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Abstract—Wireless dynamic charging (WDC), while the vehicle is
in motion, perceived as an enabling technology to mass roll-out of
electric vehicles. High output power with minimized pulsation
(ripple) is the key-success for such a technology. This paper is
presenting a parametric-analysis procedure, aiming at providing
design tools for coupler coils of three-phase WDC to achieve
specific efficiency and cost requirement. A general design
procedure is proposed for a high power WDC system supported
by extensive analytical analysis and finite-element analysis (FEA)
simulations for wide ranges of transmitter and receiver
dimensions, constrained by the stray fields level limitation.
Subsequently, other parameters such as the resonant tank are then
recalculated to satisfy the system specification. The calculated
efficiency is derived according to the loss model of every single
component while a cost model is utilized to determine the
associated cost, where the tradeoff between efficiency and cost is
obtained by parametric-analysis results. The viability of the
proposed procedure is experimentally validated using a 3-kW
WDC prototype. The practical results show that the efficiency of
88.2% is achievable with an air gap of 15 cm and a normalized cost
factor of 0.845.
Index Terms—Wireless Dynamic Charging, Electric Vehicles,
Finite-element modeling, Parametric-Analysis.

I. INTRODUCTION

W

IRELESS dynamic charging (WDC) of Electric Vehicles
(EVs) is intended to inductively deliver power from a
stationary primary source to one or multiple EV’s on-board
batteries while in motions [1-2]. As a result, the battery’s
weight and volume of EVs can be significantly reduced and the
driving range limitation can also be alleviated [3]. WDC helps
to remove the technological barrier of battery capacity, which
uplifts the penetration of EVs in the market. WDC systems are
normally classified as either short-individual transmitters [4][7] (i.e., circular pads in [4]-[5] or double-D (DD) and DD
quadrature-based pads in [6]-[7]) or long-track transmitters [8][12] (i.e. classified as ferrite core shapes: W-shape [8]-[9], Ishape [10], S-shape [11], or N-shape [12]) depending on the
length of the transmitter module.
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While the former has the advantages of higher efficiency and
lower stray fields level, on the other hand, the latter offers lower
cost and less complexity. However, both systems suffer from
the output power pulsation problem because of the mutual
inductance variation, while the EV is in motions along the
driving direction [10]. To address the power pulsation issue, the
concept of using three-phase transmitters [14] or multiphase
transmitters [13], [15] have been recently proposed, as shown
in Fig. 1. The three-phase transmitters, (i.e., L1, L2, and L3)
utilize three copper windings to guarantee a homogeneous
mutual magnetic flux for the receiver, Ls along the driving
direction. This results in a constant induced voltage across the
vehicle’s receiver and hence a constant output power for
charging the EV battery.
A number of factors must be considered when designing a
three-phase WDC system. The performance of WDC largely
depends on factors that are directly related to the wireless
couplers. These include: the length and width of the transmitter
module, area and weight of the receiver, air gap between two
coils, and level of misalignment, etc. Furthermore, the
transmission efficiency heavily depends on the coupling
coefficient k between transmitter and receiver as well as the
quality factor Q of each coupler. On the other hand, both k and
Q depend on the coupler’s dimensions, used materials, air gap,
and misalignment between the couplers. To effectively design
a wireless coupler for the stationary EVs charger, the multiobjective approach has been used in [16]-[19] to evaluate the
system performance such as efficiency, stray field exposure,
power density, and tolerance under misalignment conditions.
Specifically, in [16] the design tradeoff between efficiency and
power quality in the forms of Pareto fonts are conducted for the
two couplers of circular coils. A multi-objective optimization
for designing the low-power IPT charging is presented in [17].
A comprehensive evaluation between the rectangular and
double-D coil geometries for high power wireless chargers of
50 kW are also presented in [18]. The work in [19] extends the
multi-objective approach presented in [16]-[18] to compare all
conflicting performances (i.e., efficiency, stray field exposure,
and misalignment tolerance) of four major coupler topologies.
An equally important factor to consider in a WDC system is
the implementation cost [20]-[21]. The initial cost in a WDC
system for EVs is significantly higher than the stationary
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wireless charger and the conventional conductive charger. The
main driver for the high cost of the charging infrastructure is
the primary side, which generally consists of multiple
transmitter modules for a particular route. Each module
constitutes power inverter, the required resonant networks, and
the transmitter coupler. In [20], an optimization algorithm is
established to economically allocate the transmitter modules on
the given routes as well as to calculate the required capacity for
the vehicle’s battery. In [21], different lengths of transmitter
modules are analyzed to comprehend its impact on the overall
system cost. Moreover, the benefits of dynamic charging are
quantitatively analyzed in the light of battery size and charging
infrastructure. Regarding the efficiency, authors in [22]-[24]
concluded that the length of each transmitter sectional track
should be limited [22], ideally shorter than a vehicle’s length to
maximize the coupling factor as well as to avoid unwanted
losses and heating [23], [24]. Therefore, a suitable design
procedure to minimize the cost while achieving good efficiency
is undoubtedly of paramount importance. However,
quantitative design and evaluation methods incorporating both,
efficiency and cost for WDC systems have not yet been reported
in the literature.
Hence, this paper attempted to fill in this research gap by
proposing the efficiency-cost parametric-analysis of a threephase WDC system using the finite-element analysis (FEA)
tools. The transmitter width (𝑊𝑝 ) and the ferrite area 𝐴𝑟 of the
receiver are utilized as varying design factors in the analysis
while the length of one transmitter module 𝑇𝑙 is fixed. 𝑊𝑝 and
𝐴𝑟 significantly affect the initial cost not only because of the
ferrite cost, but also the cost associated with the construction on
the road. The FEA simulation is utilized here to extract the
coupling coefficient and quality factors of the transmitters and
receiver. Consequently, the resonant network (i.e., capacitors
and inductors) is calculated to guarantee the WDC system
specifications of output power and current [15]. After that, a
loss model is used to determine all component losses in the
three-phase system when both 𝑊𝑝 and 𝐴𝑟 vary. Accordingly,
the cost and efficiency parametric-analysis curves are
generated. The results quantitatively indicate how the two
performance indices, i.e., efficiency and cost, are in a tradeoff
relationship. Besides, the impact of varying 𝑇𝑙 on the system
design and performance is also examined after determining the
values of 𝑊𝑝 and 𝐴𝑟 . The proposed parametric-analysis design
is validated by means of simulation and experiment of WDC
system with 2.4 m transmitter module length. Based on the
parametric-analysis process and other constraints, such as
budget, laboratory safety measures, and availability of space
and material; a scaled-down prototype of 3-kW WDC is
developed in the lab. The experimental results indicate an
efficiency of 88.2 % is achieved with an air gap of 15 cm and a
normalized cost factor of 0.845. This selection of the cost factor
is largely influenced by the availability of resources and budget.
II. EFFICIENCY-COST PARAMETRIC-ANALYSIS
A. The three-phase WDC system configuration
An EV WDC system with the multiphase transmitter [15] is

