflected load resistance, which can be set as a standard value. In specific,
different topologies, like DC/DC convertors [26,27], variable inductances and capacitors [28,29] can be
employed as the IMNs.
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It is assumed that all receiving coils are identical, which is reasonable for commercialized
applications. According to the schematic in Figure 1, the equivalent circuit model can be derived
and displayed in Figure 2. U0 represents the voltage of power source. I0 denotes the current in the
transmitter, and Ii denotes the current in each receiver. Mi is used to represent the mutual inductance
between each receiver and the transmitter. C0 is the compensated capacitor of the transmitter and Ci is
the compensated capacitor of each receiver. L0 and Li are the inductances of the transmitter and each
receiver, respectively.
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Figure 2. Equivalent circuit of an on-road charging system. 
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where the impedance of the transmitting loop is Z0 “ jωL0 `
1

jωC0
` R0. The impedance of each

receiving loop is Zi “ jωLi `
1

jωCi
` RLi ` Ri. Ri and R0 represent the resistances of receiving coils

and that of the transmitting coil respectively. RLi denotes the equivalent resistance of the load seen
from the receiving coil and can be adjusted by impedance matching network on the receiving side.
In an ideal analysis, the system is set to work at a frequency which deviates slightly from the resonant
frequency. When all of the receivers are designed to be the same (Ri “ R1), the primary and the
secondary impedances can be expressed by Z0 “ R0, Zi “ RLi ` R1.

The current of transmitting and receiving coils can be calculated by:

I0 “
U0

Z0 `
n
ř

i“1

ω2 Mi
2

Zi

, Ii “
jωM0 I0

Zi
(2)

A safe distance between moving cars is necessary for safety. Thus, the receiving coils are separate
from each other with a relatively long distance, which means the mutual inductance among receiving coils
is nearly close to zero. There is a relationship among the mutual inductances between the long transmitting
coil and the short receiving coils, which is indicated by M1 “ ... “ Mi “ ... “ MN “ M0 “ k0

?
L0L1.

This can be implemented by having time-, phase-, and frequency-synchronized inverters feed
transmitting coils that carry currents in the opposite directions [30]. Inserting the derived mutual
inductances into Equation (2), the current of different coils can then be expressed by:

I0 “
U0

Z0`ω2M0
2

N
ř

i“1

1
Zi

, Ii “
jωM0U0

Zi

ˆ

Z0`ω2M0
2

N
ř

i“1
1{Zi

˙
(3)
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The receiving power of a single charging EV is calculated by:

Pi “
ω2M0

2U0
2RLi

Zi
2
ˆ

Z0`ω2M0
2

N
ř

i“1
1{Zi

˙2 (4)

If all of the reflected impedances are regulated to the same value RL by self-IMNs, Equation (4)
can be written as:

Pi “
ω2M0

2U0
2RL

´

R0 pR1` RLq`Nω2M0
2
¯2 (5)

Taking the derivative of Pi with respect to T:

BP
BRL

“
ω2M0

2U0
2RL

pNω2M0
2`R0R1q

2

RL
` RLR0

2` 2R0

´

Nω2M0
2` R0R1

¯

(6)

Receiving power is maximized when Equation (6) equals to zero and it can be derived that the
optimal resistance is determined by:

RLO “
´

Nω2M0
2` R0R1

¯

{R0 (7)

3. Power control Strategy and Simulation Analysis

3.1. System Design Considering Practical Applications

In order to determine the sizes of sectional tracks and receiving coils factors, such as safe following
distance, specific size of EV, and maximum amount of EVs charged by a single sectional track, are
taken into consideration. A minimum safe following distance d0 can be guaranteed according to the
two-second-rule. Specifically, the safe following distance is calculated by d0 “ vˆ t0 (t0 “ 2s) [31].
Driving speed v on urban streets should not exceed vmax “ 50 km/h according to the traffic safety
laws and regulations. Thus, the safe following distance is supposed to be 22 m. The sectional track is
designed to charge N0 EVs simultaneously at most (N0 “ 6 in the paper). Taking the BYD e6 vehicle,
for instance [32], the size of the pure electric vehicle LˆW is approximate 4.5 m ˆ 1.8 m. The length
of the sectional track is, thus, designed to l1 “ N0 ˆ pd0` Lq = 6ˆ(22 + 4.5) = 160 m. The width of
the sectional track should be no larger than the width of urban streets and, therefore, is designed to
a width of 3 m. The size of the receiving coil should be smaller than that of the chassis and a receiving
coil of 1 m ˆ 1 m is used, of which the feasibility has been validated by [33]. Power is transferred
through an air-gap separation of 200 mm to meet practical applications.

