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Abstract—This article proposes a multiobjective optimization
method of a primary double-D pad for inductive power transfer
systems. First, a parametric sweep analysis is conducted to choose
the crucial design parameters. Then, using the nondominated
sorting genetic algorithm II, the structure of the double-D pad
can be optimized based on two key objectives; ensuring a good
coupling coefficient while minimizing the worst-case stray leakage
magnetic fields. Several useful design guidelines are found from
the optimization results, including how the dimensions of both the
coil and layers affect the coupling coefficient and stray leakage
magnetic fields around the pad. A practical coil suitable for wireless
charging of electric vehicles at level 2, similar to that recommended
in SAE J2954, is used as the reference and also as the starting point
for the optimization. Two of the coil structures resulting from the
optimization are chosen and investigated further to assess their
performance with different secondary pad misalignments using
finite element methods. Finally, an experimental setup is built to
validate the optimal pad structures.

Index Terms—Double-D coil, inductive power transfer (IPT)
system, multiobjective optimization.

I. INTRODUCTION

A S AN option to plug-in charging, electric vehicle (EV)
wireless charging based on inductive power transfer (IPT)

has emerged recently and has attracted significant attention [1]–
[5]. Compared to plug-in charging, wireless charging with an
IPT system has several outstanding advantages, such as a simple
charging process, no risk of electric shock, and no connector
wear. Both stationary and dynamic wireless chargings are re-
ceiving increasing attention to meet the needs of the automobile
industry [6]–[9]. The coupled pads play a significant role in an
IPT system because they directly determine the transmission
efficiency and the intensity of the stray leakage magnetic field.
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Many different types of pads have been proposed that can
transmit power over large air gaps. For example, both circular
pads and square pads are commonly used in IPT systems but
are sensitive to misalignment [10]–[13]. As an alternative, a
polarized topology called the double-D pad was proposed in
[14]. In the double-D pad, the main flux is directed upward to
the vehicle side secondary and the poles can be separated by
stretching the pad. This provides an improved coupling coef-
ficient but at the cost of increased stray leakage magnetic field
around the pads. Other magnetic options that have been proposed
to enhance the coupling coefficient and enlarge the charging zone
include multicoil designs, such as the DDQ, bipolar and tripolar
pads [14]–[16]. These topologies are very effective but achieve
their result by adding additional inverters that can be controlled
to direct the flux appropriately and ensure power transfer with
a reduced stray leakage flux in areas where humans may be
present. Recently, ferrite-less variations of single coil topologies
(circular/square and the DD) have been proposed with the aim
of increasing mechanical robustness for in-road applications
[17], [18]. However, this robustness comes at a cost of further
reducing the system coupling coefficient, which then requires
a significant increase in the volt-ampere (VA) effort from the
primary to ensure power transfer.

As is clear from all of the previous work, the design of any
pad structure is a compromise based on key objectives. The most
critical of these is the coupling coefficient and the maximum
leakage flux density (Bleak) measured on selected planes placed
800 mm from the center of the secondary pad (this distance
is based on the likely distance from the pad center to the side
or ends of the vehicle where humans may be present). A low
coupling coefficient forces a greater effort from the primary
and secondary compensation networks and, therefore, increases
losses while also increasing Bleak. However, as is noted with
circular designs, a lower coupling coefficient is tolerable if the
natural Bleak is low. A single coil design has the benefit of only re-
quiring simple driving electronics and compensation networks.
As noted in the aforementioned efforts, the DD design has many
excellent features, but its design has focused predominately on
an improved coupling coefficient. The objective of this work is
to relook at the double-D design for EV charging applications
using optimization techniques to determine if it can be reshaped
to retain a good coupling coefficient, but with a lower Bleak.

This reduction in Bleak is important given stray leakage mag-
netic fields can induce eddy currents in the chassis or in any
surrounding metallic facilities, which may cause unexpected
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heating. According to the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) guidelines, the intensity
of magnetic flux density should be less than 27 μT (rms) [19]
wherever people may be present.