presented in Fig. 1(a). The system consists of adjacent multiple
transmitter modules placed along the driving direction of given
route. Each transmitter module is energized by a power
electronic inverter and the associated resonant network. It is
worth mentioning that all transmitter modules are independent
from each other, and each module is switched ON only once it
is aligned with the on-board receiver. After determining the
values of 𝑊𝑝 and 𝐴𝑟 , the impact of varying 𝑇𝑙 is analyzed in
section IV.B. Each transmitter module is composed of three
windings arranged in a novel configuration to achieve constant
output power at the receiver side [15]. It is worth mentioning
that this paper focuses only on the three-phase transmitter WDC
system. Fig. 1(b) presents the circuit diagram of the three-phase
WDC system for one transmitter module. This includes a threephase inverter, primary and secondary LCC resonant networks,
the coupler coils, and the rectifier. At the secondary side, this
work considers only a single receiver with a resistive load
emulating the battery impedance for simplicity.

(a)

(b)
Fig. 1. (a) Overall structure of the multiphase WDC system [15]. (b) The
electrical schematic of a three-phase transmitter module WDC system.

B. Parametric-analysis method
Fig. 2 illustrating the WDC couplers, where the three-phase
transmitters are shown in Fig. 2(a) while the receiver with a
rectangular shape is depicted in Fig. 2(b). The efficiency-cost
parametric-analysis process is outlined in Fig. 3 which mainly
focuses on the coupler’s parameters. There are eight
consecutive steps in the parametric-analysis process. Step 1
begins with the definition of the three-phase WDC charger
specification including the output current, voltage, air gap,
operating frequency, and stray fields level limitation, etc. The
specifications of WDC system can be found in Table I. The
specified power of 3 kW is selected for the demonstrator due to
this being the smallest possible scale for the EV charging level
1. Simultaneously the system must follow the design rules to
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provide a constant output power when the receiver is in motion
along the driving direction [15].
Step 2 defines the transmitter’s parameter parametric
analysis, where several transmitter parameters are initialized,
which includes the ferrite thickness, the pole distance, and
number of turns. To reduce the unwanted conduction losses and
heating, the length of each transmitter’s module 𝑇𝑙 should be
shorter than a vehicle’s length, which is around 3-4 m [23]-[24].
Also, the length of each transmitter’s sectional track should be
similar to the receiver’s length (i.e., 0.6 m) to maximize the
coupling coefficient between two sides. Considering the
available ferrite dimension to assemble the transmitter’s
module, the length of one transmitter’s module is selected as
2.4 m in this work. Noting that each transmitter module consists
of four sectional tracks connected in series with a length of 0.6
m, each. Thickness values (i.e., Tb, Tpp, and Tp) are selected such
that saturation is avoided, therefore, these values have a
minimal effect on the coupling factor k. The pole distances dp,
on the other hand, has a significant impact on k [15]. To
simplify the parametric-analysis process, both thickness values
and dp are kept constant in this work. At the secondary side, the
length and width of the receiver pad, lr and wr are designed to
match with the selected dp for a maximum coupling coefficient
under different lateral misalignment conditions. As a result, a
receiver with dimensions of 0.60 m x 0.60 m is implemented.