The battery capacity and driving range of the BYD e6 is 57 kWh and 300 km respectively.
Accordingly, approximate energy consumption per km can be calculated through dividing battery
capacity by driving range, namely, Q0 “ 57{300 “ 0.19 kWh/km. An ideal on-road charging system
can compensate for the total energy consumption. The working frequency is set to 85 kHz by taking
the Society of Automotive Engineers (SAE) J2954 standard as a reference. Specific parameters of the
designed system are tabulated in Table 1.
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Table 1. Specific parameters of the designed on-road charging system.

Parameters Value

Source voltage 100V ~700V
Working frequency 85 kHz

Wire radius 5.89 mm
Size of transmitter 160 m ˆ 1.2 m

Inductance of transmitter 14.5 mH
Size of receiver 1 m ˆ 1 m

Inductance of receiver 153 µH

3.2. Power Control Strategy

In order to transfer identical power to each EV, the load impedance is adjusted to be the same
with the impedance matching networks. Specifically, parameters in Equation (1) should satisfy
Z “ Zi, RL “ RLi pi “ 1, 2..., Nq. For the designed system, both source voltage and the amount
of charging EVs have a dominant impact on output power. In engineering applications, there is
a maximum limit of primary current and a minimum demand of charging power. As a result,
the relationship between primary current and the number of charging EVs, and the relationship
between the receiving power per EV and the number of charging EVs are investigated. System features
in accordance with Equations (3) and (5) are specifically shown in Figure 3 when the source voltage
is 700 V.
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It can obviously be seen that both primary current and receiving power per EV will decline with
the increase of the number of charging EVs. The current limit of 3 AWG wire is 120 A and the lowest
power demand is assumed to 5 kW. Thus, the system working statuses regarding different numbers of
EVs can be categorized into three regions: (1) the working region where the primary current is larger
than 120 A is defined as the dangerous working region. Though electrical wire with larger current
tolerance can be used to avoid damaging the system, the excessive current is supposed to result in too
large a power loss caused by cables and power electronic switches. Thus, this region should be avoided
by decreasing the source voltage; (2) the working region where the primary current is smaller than
120 A and charging power is larger than 5 kW is defined as the adjustable working region. This region
can provide rated power for each EV and is the most suitable; and (3) the region where charging power
is smaller than 5 kW is defined as the compensated working region. This region can only compensate
for part of the energy losses.

It should be noted that the results shown in Figure 3 represent the system with maximum
source voltage. The boundary of working regions varies in accordance with different source
voltages. For instance, if there is still a redundancy of the voltage source, the compensated working
region can be transformed into the adjustable working region by increasing the source voltage.
Additionally, the dangerous working region can be transformed into the adjustable working region
by decreasing the source voltage. To deal with different working statuses, different power control



Energies 2016, 9, 531 6 of 14

strategies with respect to the amount of charging EVs are proposed. In detail, a self-adaptive source
voltage is applied for dangerous and adjustable working regions and a constant source voltage is used
for the compensated working region. Comparatively, a self-adaptive source voltage can guarantee
a rated charging power, while the constant source voltage, which is subject to source power constraints,
serves as an efficient method of power compensation. Optimal resistances are used to maximize the
output power on the basis of the analysis in Section 2.

3.2.1. Strategy with Self-Adaptive Source Voltage

When an additional EV in need of charging enters the sectional track, if the source voltage remains
unchanged, this will lead to the decrease of primary current and insufficient charging power. On the
contrary, the decrease in the number of EVs will result in excessive primary current, which is likely to
result in a large power loss, and even system damage. Thus, a strategy with a self-adaptive source
voltage is used. Specifically, the source voltage is adjusted according to the varying number of charging
EVs. In order to determine the suitable source voltages, charging power per EV as a function of source
voltage is calculated on the basis of Equation (4) and depicted in Figure 4.

Energies 2016, 9, 531 6 of 14 

6 

strategies with respect to the amount of charging EVs are proposed. In detail, a self-adaptive source 

voltage is applied for dangerous and adjustable working regions and a constant source voltage is 

used for the compensated working region. Comparatively, a self-adaptive source voltage can 

guarantee a rated charging power, while the constant source voltage, which is subject to source 

power constraints, serves as an efficient method of power compensation. Optimal resistances are 

used to maximize the output power on the basis of the analysis in Section 2. 