With so many constraints and performance indexes men-
tioned earlier, the optimization of the coupled pads is a typical
multiconstraint, multidimension, multiobjective problem. Some
researchers have studied the optimization process using a Pareto
front with power density versus transmission efficiency and stray
field versus power losses [20], [21]. In these studies, a parametric
sweep is used to obtain the Pareto front, which takes a large
amount of computational time to complete. In order to shorten
the computational time of the optimization process, evolutionary
optimization algorithms were employed in [22]–[25]. In [24],
an optimal circular pad structure was obtained considering two
different multiobjective function pairs by combining the differ-
ent traits of multiobjective hybrid particle swarm optimization
(PSO) and multiobjective real-numbered PSO. However, only
the circular pad with the axisymmetric shielding layer is op-
timized in this article. In [23], a dual-loop genetic algorithm
(GA) was adopted to optimize the coil track for an in-motion
IPT system. In [22], different pad structures, including circular
pads, rectangular pads, DD pads, and bipolar pads, are optimized
by the PSO algorithm. However, the stray magnetic flux density
was not clearly defined and both the primary and secondary pads
were of the same size in this article.

As the design variables of the primary side of a WPT sys-
tem can be adjusted more freely compared to the secondary
pad mounted under the vehicle, the designs presented here
are focused on the dimensions of a double-D ground as-
sembly pad for WPT2, where WPT2 is as defined by SAE
J2954 [26] and its power level is about 7.7 kW. The area
of the primary coil and its ferrite layer in this optimiza-
tion are fixed using a known published design from Pearce
et al. [27]. However, the width and length of both can be changed
based on the optimization algorithm. The secondary coil is fixed
with a copper size of 340 mm × 260 mm, which matches the
standard secondary couplers in [26] and as built in [27]. The
secondary pad is assumed to have a 100-mm misalignment in the
longitudinal direction and a 75-mm misalignment in the lateral
direction shown in Fig. 1(a). The coil–coil air gap shown in
Fig. 1(b) is 140 mm, which is the worst-case separation for the
design system under consideration.

The algorithm used in this article is the nondominated sorting
GA II (NSGA-II), which is a modified version of NSGA. NSGA-
II has a better sorting algorithm with O(MN2) computational
complexity (where M is the number of objectives and N is the
population size) compared to the current-used nondominated
sorting algorithm with O(MN3) computational complexity. It
also incorporates elitism, which can speed up the performance
of the GA as was already proven in [28]–[30]. There is also no
sharing parameter that needs to be chosen a priori in NSGA-II
compared to NSGA [30]. In [30], Deb et al. proved that NSGA-II
outperforms two other contemporary multiobjective optimiza-
tion evolutionary algorithms: Pareto-archived evolution strategy
[31] and strength-Pareto evolutionary algorithm [32] in terms of
finding a diverse set of solutions and in converging near the true

Fig. 1. (a) Vertical view of the pads (without ferrite and aluminum shielding).
(b) Side view of the pads.

Pareto-optimal set when these three evolutionary algorithms are
used to solve several difficult test problems.

The main contributions of this article are as follows.
1) Developing a generalized multiobjective optimization

framework for an IPT system (using the DD pads as an
example) based on a fast elitist algorithm NSGA-II.

2) Assessing a nonidentical pad pair as is common in the SAE
J2954 recommended practice (here, the primary pad is
always larger than the secondary pad) in the optimization
process.

3) Utilizing a magnetic field scaling method where the sec-
ondary pad is short-circuited to compare the stray mag-
netic field of different pad structures with a 1-kVA output.

4) Presenting the tradeoffs and trends between the maximum
stray magnetic field and coupling coefficient when the
areas of the copper and ferrite are fixed. The use of a fixed
area means the approximate material cost in each pad is
the same. This highlights if a different placement of the
copper relative to ferrite results in an improvement.

5) Evaluating a practical pad prototype [27] for WPT2 as the
reference pad and starting point of the optimization, and
producing a range of results that are useful for the designer.

The basic methodology of this article is therefore divided into
three parts, which are as follows.

1) Input variable selection is conducted to choose the crucial
design parameters for optimization, targeting coupling
coefficient, and Bleak. This analysis helps reduce the
complexity of the multiobjective optimization, thereby
increasing the convergence speed of the optimization al-
gorithm. This is discussed in Section II.