Furthermore, a suitable choice of the receiver coil shape can
help to improve the power transfer in the WDC system [32].
Table II summarizes all fixed parameters of the coupler coils.
Further analysis and explanation for the selection of Table II
parameters can be referred to [15].
Once all fixed parameters are obtained, step 3 defines the
range and increment of 𝑊𝑝 and 𝐴𝑟 according to Table III. There
are 9 and 7 operating points of 𝑊𝑝 and 𝐴𝑟 , respectively. This
creates a look-up table with 63 combinations from two
variables, i.e., (𝑊𝑝 , 𝐴𝑟 ) = (0.05m, 0m2), (0.07m, 0m2), …,
(0.21m, 0m2), (0.05m, 0.06m2), (0.07m, 0.06m2), …, (0.21m,
0.06m2), …, (0.05m, 0.36m2), (0.07m, 0.36m2), …, (0.21m,
0.36m2). The FEA model is set up in step 4 by using the Ansys
Maxwell 3D for each combination to compute their
electromagnetic performance as shown in Fig. 4. To reduce the
computation time, the Litz wire winding is created by a 3D
lumped model with uniform current density. Next, the
corresponding self-inductances of the transmitter and the
receiver (i.e., L1, L2, L3, Ls) and the mutual inductance (i.e., M1s,
M2s, M3s) are obtained using FEA simulation as depicted in Step
𝑀
4. At this point, the coupling coefficient k (i.e., 𝑘 = 1𝑠 ) and
the quality factor Q of the coils (i.e., 𝑄1 =

𝜔𝐿1
𝑟1

√𝐿1 𝐿𝑠
𝜔𝐿𝑠

, 𝑄𝑠 =

𝑟𝑠

) are

then calculated. This process is repeated for all the 63
combinations. After step 4, step 5 calculates 𝐿𝑖𝑎 , 𝐶𝑖𝑎 , 𝐶𝑖𝑏 (𝑖 =
1,2,3) in the primary side and 𝐿1𝑠 , 𝐶1𝑠 , 𝐶2𝑠 in the secondary side
according to the coupler parameters such as self-inductances
(𝐿1 , 𝐿2 , 𝐿3 , and 𝐿𝑠 ), mutual inductances (𝑀1𝑠 , 𝑀2𝑠 , 𝑀3𝑠 ),
crossing inductances (𝑀12 , 𝑀23 , 𝑀13 ) and system specification.
Step 5’s calculation is based on [13]-[15] and are not repeated
in this paper for simplicity.
TABLE II
FIXED PARAMETERS OF THE COUPLER
Symbol

(a)
Tp
Tb
Tpp
Hp
Dp
Tl
I1, I2, I3
N1, N2, N3
(b)
Fig. 2. The three-phase WDC coupler with detailed parameters. (a) Transmitter
side. (b) Receiver side.
TABLE I
SPECIFICATIONS OF THE WDC PROTOTYPE SYSTEM
Symbol

Parameters

Value

Vin
Io
Vo

Input DC voltage
Rated output current
Rated output voltage

400 V
6.5 A
450 V

Po

Rated output power

3 kW

D
f

Normal air gap
Switching frequency
Stray fields level
limitation

15 cm
85 kHz
< 27 µT @ 1 m far away from
the transmitter

Rl
Rw

Parameters
Transmitter’s parameters
Pole thickness
Bottom thickness
Pole plate thickness
Pole height
Pole distance
Length of one transmitter
module
Rated Transmitter current for
each phase (RMS)
Number of turns for each phase
Receiver’s parameters
Receiver’s length
Receiver’s width
Receiver’s winding’s width

Value
1.5 cm
0.5 cm
0.5 cm
4 cm
7.5 cm
2.4 m
20 A
4
60 cm
60 cm
5 cm

In step 6, a loss model is developed to determine the total
losses of the whole circuit, which calculates the conduction and
switching losses of the power electronic inverter, ferrite, and
copper losses of resonant inductors and the coupler as well as
the conduction losses of capacitors and the diode bridge
rectifier. Subsequently, the efficiency is calculated for all the 63
different operating points. The details of the loss calculation are
presented in Section III.
After determining the efficiency, the total cost of the system,
which is divided into two parts, fixed and variable costs; is
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obtained by a cost model. Fixed costs include every component
apart from ferrite cores in both transmitters and receiver, and
copper wires of the transmitters. Furthermore, for simplicity,
the cost of all resonant capacitors and inductors are assumed to
be unchanged despite the fact that their values might slightly
change for different operating points. It is because that the cost
difference is significantly small compared to the total cost,
therefore the cost difference can be negligible. Variable costs
are associated with two above listed components for
transmitters and receiver. In this work, the costs are illustrated
based on the system specifications of Table I, where the detailed
calculation is reported in Section IV.
Finally, the relationship of efficiency and the implementation
costs are presented according to two variables of 𝑊𝑝 and 𝐴𝑟 in
the proposed WDC system. From the results, a suitable design
can be chosen for the realization of a prototype, considering the
tradeoff between efficiency and cost as well as the budget and
the availability of space and materials for implementation.