3.2.1. Strategy with Self-Adaptive Source Voltage 

When an additional EV in need of charging enters the sectional track, if the source voltage 

remains unchanged, this will lead to the decrease of primary current and insufficient charging 

power. On the contrary, the decrease in the number of EVs will result in excessive primary current, 

which is likely to result in a large power loss, and even system damage. Thus, a strategy with a 

self-adaptive source voltage is used. Specifically, the source voltage is adjusted according to the 

varying number of charging EVs. In order to determine the suitable source voltages, charging power 

per EV as a function of source voltage is calculated on the basis of Equation (4) and depicted in 

Figure 4.  

 

N=4

N=5

N=7

N=6

N=3

② ③ ④

0

1

2

3

4

5

6

7

8

9

10

100 200 300 400 500 600 700

①

P
O
(k

w
)

UO(V)
 

Figure 4. Receiving power per EV versus source voltage when the number of EV varies from 3–7. 

We assume that the lowest power demand is 5 kW so that the corresponding source voltages for 

different numbers of EVs can be determined. The source voltage should be adjusted to point ①, ②, 

③, and ④, respectively, when the number of charging EVs changes from 3–6. It is noted that if the 

number continues increasing beyond the designed value (seven EVs), the rated charging power 

cannot be provided. Furthermore, a control strategy of source voltage based on the detection of 

primary current is presented.  

Before the number of EVs changes, the charging power is calculated by:  

 
 




 
 

 
 



22 2
2 0 0

0 2

2 2 2

0 0
1

1/

L

L
N

i

M U N R
P I N R

Z Z M Z

 
(8) 

When the number of EVs changes, the charging power with source voltage adjustment changes to: 

 
  




 
 

  
 


’

2
2 2 '

2 0 0' '

0 2

2 2 2

0 0
1

1 /

L

L
N

i

M U N R
P I N R

Z Z M Z

 
(9) 

In order to provide rated charging power, Equation (8) should be equal to Equation (9), therefore: 
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We assume that the lowest power demand is 5 kW so that the corresponding source voltages for
different numbers of EVs can be determined. The source voltage should be adjusted to point 1©, 2©, 3©,
and 4©, respectively, when the number of charging EVs changes from 3–6. It is noted that if the number
continues increasing beyond the designed value (seven EVs), the rated charging power cannot be
provided. Furthermore, a control strategy of source voltage based on the detection of primary current
is presented.

Before the number of EVs changes, the charging power is calculated by:

P “ I0 pNq
2 RL “

ω2M0
2U0 pNq

2 RL

Z2
ˆ

Z0 `ω2M0
2

N
ř

i“1
1{Z

˙2 (8)

When the number of EVs changes, the charging power with source voltage adjustment changes to:

P1 “ I0
`

N1
˘2 RL “

ω2M0
2 `U0

`

N1
˘˘2 RL

Z2

˜

Z0 `ω2M0
2

N1
ř

i“1
1{Z

¸2 (9)
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In order to provide rated charging power, Equation (8) should be equal to Equation (9), therefore:

U0 pNq

Z0 `ω2M0
2

N
ř

i“1

1
Z

“
U0

`

N1
˘

Z0 `ω2M0
2

N1
ř

i“1

1
Z

(10)

Equation (10) is equivalent to I0 pNq “ I0
`

N1
˘

, indicating that constant primary current is needed
to keep the charging power stable. Primary current without source voltage adjustment can be expressed
by I0 pNq

1
“

U0pNq

Z0`ω2 M0
2

N1
ř

i“1

1
Z

.

Since I0 pNq and I0 pNq
1 can be detected, the source voltage should be adjusted to:

U0
`

N1
˘

“
U0 pNq
I0 pNq

1 I0 pNq (11)

The working principle of the presented control strategy can be illustrated in Figure 5a.
Primary current is monitored and compared with the rated value. Deviations between detected
and rated values indicate that the amount of EVs changes. Then the source voltage should be regulated
with reference to Equation (11). Take the number variation from N = 4 to N = 5 for instance; the changing
of the source voltage and primary current are depicted in Figure 5.
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3.2.2. Strategy with Constant Source Voltage 

Considering a system designed to charge the rated number of EVs, sufficient power cannot be 

provided when there are too many charging EVs, which is more likely to happen when traffic is 

congested. If all charging requests are permitted without enhancing the source power, the receiving 

power of each EV will decrease drastically. As a result, a feasible solution is to maintain the 

maximum number of charging EVs at
max

N (the case where seven EVs, as described by the 

compensated working region defined in Figure 3, are allowed to be charged simultaneously) by 

following the first come, first serve rule.  
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Figure 5. (a) Flowchart of source voltage adjustment. (b) I0 and U0 according to time (t1 represent the
time when the number of charging EVs changes and t2 represents the time when output voltage of the
source is adjusted.)