2) NSGA-II is employed to optimize the pad and obtain the
Pareto front efficiently, presented in Section III.
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3) Several useful design guidelines are then concluded, based
on the optimization results. An experimental setup is then
built to verify the optimal pad structure. This material is
presented in Section IV.

A prototype of one optimization pad structure that has low
Bleak and an acceptable coupling coefficient is built in the labora-
tory and compared against the chosen reference pad, which was
available in the laboratory in Section V [27]. Finally, Section VI
concludes this article.

II. BASIC CONSIDERATION OF THE OPTIMIZATION PROCESS

A. Optimization Objectives

In this article, two optimization objectives are taken into
account. The first one is the coupling coefficient. For a given
air gap, a higher coupling coefficient allows for a greater power
transfer with a given primary pad VA. The coupling coefficient
is a measure of the magnetic field coupled between two pads
normalized against the total magnetic field produced by the pads
on their own. It can be expressed as follows:

k =
M√
Lp � Ls

(1)

where M is the mutual inductance between two pads, and Lp and
Ls are the self-inductances of primary and secondary coils, re-
spectively. All of these three parameters can be calculated using
finite element modeling (FEM) analysis in the optimization.

The second optimization objective is to minimize the
maximum magnetic flux density in the measurement planes
placed a set distance (800 mm) from the center of sec-
ondary pad in both the longitudinal and lateral directions,
as shown in Fig. 1(a) and (b). The measurement planes in
longitudinal and lateral directions have the dimensions of
600 mm (Y-direction) × 300 mm (Z-direction) and 800 mm
(X-direction) × 300 mm (Z-direction), respectively. These two
planes extend 300 mm above the top of the primary pad and
extend above the secondary pad as well. The worst-case B-field
can be found from

Bobj = max {Blongmax
, Blatmax

} . (2)

In an IPT system, the output power is proportional to the
secondary loaded quality factor of the tuned circuit [33]

Pout = SUQ2. (3)

Here, Pout is the output power and SU is the uncompensated
output apparent power. In a practical design, the loaded Q2 is
limited in the range from 3 to 10 in order to limit the VA rating
requirements for the receiver resonant circuit. Since the focus of
this article is to optimize the coupled pad, the secondary loaded
quality factor can be temporarily neglected and SU is used as an
analogue for power transfer.

The uncompensated output power SU is the product of the
open-circuit voltage (|Voc|) and the short-circuit current (|Isc|),
which is the same as the product of the square of the coupling
coefficient multiplied by the VA in the primary pad (VAp), which

is defined as follows [30]:

SU = |Voc| |Isc | = ω
(
k2Lp

)
I2p = k2 VAp. (4)

According to (4), different primary pad structures have differ-
ent uncompensated output powers (SU) with the same excited
current Ip as the coupling coefficient and inductances vary. All
leakage flux densities obtained using FEM analysis in this article
are calculated with the secondary pad short circuited given the
secondary is assumed to be paralleled tuned [14], [34] and
with 20-A rms current in each of the primary pad wires. Using
this knowledge, the maximum Bleak can be determined if Ip
was changed to give a constant uncompensated output apparent
power (SU) of 1 kVA. This provides a fair comparison of the
systems, as it gives a measurement of Bleak for the same uncom-
pensated output VA. Since Bleak scales linearly with primary
current [18], and primary current scales with the inverse square
root of uncompensated output power, the adjusted stray leakage
flux density can be calculated using the following equation [35]:

Bα = Bm ×
√

SUd

SUm

. (5)

Here, Bα is the adjusted stray leakage flux density (stray leak-
age magnetic field with a constant 1-kVA output apparent power
in this article), Bm is the stray leakage flux density from the simu-
lation, SUd is the desired uncompensated output apparent power
(1 kVA in this article), and SUm is the uncompensated output
apparent power in the simulation. This is applicable because the
secondary is present and contains the same short-circuit current
across all compared designs, so that it allows Bleak of the various
primary pads suggested to be compared fairly.