TABLE III
VARIABLE PARAMETERS OF THE COUPLER
Parameters

Min

Max

Increment

# Points

Wp
Ar

0.05 m
0 m2

0.21 m
0.36 m2

0.02 m
0.06 m2

9
7

III. THE SYSTEM EFFICIENCY CALCULATION
The data obtained from Step 4 is used to calculate the
parameters of the resonant tank circuit in Step 5. After that, the
losses in the coupler and whole prototype are extracted. These
include losses associate with the coupler’s coils (i.e., L1, L2, L3,
and Ls), inverter losses (i.e., conduction and switching losses),
resonant circuit components (i.e., L1a, L2a, L3a L1s, C1a, C1b, C2a,
C2b, C3a, C3b, C1s, and C2s), and the diode bridge rectifier. The
following subsections explain the loss model and the efficiency
calculation.
A. Losses of wireless couplers
The coupler losses include the copper losses (𝑃𝑐𝑢 ) and the
ferrite losses (𝑃𝑓𝑒 ). 𝑃𝑐𝑢 constitutes of 𝑃𝑠𝑒 losses (caused by skin
effects) and 𝑃𝑝𝑒 losses (caused by proximity effect). The
equations of 𝑃𝑠𝑒 , 𝑃𝑝𝑒 , and 𝑃𝑐𝑢 are given as follows (1-3) based
on [16-19].
𝐼𝑝𝑒𝑎𝑘 2
𝑃𝑠𝑒 = 𝑛𝑠𝑡 . 𝑅𝑑𝑐 . 𝐹𝑅 (𝑓). (
)
𝑛𝑠𝑡
2
𝐼𝑝𝑒𝑎𝑘
𝑃𝑝𝑒 = 𝑛𝑠𝑡 . 𝑅𝑑𝑐 . 𝐺𝑅 (𝑓). (𝐻𝑒2 + 2 2 )
2𝜋 𝑑𝑎
𝑃𝑐𝑢 = 𝑃𝑠𝑒 + 𝑃𝑝𝑒

(1)
(2)
(3)

In (1), 𝑛𝑠𝑡 denotes the number of strands in the Litz wire (i.e.,
600 strands in the prototype of this work), 𝑅𝑑𝑐 is the DC
resistance per unit length of a single strand Litz wire, 𝐼𝑝𝑒𝑎𝑘 is
the transmitter peak current and 𝐹𝑅 (𝑓) is a frequencydependent factor of skin effect [25]. In (2), 𝑑𝑎 is the outer
diameter of the single strand Litz wire, 𝐺𝑅 (𝑓) depicts a
frequency dependent factor of proximity effect while 𝐻𝑒
represents the external magnetic field penetrating the windings.
The coefficients of 𝐹𝑅 (𝑓) and 𝐺𝑅 (𝑓) are obtained from [25]
while 𝑅𝑑𝑐 is attained from the manufacturer datasheet [28]. The
ferrite core losses can be obtained based on the Steinmetz
equation where, V is the region in three-dimensional space [19].
𝑉

𝑃𝑓𝑒 = ∭ 𝑘𝑠 𝑓 𝛼 𝐵𝛽 𝑑𝑉

(4)

0

Fig. 3. Parametric-analysis process for one module of the three-phase WDC
system.

In this paper, core material of PC47 from TDK Electronics is
used [26]. The Steinmetz parameters 𝑘𝑠 , α, and β of the PC47
material are 5.78, 1.35, and 2.46, respectively.
B. Losses of the inverter
The inverter losses consist of conduction and switching
losses. The total conduction loss is the sum of losses occurred
in every switch 𝑆𝑖 (𝑖 = 1,6). The losses of S1, S2, and S3 are
equal to that of S4, S5, and S6, respectively. Therefore, the total
conduction loss of the three-phase inverter, 𝑃𝑐𝑑 can be
expressed as follows:
2
2
2
𝑃𝑐𝑑 = 2𝑅𝑑𝑠 (𝐼𝑑𝑠1
+ 𝐼𝑑𝑠2
+ 𝐼𝑑𝑠3
)

Fig. 4. Simulation model of the couplers using the fixed parameters in Table II
and the variable parameters in Table III.

(5)

Where 𝑅𝑑𝑠 is the on-state resistance of each switch while
𝐼𝑑𝑠𝑖 (𝑖 = 1,3) is the RMS value of the drain current of switch
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𝑆𝑖 . On the other hand, the total switching loss in the three-phase
inverter can be represented as follows:
6

1
𝑃𝑠𝑤 = ∑ 𝑉𝐷𝑆 𝐼𝑑𝑠𝑖 𝑓(𝑡𝑜𝑛𝑖 + 𝑡𝑜𝑓𝑓𝑖 )
2

(6)