3.2.2. Strategy with Constant Source Voltage

Considering a system designed to charge the rated number of EVs, sufficient power cannot be
provided when there are too many charging EVs, which is more likely to happen when traffic is
congested. If all charging requests are permitted without enhancing the source power, the receiving
power of each EV will decrease drastically. As a result, a feasible solution is to maintain the maximum
number of charging EVs at Nmax (the case where seven EVs, as described by the compensated working
region defined in Figure 3, are allowed to be charged simultaneously) by following the first come,
first serve rule.

Receiving energy per EV when traffic is heavy can be calculated by:

Q “ P pUmax, Nmaxq ˆ t “ P pUmax, Nmaxq ˆ
l1
v
“ P pUmax, Nmaxq ˆ Nmax

ˆ

dEV
v
` t0

˙

(12)

where l1 represents the length of transmitting coil. v denotes the driving speed Umax represents the
maximum source voltage.
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For different source voltages (U1 = 700 V, U2 = 800 V), the charging energy per kilometer as
a function of driving speed, according to Equation (12), is shown in Figure 6.
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One can intuitively say from Figure 6 that slow driving speeds will contribute to more charging
energy, which coincides with Equation (9). The relationship between charging energy and the energy
loss per km defined above can be expressed by:

$

’

&

’

%

Q ą Q0 pv ă v0q

Q “ Q0 pv “ v0q

Q ă Q0 pv ą v0q

(13)

where v0 is defined as the balanced speed where charging energy equals to the consumed energy.
If driving speed is smaller than the balanced speed, charging energy not only makes up for the
energy loss, but also provides extra energy for the battery, which is preferred in practical applications.
If driving speed is greater than the balanced speed, charging energy can compensate for just part of the
energy loss. V01 and V02 shown in Figure 6 represent the balanced speeds of U1 and U2, respectively.
V02 is bigger than V01 so that the acceptable range of driving speed is wider. This indicates that
a corresponding balanced speed can be enhanced by increasing the source voltage.

Though sufficient charging power cannot be provided when the system works in the compensated
working region, the driver can be guided to adjust their driving speeds to extend charging time and,
thus, receive more charging energy. The guidance of balanced speed provided by the control center
should be determined by the source voltage.

3.2.3. Particular Power Demand

The main premise of the power control strategy discussed above is that all of the equivalent load
resistances are identical. This strategy can not only achieve high transfer efficiency, but also maximize
the utilization of the sectional track. Nevertheless, some urgent charging requests should be taken into
account for a particular EV whose battery capacity is pretty low. As a consequence, a power control
strategy by adjusting load resistance is presented to regulate the power distribution.

In circumstances where there are no urgent charging requests, all of the equivalent load resistances
are adjusted to the optimal resistance expressed by Equation (10). In the case of a particular power
demand, the receiving power of the EV with low battery capacity is expressed by:

Pn “
ω2M0

2U0
2RLn

pRLn ` R1q
2
ˆ

R0 `ω2M0
2

N
ř

i“1
1{ pRLi ` R1q

˙2 (14)
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By substituting D for R0 `ω2M0
2

N
ř

i“1,i‰n
1{ pRLi ` R1q, Equation (14) is simplified into:

Pn “
ω2M0

2U0
2RLn

pRLn ` R1q
2
´

D` ω2 M0
2

RLn`R1

¯2 “
ω2M0

2U0
2

pω2 M0
2`R1Dq

2

RLn
` RLnD2 ` 2R1D2 ` 2Dω2M0

2

It can be deduced that Pn at first increases, but then decreases with RLn increasing, and will
achieve a peak value when RLn,op “

´

ω2M0
2 ` R1D

¯

{D. The maximum receiving power is:

Pn,max “
ω2M0

2U0
2

4D
´

R1D`ω2M0
2
¯ (15)