B. Input Variables Selection

There are many design parameters in the primary pad that
have an influence on the magnetic field distribution around
the coupled pads, such as the size of the primary coil and the
ferrite layer behind it, the copper area of the primary coil, etc.
The coupling coefficient is a prominent index when designing
coupled pads. Often, pads with lower Bleak result in a lower
coupling coefficient if the pad’s shielding layers are made of
ferrite blocks or some other metallic material. So, it is crucial
for designers to keep a suitable balance between Bleak and
coupling coefficient. In order to reduce the computational time
and enhance the feasibility of the optimization algorithm, it is
essential to select several vital parameters that have greater influ-
ence on the optimization goals before running the optimization
algorithm and to fix the remaining parameters.

The basic primary pad dimensions are shown in Fig. 2 in
this article. There are four ferrite block rows with dimension of
750 mm × 100 mm placed beneath the coil. All of the ferrite
bars have 25-mm spacing between each other. There is also an
aluminum sheet on the bottom of the ferrite layer with the same
total overlap area of the ferrite. The dimensions and the position
of the secondary pad are shown in Fig. 1(a) and (b).

In this article, six crucial parameters in the pad design are
investigated, as shown in Fig. 1, namely, the length of the coil, the
width of the coil, the length of the ferrite block row, the number
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Fig. 2. Layout of the primary pad in the FEM simulation (four-ferrite-bar
scenario).

of ferrite block rows, the spacing between each ferrite block row,
and the length of the flux pipe [Cup1 defined in Fig. 1 (a)]. In
the following study, all of these parameters are investigated one
by one with other design parameters fixed, as shown in Fig. 2.

1) Length of the Coil (LC): As shown in Fig. 3(a), the line,
labeled as Blong, is the maximum stray leakage flux density in
the longitudinal measurement plane and Blat, the black line,
represents the maximum stray leakage flux density in the lat-
eral measurement plane. The line labeled by k is the coupling
coefficient variation with the change of the length of the coil.

In this case, the number of the wires in the primary pad is
fixed at 24 and the spacing between each wire can be changed to
match different lengths of the coil in the simulation. It is apparent
that the length of the coil has a direct influence on Blong, defined
immediately below, and the coupling coefficient.

As the outline of the coil gets closer to the edge of the
ferrite block rows in the longitudinal direction, more stray
magnetic field leaks to the surrounding environment. Based on
the aforementioned statement, there is tradeoff between coupling
coefficient and Bleak in the longitudinal direction with the change
of the length of the coil. So, it is necessary to consider this
parameter in the optimization process.

2) Width of the Coil (WC): The spacing between each wire
can be changed to vary the width of the coil. In Fig. 3(b), it is
worth noticing that the coupling coefficient varies only slightly
when the width of the coil changes from 450 to 650 mm. In
this case, enlarging the copper area by increasing the width of
the coil has a minimal change on the coupling coefficient. This
is mainly because the magnetic field distribution of double-D
pad is similar to that of C-core power transformers [36], and
the reluctance loop of the double-D pad is a 2-D contour that
distributes mainly on the XZ plane shown in Fig. 1(b). Given
that the reluctance of a magnetic path is proportional to the
path length and is inversely proportional to the magnetic cross
section in XZ plane, increasing the width of the primary coil
does not have an obvious effect on both of these two indexes.
Thus, the coupling situation between two pads does not improve
sufficiently when the width of the coil increases.

3) Length of the Flux Pipe [14]: The ratio [Cup1/Cup2
shown in Fig. 1(a)] represents the inner ratio of the coil and
Cup1 is called the flux-pipe length in [14], which can improve
the coupling coefficient of the double-D pads by increasing the

pole separation. In this simulation, Cup2 is fixed with 96 mm
and Cup1/Cup2 varies from 0.8 to 2 representing a spreading of
the inner wires.

In Fig. 3(c), the coupling coefficient increases (6.8% varia-
tion) as expected with the augment of the length of the flux pipe
because the flux pipe in the double-D coil acts as a solenoid that
can increase the height of the magnetic flux loop. There is also a
slight increase (5.06% variation) of the stray leakage magnetic
field in the longitudinal direction when Cup1 augments. In
this case, the coupling coefficient increase is more than the
increase in Bleak in the longitudinal direction, which suggests
that increasing the flux pipe can improve the coupling situation
of two couplers with acceptable increases in Bleak. However,
there is a tradeoff between coupling coefficient and stray leakage
flux density with variations in Cup1.