𝑖=1

In (6), 𝑡𝑜𝑛𝑖 and 𝑡𝑜𝑓𝑓𝑖 are the turn-on and turn-off periods of
MOSFET switch 𝑆𝑖 (𝑖 = 1,6) respectively, 𝑓 is the switching
frequency while 𝑉𝐷𝑆 is equal to the input DC voltage 𝑉𝑖𝑛 . Eq.
(6) is generally expressing the switching losses during both
turn-on and turn-off periods where the loss caused during turnon period is far higher than that of the turn-off period. However,
in the experiment, turn-on zero-voltage switching (ZVS) is
achieved for the whole range of operation, leading to a zero
turn-on switching loss. Therefore, the switching losses 𝑃𝑠𝑤 are
very small and neglected in the analysis for simplicity. From (5)
and (6), the total losses of the inverter, 𝑃𝑖𝑛𝑣 can be calculated
by (7), where 𝑃𝑠𝑤 = 0:
𝑃𝑖𝑛𝑣 = 𝑃𝑐𝑑 + 𝑃𝑠𝑤

(7)

C. Losses of resonant networks
The losses associated with the resonant networks can be
classified into 𝑃𝑖𝑛𝑑 , losses of the resonant inductors (i.e., L1a,
L2a, L3a, and L1s) and 𝑃𝑐𝑎 , the resonant capacitors (i.e., C1a, C1b,
C2a, C2b, C3a, C3b, C1s, and C2s). 𝑃𝑖𝑛𝑑 is determined in the same
way as described in Section III.A. On the other hand, the
capacitor dielectric loss of each capacitor, 𝑃𝑐𝑎𝑖 is calculated as
follows:
𝑃𝑐𝑎𝑖 =

tan 𝛿 2
𝐼
2𝜋𝑓𝐶 𝐶

(8)

The dissipation factor tan 𝛿 in (8) is selected as 0.08% at 85
kHz based on the datasheet from KEMET [27]. 𝐼𝐶 is the RMS
current through each individual capacitor. Each resonant
capacitor is constructed using low-ESR capacitors connected in
parallel to further reduce the total dielectric loss 𝑃𝑐𝑎 .

bottom ferrite plates (£/m); 𝑊𝑝 is the transmitter width (m); 𝑁𝑝
is the number of ferrite poles per meter (illustrated in Fig. 4); 𝑇𝑙
is the length of one module; 𝐸𝑤 is the cost per unit of transmitter
winding (£/m); 𝑙𝑡 is the total length of the transmitter winding
(meters); 𝐸𝐴 is the cost per unit size of receiver’s ferrite (£/m2);
𝐴𝑟 is the total area of receiver’s ferrite (m2). In this work, 𝑁𝑝 is
designed as 5 per meter while 𝑇𝑙 is selected as 2.4 m.

Component
Transmitter ferrite
poles
Receiver’s copper
winding
PCB Connectors
DSP Controller
Gate driver
Inverter

TABLE IV
THE FIXED COST PARTS
Manufacturer/
Quantity
Provider

Price (£)

24 pieces

TDK Electronics

143

20 m

Osco (UK)

100

10
1
3
1

RS Components Ltd
Texas Instrument
Cree Inc.
Cree Inc.
Newbury Electronics
(UK)
Schneider Electric

15
505
150
535

Kemet

80

PCB circuits

2

Protection relay
Resonant
capacitors

2
32

Resonant inductors

4

Rectifier diodes

4

Filter capacitor
Total fixed cost

2

TDK Electronics
(ferrite core only)
Osco (Litz wire only)
Vishay
Semiconductors
EPCOS (Ger.)

55
98

32
33.88
12.3
1759.2

The variable cost 𝐶𝑣 depicted in Fig. 5 is calculated using
(11), for different values of 𝑊𝑝 and 𝐴𝑟 . As mentioned earlier,
the total transmitter windings 𝑙𝑡 is proportional with 𝑊𝑝 . Each
combination between 𝑊𝑝 and 𝐴𝑟 generates a different value for
𝐶𝑣 . However, if ferrite material is not used in the receiver
design, then 𝐴𝑟 is equal zero.

D. Losses of the rectifier
The conduction loss on the secondary rectifier is calculated
using (9), where 𝑉𝑓𝑤𝐷 and 𝑟𝐷 are the forward voltage and the
on-state resistance of the rectifier’s diode.
𝑃𝑟𝑒𝑐 =

4√2
𝑉 𝐼 + 2𝑟𝐷 𝐼𝑜2
𝜋 𝑓𝑤𝐷 𝑜

(9)

All component parameters used to calculate losses are
depicted in Table VI in the supplemental file. From the above
analysis, the efficiency of the three-phase WDC system, ɳ is
then obtained by the following equation.
ɳ=

𝑃𝑜𝑢𝑡
𝑃𝑜𝑢𝑡 + 𝑃𝑐𝑢 + 𝑃𝑓𝑒 + 𝑃𝑖𝑛𝑣 +𝑃𝑖𝑛𝑑 + 𝑃𝑐𝑎 + 𝑃𝑟𝑒𝑐

(10)
Fig. 5. The variable cost part with different values of 𝑊𝑝 and 𝐴𝑟 .