The adjustment of load resistance does have a significant impact on power distribution, providing
a feasible way to deal with particular power demand. Different charging requests can be met by
corresponding adjustment of load resistance. The working principle of the control strategy is illustrated
in Figure 7 and a brief introduction of working steps are as follows: (1) the upcoming EV will send
a charging request (urgent charging request, normal charging request) to the control center on the
primary side in advance. The leaving EV will also send a charging request (stop charging request)
to the control center; (2) after the control center receives the charging requests, the corresponding
adjustment of IMNs will be examined firstly to check whether it will bring a significant fluctuation
to other EVs. If not, the permission will then be delivered to the corresponding EV. Otherwise no
adjustments are carried out.
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4. Experimental Verifications

To validate the correctness of the proposed control strategy, a scaled-down experimental prototype
is set up. The system works at 85 kHz, which is also the resonant frequency of the transmitting coil
and receiving coils. Specific parameters are tabulated in Table 2. Receiving coils are placed with
separated distances to represent the safe following distance, as shown in Figure 8. The measured
mutual inductance between each receiving coil and transmitting coil, and that between each two
receiving coils, is 4.425 µH and 5 ˆ 10´3 µH, respectively. As a result, the mutual inductance between
each two receiving coils can be ignored, indicating inefficient coupling. The voltage is measured with
a voltage probe Tektronix TPP0500B (Beaverton, OR, USA) and the current is measured with a current
sensor Agilent N2783A (Santa Clara, CA, USA), which transforms current to voltage according to
the proportion 0.1 V/1 A. Source voltage can be controlled by adjusting the radio frequency power
amplifier, while the receiving power of each load can be calculated on the basis of the detected voltage
and current.
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Figure 8. Configuration of the designed scaled-down experimental prototype.

Table 2. Specific parameters of the designed prototype.

Parameters Value

Working frequency 85 kHz
Size of transmitter 1 m ˆ 0.2 m

Inductance of transmitter 74.8 µH
Compensated capacitor of transmitter 47 nF

Size of receiver 0.2 m ˆ 0.2 m
Inductance of receiver 21.4 µH

Compensated capacitor of receiver 168 nF

4.1. Output Power Optimization

Figure 9 compares four cases with different amounts of receivers to investigate the relationship
between receiving power of each receiver and load resistances. When the number of receivers is
constant, maximum receiving power can be achieved at a certain load resistance, as predicted in
Equation (7). The optimal resistances of a system with N (N = 1,2,3,4) receivers are 13.7 Ω, 27.6 Ω,
39.3 Ω, and 53.8 Ω, respectively. Corresponding measured results are 10 Ω, 25 Ω, 40 Ω, and 50 Ω,
keeping approximately consistent with the theoretical analysis.

It can be seen that there is a deviation between optimal resistances of different numbers of
receivers, which is not convenient enough for practical applications. The paper then suggests that
part of the transfer power can be sacrificed to achieve a broader range of optimal resistances. Take the
case when the receiver numbers vary between two and four, for instance; if a 5% decrease of transfer
power is acceptable, the optimal resistances for different numbers of receivers can be determined by
the coordinate interval indicated by the same color, as shown in Figure 9. There is an overlap of the
coordinate intervals for different numbers of receivers, obviously, as presented by the solid shadow.
Thus, this part of the optimal resistances can be chosen to set the rated load resistance for each receiver.
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4.2. Receiving Power Control with Self-Adaptive Source Voltage

This part of the experiment is performed to verify the feasibility of a power control strategy with
self-adaptive source voltage. Specifically, the number of receiving coils is varied from N = 2 to N = 4.
With reference to Figure 9, all of the load resistances are set to 40 Ω since the receiving power varies
least for different EV numbers (N = 2 to N = 4). Both the source voltage and the voltage of load 1© are
monitored with voltage probes. If there is any variation of the voltage of load 1©, the source voltage
will be adjusted until the voltage of load 1© reaches the rated value.

Figure 10 displays the measured results of source voltages and the load voltage 1© for different
numbers of receivers. The red curve and blue curve represent the source voltage and load voltage 1©,
respectively. To maintain the load voltage 1© around 40 W, effective values of the source voltage
should be adjusted to 20.5 V, 23.6 V, and 26.4 V for different numbers of receivers, as explained in
Equation (14). Compared with theoretical results, experimental results show that when peak values of
the source voltage are set to 29.0 V, 33.4 V, and 37.4 V, respectively, output power of about 43.5 W can
be maintained stably when the number of receiving coils changes from N = 2 to N = 4, proving the
correctness of the theoretical analysis.
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4.3. Receiving Power Control with Adjustment of Load Resistance

Four identical receiving coils are used to verify the control of receiving power with an adjustment
of load resistance. Source voltage is fixed at U0 “ 20V and load resistances are set as 40 Ω. It is
assumed that load 1© is in dire need of quick charging and is defined as an adjustable load, and other
loads with fixed resistance are defined as fixed loads. The receiving power of each fixed load and
that of adjustable load are defined as Pf and Pa, respectively. Figure 11 compares Pf and Pa when the
resistance of load 1© RL1 is adjusted from 1 Ω to 100 Ω.