4) Length of the Ferrite Block Rows (LF Defined in Fig. 2):
In this case, more ferrite is added in each ferrite block row in
order to increase each row’s length, however the width is kept
at 100 mm. As shown in Fig. 3(d), both the coupling coefficient
and the stray leakage flux density in the longitudinal direction
drop significantly when the length of the ferrite block rows is
increased. It is also worth noticing that Blong and k drop faster
before the length of the ferrite block rows reach 650 mm because
the length of the coil in this simulation is fixed at 640 mm. It can
be concluded that increasing the ferrite block rows’ length can
reduce Bleak and coupling coefficient but it has less influence
on these two indexes when the ferrite block rows are longer
than the length of the coil. Therefore, it is important for the
designer to choose a suitable ferrite length in order to reduce
Bleak effectively with an acceptable coupling coefficient.

5) Comparison Between Four-Ferrite-Bar and Three-
Ferrite-Bar Scenarios: Comparing the results shown in Fig. 3(e)
and (f), it is evident that the spacing between each ferrite block
row does not have a significant effect on Bleak in longitudinal
direction. There is only a subtle drop in the stray leakage flux
density in lateral direction when the spacing increases.

At the start point of each ferrite layout scenario, the coupling
coefficient is nearly the same about 0.116. As the spacing
increases, the coupling coefficient drops more rapidly when
only three ferrite rows are used. Furthermore, the stray leakage
flux density is approximately around 1.5 mT higher with three
ferrite block rows compared with using four ferrite block rows.
Therefore, if three ferrite block rows were used, it would violate
the ICNIRP guidelines [17], which suggest that the stray leakage
flux density should be less than 27 mT where people could
possibly stand. Because the requirement of the weight and
volume of the pad are not so strict on the primary side compared
with that on the secondary side, more ferrite block rows are
preferable for better stray leakage magnetic field shielding.

According to the aforementioned studies, it can be concluded
that the length of the coil and the ferrite block rows together
with the width of the coil have a prominent effect on the
coupling coefficient and Bleak around the pads. But there is
a tradeoff between these two indexes with the increase of the
length of the flux pipe in the double-D coil. Thus, all of these
design parameters are necessary to consider in the optimization
process.
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Fig. 3. Objectives’ sensitivities analysis. (a) Length of the coil (LC) versus k and Bleak. (b) Width of the coil (WC) versus k and Bleak. (c) Length of flux pipe
(Cup1) versus k and Bleak. (d) Length of the ferrite block rows (LF) versus k and Bleak. (e) Spacing (defined in Fig. 2) of the ferrite bar (four-ferrite-bar scenario)
versus k and Bleak. (f) Spacing (defined in Fig. 2) of the ferrite bar (three-ferrite-bar scenario) versus k and Bleak (B-field is the peak value).

III. INTRODUCING THE NSGA-II

According to the discussion in the last section, there is a
tradeoff between the coupling coefficient and Bleak in the mea-
surement planes with regards to several design parameters, such
as length of the coil, length of the ferrite, etc. In a practical
application, a higher coupling coefficient can allow the whole
system to transfer more power from the primary side to the
secondary side, but will also lead to higher stray leakage flux
density around the pads. Therefore, it is essential to optimize
the pad structure so that Bleak is constrained while still ensuring
an acceptable coupling coefficient.

When it comes to optimization, a more common way
is to use exhaustion. However, in this case, there is a
huge search space because of too many design parameters
needed to be considered. Therefore, as mentioned in Sec-
tion I, a fast elitist algorithm called NSGA-II is applied
in this article. This algorithm can target the optimal result
in a large search space efficiently and also avoid the lo-
cal optimum problem by using a factor called the crowding
distance.

A. Important Concepts of the NSGA-II

1) Pareto Dominance: For a minimization problem, Pareto
dominance states that individual p dominates individual q if their
objective functions satisfy the following [37]:

fk(p) ≤ fk(q) for all k’s
fk(p) < fk(q) for at least one k
where fk represent the value of kth objective function (the

objective functions in this article are coupling coefficient and
Bleak described in Section II). That is, all of the individual
q’s objective function values are not better than p’s objective

function values, and at least one objective function value of
individual q is worse than p’s.