IV. COST CALCULATION
The cost of a transmitter module includes both the fixed part
𝐶𝑓 and the variable part 𝐶𝑣 . Therefore, the total cost of the WDC
system for a given route is 𝑚(𝐶𝑓 + 𝐶𝑣 ), where 𝑚 is the number
of modules. Table IV lists the fixed cost part whereas the
variable cost is given by:
𝐶𝑣 = 𝐸𝑝 𝑊𝑝 𝑁𝑝 𝑇𝑙 + 𝐸𝑤 𝑙𝑡 + 𝐸𝐴 𝐴𝑟

(11)

Where 𝐸𝑝 is the cost per unit length of transmitter’s top and

For clearer presentation, the normalized cost is defined in
(12), which is used instead of the real cost. A normalized cost
is the ratio of one design’s cost to the maximum one. In (12) the
fixed cost 𝐶𝑓 = £1759.2 while 𝐶𝑣_𝑚𝑎𝑥 = £1615. 𝐶𝑣_𝑚𝑎𝑥 is
associated with 𝑊𝑝 = 0.21 𝑚 and 𝐴𝑟 = 0.36 𝑚2 . Nevertheless,
the variable cost, 𝐶𝑣 varies according to Fig. 5.
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 =

𝐶𝑓 + 𝐶𝑣
𝐶𝑓 + 𝐶𝑣_𝑚𝑎𝑥

(12)
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V. PARAMETRIC-ANALYSIS RESULTS
A. Impact of 𝑊𝑝 and 𝐴𝑟
Based on the calculation of efficiency and cost in Section III
and IV, the parametric-analysis results of the design examples
are illustrated in Figs. 6-8. Specifically, Fig. 6(a) and 6(b)
represent the variation of the efficiency ɳ and the normalized
cost with transmitter’s width 𝑊𝑝 and receiver’s ferrite area 𝐴𝑟 .
From Fig. 6(a), the efficiency ɳ varies proportionally with both
𝑊𝑝 and 𝐴𝑟 . This is basically because higher values of 𝑊𝑝 and
𝐴𝑟 result in an increased coupling coefficient and coil quality
factors, leading to a higher transmission efficiency. Moreover,
the incremental rate of ɳ versus 𝐴𝑟 is not constant in which the
rate is higher at the smaller values (i.e., 0.00 m2 to 0.18 m2) and
lowers down when 𝐴𝑟 gradually reaches a maximum value of
0.36 m2. It is noted that 𝐴𝑟 =0.00 m2 means no ferrite used in the
receiver. A similar pattern is noticed for 𝑊𝑝 variations. On the
other hand, the incremental rate of the cost is more linear with
both 𝑊𝑝 and 𝐴𝑟 as shown in Fig. 6(b). Hence, the operating
points should not be selected when 𝑊𝑝 and 𝐴𝑟 are at very high
values to minimize the cost.

a high implementation cost. In detail, a maximum transmission
efficiency of 92.56% can be attained if the cost factor is set to
1. A low implementation cost can be achieved if smaller
transmitters and a ferrite-less receiver are used; however, a
decreased efficiency is occurred simultaneously by means of
lower coupling coefficients and coupler’s quality factors. This
trade-off forms a performance boundary obtained by the design
parameters where an increase of one performance factor (cost
or efficiency) consequences in a decrease of the other.

Fig. 7. Efficiency versus normalized cost for different receiver ferrite areas.

Fig. 8. Efficiency versus normalized cost for different transmitter widths.

(a)

Taking the above analysis into consideration, the proposed
coupler is selected with 𝑊𝑝 of 13 cm and 𝐴𝑟 of 0.18 m2. This
corresponds to a cost factor of 0.845 and an efficiency of
90.49%. This selection is largely influenced by the availability
of resources and budget. Future research of utilizing the
weighting factor [29] can be considered to have a better
selection of the operating point, depending on different system
requirement (i.e., whether cost or efficiency is more important).
B. The impact of 𝑇𝑙 on WDC design

(b)
Fig. 6. (a) Efficiency versus transmitter width and receiver ferrite area, (b) The
normalized cost versus transmitter width and receiver ferrite area.

Figs. 7 and 8 present the relationship between both, the
efficiency and the associated cost against 𝐴𝑟 and 𝑊𝑝 . The
calculated efficiency varies from 88.23% to 92.56% while the
normalized cost factor varies between 0.691 to 1. One can
clearly see that there is a tradeoff between the efficiency and
the associated cost. A high efficiency can be achieved if largewidth transmitters with a full ferrite receiver are used, implying

This section briefly presents the impact of 𝑇𝑙 on the efficiency
and cost of the three-phase WDC system. To simplify the
analysis, 𝑊𝑝 and 𝐴𝑟 are fixed as 0.13 m and 0.18 m2,
respectively, while 𝑇𝑙 varies from 1.25 m to 15 m with an
increment of 1.25 m. As illustrated in Fig. 4, each transmitter
module possesses several sectional tracks, and the length of
each track should be close to the length of the receiver to
maximize the coupling coefficient [22]. Therefore, the length
of one sectional track is chosen as 0.6 m in this work. The
relationship between the maximum coupling coefficient 𝑘𝑚𝑎𝑥
and 𝑇𝑙 is illustrated in Fig. 9(a). Please note that 𝑘𝑚𝑎𝑥 can be
only achieved if one transmitter sectional track is aligned with
the receiver. It shows that 𝑘𝑚𝑎𝑥 reduced from 0.17 to 0.05 when
𝑇𝑙 increased from 1.25 m to 15 m. This can be explained by the
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fact that the maximum mutual inductance 𝑀𝑜 between one
sectional track and the receiver is kept nearly constant when 𝑇𝑙
varies. However, a longer 𝑇𝑙 will also result in a higher
transmitter’s inductances 𝐿1 that causes 𝑘𝑚𝑎𝑥 to reduce as
shown by (13).
𝑘𝑚𝑎𝑥 =