It shows that Pf increases with RL1 increasing, while Pa increases first, and then decreases with
RL1 increasing. The intersection of Pf and Pa is represented by point 1, indicating that all loads
receive equal power. Point 2 in Figure 11 represents the corresponding resistance where Pa achieves
its maximum value. To meet the urgent charging request of load 1©, a feasible method is to regulate
the resistance from point 1 to point 2. Measured results show that Pa increases from 28.6 W to 69.1 W
by regulating RL1 from 40 Ω to 5 Ω, which is consistent with theoretical values. It is also noted that,
despite the receiving power increase of load 1©, the receiving power of each other load drops from
28.6 W to 9.2 W. As a result, this power control strategy can only serve in emergent cases.
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System efficiency is also measured and results are specifically displayed in Figure 12. Power 
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improved by adjusting the impedance according to a maximum energy efficiency criteria, which 

should also be considered in a practical application.  
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System efficiency is also measured and results are specifically displayed in Figure 12. Power loss
is caused mainly by the coil inner resistances and can be reduced by designing coils with a high quality
factor. It is noted that system efficiency is enhanced from 49.4% to 71.9% by adjustingRL1 from point 1
to point 2. The reason why point 1 presents a relatively low efficiency is that the system is designed
on the basis of a maximum power transfer criteria [23]. Efficiency can be improved by adjusting the
impedance according to a maximum energy efficiency criteria, which should also be considered in
a practical application.
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5. Discussion

Wireless charging for EVs presents a potential in extending driving range and reducing battery
capacity, especially when on-road charging can be implemented. In the paper, the problem of charging
several EVs simultaneously is analyzed thoroughly. The optimal resistance, which can be regulated
by the impedance matching network, is first derived according to different EV numbers to guarantee
maximum receiving power for each charging EV. Taking the practical applications into consideration,
self-adaptive source voltage is proposed to deal with the cases when the number of EVs in the charging
section changes. In addition, for congested traffic conditions where EV charging numbers exceed the
designed value, a feasible power supply method is introduced to compensate for power consumption.
It is also noted that several other issues are of great concern. On the one hand, primary power control
and battery management regarding different charging statuses, such as the misalignment between
coils, various charging demands should be further assessed. On the other hand, impedance matching
based on maximum energy efficiency should also be taken into consideration in a practical application.
In particular, the problem of the electromagnetic environment of on-road charging systems with such
a dimension is what we need to tackle in the future. The feasibility to mitigate electromagnetic forces to
satisfy safety constraints is of great interest. Furthermore, the prospect of on-road charging technology
is promising, considering its convenience and its significant role in promoting the mass applications
of EVs.
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6. Conclusions

This paper has proposed an on-road charging system with a single transmitting coil and
multiple receiving coils. For maximum receiving power of each EV for a system with identical
loads, the resistances should be adjusted according to the number of charging EVs. Avoiding excessive
primary current and satisfying a minimum charging demand are taken into consideration to determine
the power control strategy. Specifically, self-adaptive source voltage and constant source voltage are
applied to charge different numbers of EVs, respectively, due to different traffic conditions. To charge
each EV with rated power when the voltage source can support enough charging EVs, adjustment of
the source voltage based on primary current detection is proposed. As for congested traffic with too
many EVs, the source is regulated to maximum output and EVs are permitted to charge according to
the first come, first serve rule. In addition, a balanced speed is used as guidance for drivers to adjust
the individual driving speed to acquire efficient energy compensation. In the case of a particular power
demand, the corresponding resistance is adjusted from the point of the average power distribution to
the point of maximum power. We show by experiments that the proposed optimization of efficiency
and power control strategies perform close to the theoretical analysis, applying to systems with
different topologies or parameters. As a concluding remark, an on-road charging system including
a single TX and multiple RXs can serve as an efficient way to make up for EV power loss.
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