2) Nondominated Sort: In each iteration, each individual in
the population is sorted based on the Pareto dominance. This fast
nondominated sort algorithm [30] with O(MN2) computational
complexity (where M is the number of objectives and N is the
population size) is employed in order to obtain the Pareto front
more efficiently compared to some other multiobjective evolu-
tionary algorithms. This sorting algorithm is one of the main
advantages of NSGA-II in solving multiobjective optimization
problem.

3) Crowding Distance: Once the nondominated sort is com-
plete, all of the individuals are sorted into every front. Then,
the crowding distance can be calculated in each front. The
crowding distance is a measure of how close an individual is to its
neighbors. Large average crowding distance will result in better
diversity in the population [30]. Crowding distance is assigned
frontwise and comparing the crowding distance between two
individuals in different fronts is meaningless. The crowding
distance is calculated as follows.

1) For each front Fi, where n is the number of individuals,
the following hold.
a) First, initialize the distance to be zero for all the indi-

viduals (i.e., Fi(dj) = 0, where dj corresponds to the
jth individual in front Fi).

b) Then, for each fitness value function fk, the following
hold:

i) sort the individuals in front Fi based on fitness
value fk [i.e., I = sort(Fi, fk)];

ii) assign infinite distance to boundary values for each
individual in Fi [i.e., I(d1) = � and I(dn) = �];

iii) for m = 2 to (n − 1)
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TABLE I
EXAMPLES OF INDIVIDUALS IN NSGA-II

I(dm) = I(dm) +
I(dm+1) · fk − I(dm−1) · fk

fmax
k − fmin

k

(6)

where I(dm).fk is the value of the kth fitness value function of
the mth individual in I.

4) Selection: After the individuals are sorted based on the
nondomination and with crowding distance assigned, the selec-
tion can be carried out according to the following two principles.

1) If the front ranking of individual p is less than that of
individual q, p is selected.

2) If p and q belong to the same front Fi and Fi(dp) >
Fi(dq) (Fi(dp) is the crowding distance of individual p, p is
selected, which means the individual with larger crowding
distance is more preferable.

5) Termination Criteria: The termination criteria of the
NSGA-II are based on two conditions. The first one is the
maximum iterations. The second one is based on the stabilization
of the maximum crowding distance [38]. The second termination
condition can be expressed as follows:

δL =

√
1

L

∑L

l=1
(dl − dL)

2
< δlim (7)

where dl is the maximum crowding distance of lth generation
(the infinite crowding distances of the individuals at the two
ends of the Pareto front are not taken into account), and d̄L is
the average of dl over L generations.

B. General Description of NSGA-II

The flowchart of NSGA-II used in this article is shown in
Fig. 4(a). The NSGA-II is run within MATLAB 2016 while the
fitness values are obtained using COMSOL Multiphysics 5.3
within MATLAB to transfer the COMSOL model into MATLAB
script allowing the FEM model to be run from within MATLAB.
This is also the interface between the algorithm and the FEM
models. First, the population is initialized randomly and the
fitness values of all the initialized individuals are calculated by
using FEM simulations (three examples of the individual in the
population are shown in Table I). Then, all of the individuals
are sorted using a nondominated sort algorithm. The first front
is the completely nondominated set in the current population,
such as the black dot set shown in Fig. 4(b), whereas the second
front is only dominated by the individuals in the first front, etc.
Each individual in each front is assigned a rank value based on Fig. 4. (a) Flowchart of NSGA-II. (b) Example schematic of Pareto front.
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the front to which they belong. For example, in Table I, both of
the fitness values of the individual 3 are higher than that of the
individual 1. Therefore, individual 1 is assigned as rank 1 and
individual 3 is in rank 2. In addition to a rank value, another
parameter called the crowding distance is calculated for each
individual.