𝑀𝑜

(13)

√𝐿1 𝐿𝑠

Furthermore, longer 𝑇𝑙 leads to higher voltage on the series
capacitor 𝐶1𝑏 and the transmitter’s inductance, 𝐿1 for a given
transmitter current. The voltage on the transmitter (i.e., 𝑉𝐿1 )
increases with higher 𝐿1 as depicted in (14). Moreover, the
crossing inductance 𝑀12 between two transmitter windings are
also higher when 𝑇𝑙 increases as can be observed from (15). In
details, 𝑘12 between two transmitter windings is constant
however, both 𝐿1 and 𝐿2 increase. This results in a higher
1
voltage on 𝐶1𝑏 as shown in (16) in which 𝐶1𝑏 = 2
.

(a)

𝜔𝑜 (𝐿1 −𝐿1𝑎 +𝑀12 )

Fig. 9(b) further shows the simulation results of 𝑉𝐿1 and 𝑉𝐶1𝑏
against 𝑇𝑙 . The voltage stress on 𝐶1𝑏 is higher than that of 𝐿1
when 𝑇𝑙 is greater than 2.5 m. Furthermore, 𝑉𝐿1 and 𝑉𝐶1𝑏 can
reach to 11.6 kV and 14.1 kV, respectively, at the maximum
value of 𝑇𝑙 . Therefore, the voltage ratings of 𝐿1 and 𝐶1𝑏 need to
be considered carefully in the design for safety concern.

𝑉𝐶1𝑏 = 𝐼1

𝑉𝐿1 = 𝜔𝑜 𝐼1 𝐿1

(14)

𝑀12 = 𝑘12 √𝐿1 𝐿2

(15)

1
= 𝐼1 𝜔𝑜 (𝐿1 − 𝐿1𝑎 + 𝑀12 )
𝑗𝜔𝑜 𝐶1𝑏

(b)

(16)

Fig. 9(c) presents the implementation cost against 𝑇𝑙 . for a
WDC system with the total length of 1000m. For simplicity, the
primary resonant networks are excluded from the calculation. It
can be observed that the total cost is gradually reduced from
£1744400 to £824800 when 𝑇𝑙 increases from 2.5 to 15 m. This
is because higher number of modules is required for a certain
road length with a shorter 𝑇𝑙 , leading to a higher cost. Thus, in
addition to 𝑊𝑝 and 𝐴𝑟 , the transmitter length 𝑇𝑙 has also a great
impact on the implementation cost.

(c)
Fig. 9. Impact of 𝑇𝑙 on the WDC system performances with 𝑊𝑝 = 0.13 m and
𝐴𝑟 = 0.18 m2. (a) Coupling coefficient 𝑘𝑚𝑎𝑥 against 𝑇𝑙 . (b) Voltage stresses on
𝐿1 (𝑉𝐿1 ) and 𝐶1𝑏 (𝑉𝐶1𝑏 ) against 𝑇𝑙 . (c) The total cost of 1000-m WDC system
against 𝑇𝑙 (excluding primary resonant networks).

VI. EXPERIMENTAL VERIFICATION
Building upon the parametric-analysis results of Section V, a
laboratory prototype of 3-kW WDC is implemented and tested
to validate the design procedure proposed in the work. As
previously mentioned, the transmitter width 𝑊𝑝 is selected as
0.13 m while the receiver’s ferrite core area 𝐴𝑟 is chosen as 0.18
m2 and other couplers parameters can be found in Table II. The
developed prototype is shown in Fig. 10. The operating
frequency is 85 kHz to be in line with the current inductive
charging standard [30] while the 38-AWG litz wire with 600
strands is chosen to construct both, transmitters and receiver.

Other parameters of the resonant tank are presented in Table V.
The three-phase inverter is built using SiC MOSFET,
C2M0025120D from Cree while SiC-Schottky diodes,
HFA50PA60 is chosen for the rectifier. Polypropylene film
capacitors from Kemet are selected for the resonant network
owing to their low equivalent series resistance and high current
carrying capability. Please note that the compensation
capacitors C1b, C2b, and C3b are adjusted from 100.4 nF in
simulation to 90.2 nF in experiment for achieving ZeroVoltage-Switching (ZVS) of all inverter’s switches.
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low as 29% of the maximum power of 3 kW at no
misalignment. Furthermore, Fig. 12(b) illustrates the system
efficiency across a wide range of misalignment and different air
gaps. As expected, higher efficiency is obtained with smaller
misalignment, as can be seen from the same figure.

(a)

(a)
(b)
Fig. 11. Experimental waveforms at rated load of 3kW. (a) Transmitter currents.
(b) output voltage Vout under the receiver’s movement along the driving
direction.

(b)
Fig. 10. Experimental test-rig of the three-phase WDC system. (a) Three-phase
transmitters. (b) Receiver.
TABLE V
PARAMETERS OF RESONANT TANK OF WDC SYSTEM
Symbol

Parameters

Value

L1 , L2 , L3

Self-inductance of transmitters

182 µH

M12 , M13 , M23

Crossing mutual inductances

-46 µH

L1a , L2a , L3a

Primary additional inductors

37 µH

C1a , C2a , C3a

Primary parallel capacitors

95 nF

C1b , C2b , C3b

Primary series capacitors

90.2 nF

Ls

Self-inductance of receiver

118 µH

Mo

Maximum mutual inductance

12.5 µH

L1s

Secondary additional inductor

35 µH

C2s

Secondary parallel capacitors

100 nF

C1s

Secondary series capacitors

42.2 nF

The key operating waveforms of the WDC system are shown
in Fig. 11 under the rated load power of 3 kW (i.e., load
resistance of 70 Ω). The transmitter currents I1, I2, and I3 are
depicted in Fig. 11(a), where they have the same amplitude but
120 degrees phase-shift between each other. Fig. 11(b) further
demonstrates the operation of the WDC system while the
receiver is moving. It is noticeable that the output voltage
remains nearly constant regardless of the receiver’s position.
This verifies the good characteristics of the three-phase WDC
system in maintaining a constant output power while the
receiver is in motions along the transmitter. Fig. 11b also shows
that the output voltage variation is within 30 V with the nominal
value of 450 V. Noting that one DC/DC converter inserting
between the on-board rectifier and battery will be used to
smooth the battery voltage. However, this converter is not
included and discussed in this paper for simplicity.
The performance of the proposed WDC is further investigated
under lateral misalignment with a different air gap, h of 5, 10,
and 15 cm. Fig. 12(a) demonstrates that the output power
reduces with higher lateral misalignment and air gap between
the receiver and the transmitter. For instance, with 15-cm air
gap and 30-cm misalignment, then the output power drops to as

(a)

(b)

Fig. 12. System performance under different lateral misalignments and airgaps
at the rated load (Ro = 70 Ω). (a) Normalized output power. (b) Measured output
efficiency.

Fig. 13 demonstrates the calculated system loss breakdown
while the receiver moves along the driving direction (i.e., from
60 cm to 120 cm). It is noticeable from the loss breakdown
graph that the wireless coupler contributes the highest
percentage with nearly 60% while all other parts are below
20%. It is worth noting that the losses of the three-phase system
are not significantly changing with receiver movement along
transmitter. This is distinctively unique compared to singlephase WDC system in which the loss still exists even when no
power is transferred [15]. Fig. 14 shows the measured
efficiency of the prototype as a function of the output power and
receiver’s positions. The measurements demonstrate that a
system efficiency of 88.2% is achieved at the rated power and
maintains above 80% when the power level is more than 1 kW.
The analytical loss calculation at 3 kW output power is 310 W,
which is smaller than the measured 354 W power loss from the
experiment. This could be due to the existing parasitic
parameters in the printed circuit board, metal objects that
surround the test-rig and potential errors in measurement
equipment. The experimental bench is surrounded by metal bars
for safety reasons and the coupler is placed on the top of a bench
that uses a metal frame structure underneath. This causes more
losses as the leakage magnetic flux generates the eddy currents
in the metal objects [31]. Therefore, there is an increase of total
loss in experiments as compared to the calculated results.
Moreover, this work focuses only on the analysis of the
transmitter coils in the air. Our future studies will investigate
further the DWC system’s behaviour when the transmitter coils
are embedded in the concrete [33]-[34].
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[4]

[5]

[6]

[7]

[8]

Fig. 13. Calculated losses of the three-phase WDC systems at different
positions of receiver along the driving direction.

[9]

[10]
[11]

[12]

[13]

[14]

[15]

Fig. 14. Measured efficiency as a function of output power level and receiver’s
positions.

[16]

[17]

VII. CONCLUSION
A parametric-analysis based design procedure for three-phase
WDC system for EV applications was proposed in this paper.
Efficiency and implementation cost were used as an evaluation
criterion to identify the best design option for a given scenario.
The analysis focused on the coupler design, where extensive
FEA simulations were conducted to comprehend various
system performances. Three parameters, 𝑊𝑝 , 𝐴𝑟 , and 𝑇𝑙 of the
coupler were utilized. Loss models for all sub-systems and a
normalized cost formula were developed to calculate the overall
efficiency and cost of the system, respectively. The results
quantitatively indicated the tradeoff between efficiency and
cost. A representative three-phase WDC system was then
developed in light of the proposed design procedure with cost
factor of 0.845 and an efficiency of 90.4%. The measurement
shows that the efficiency of the WDC system can achieve
88.2% at rated load. The experimental result implies a good
agreement with analytical calculation one. The method
presented in this paper can be used in other wireless charger
systems to suitably design the couplers and relevant parameters
for satisfying the requirements of both efficiency and cost.
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