Parents are selected from the population by using selection
based on the rank and crowding distance. An individual is
selected from the lowest ranks based on those with the greatest
crowding distance in the last front. For example, in Table I,
individual 3 is excluded because of the lower ranking. Then,
individual 2 is preferred, due to its higher crowding distance
compared with individual 1. The size of the parental population
is half of the offspring population N. The selected parental
population generates off-spring from simulated binary crossover
and polynomial mutation operators. After calculating the fit-
ness values, rank values, and crowding distances, a temporary
offspring population of size N is generated. This temporary
offspring population is combined with the parental offspring.
Finally, the whole population is sorted again based on nondom-
ination and only the best N individuals are selected, where N is
the population size. If the number of the current iteration does
not reach the termination criteria, the algorithm goes back to
generate a new parental population and starts a new iteration.
Therefore, the basic principle of NSGA-II is to get an outermost
Pareto front during each iteration.

IV. OPTIMIZATION RESULTS DISCUSSION

In this optimization process, only the primary pad is optimized
while the secondary pad matching the WPT2 power level defined
in SAE J2954 is used. According to the aforementioned input
variable selection, the flux pipe length and the aspect ratios of
the pad and its ferrite layer are chosen as the input variables
in the optimization. In this optimization process, the methods in
which the dimensions of the coil and the ferrite layer are changed
are similar to that mentioned in Section III. However, in order to
fairly compare the reference pad, both the area of the coil and the
ferrite layer are kept the same as that of the reference pad shown
in Fig. 6(a). Thus, for example, if the ferrite section is made
wider, this is achieved by shortening its overall length to keep
the ferrite area constant. The basic setting of this optimization
process is displayed in Table II. By applying the aforementioned
settings, some design rules about how the dimensions of the
copper and ferrite layer could affect the coupling coefficient
and stray leakage magnetic field can be concluded based on the
optimization results.

Based on NSGA-II, the Pareto front of the coupling coeffi-
cient versus maximum stray leakage flux density is obtained in
Fig. 5. According to the Pareto front, it is evident that with the
same coil and ferrite layer area, different combinations of the
input variables can lead to large variations in both the coupling
coefficient and Bleak as well. For example, as shown in Table III
and Fig. 6, three different pad structures with similar volume of
ferrite and area of the copper have different coupling coefficients
and maximum Bleak due to different length of flux pipe and
aspect ratios of the coils and the ferrite layers.

TABLE II
BASIC CONFIGURATION OF THE OPTIMIZATION PROCESS

Fig. 5. Pareto front of the optimization results (B-field is the peak value).

TABLE III
PARAMETERS OF THE REFERENCE PAD AND THE OPTIMIZED PAD

Furthermore, after analyzing the pad structure of each indi-
vidual in the optimization algorithm, some useful design rules
for the double-D pad can be concluded. First, compared with
the aspect ratio of the coil and the ferrite layer, the length of the
flux pipe in the double-D coil has only a minor effect on the two
optimization objectives, especially for Bleak.

In Fig. 7, all the individuals are sorted by the ratio LC/LF and
WC/WF in order to illustrate how each of Blong, Blat, and the
coupling coefficient are influenced by these ratios, respectively.
Then, according to Fig. 7(a), the ratio of LC and LF is approx-
imately proportional to Bleak in the longitudinal direction. This
ratio is also inversely proportional to the coupling coefficient.
The smaller LC /LF means a longer ferrite layer extruding out of
the coil in the longitudinal direction, which provides an addition
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Fig. 6. (a) Reference pad’s dimensions. (b) Optimum pad 1’s dimensions. (c)
Optimum pad 2’s dimensions (in the optimization, only two-ferrite-bar scenario,
such as (a), is used. For the reality prototypes, such as (b) or (c), four- or five-
ferrite-bar scenario is used to achieve the approximate areas of the ferrite layer
computed by the algorithm).

Fig. 7. (a) Variations of the stray leakage flux density in longitudinal direction
and coupling coefficient with respect to the ratio of the length of the coil (LC)
and the length of the ferrite layer (LF). (b) Variations of the stray leakage flux
density in lateral direction with respect to the ratio of the width of the coil (WC)
and the width of the ferrite layer (WF) and the length of the coil (LC) and the
length of the ferrite layer (LF) (B-field is the peak value).

reluctance closed path. The magnetic flux through this path has
no contribution to the coupling coefficient between two coils so
the coupling coefficient will decrease when decreasing LC/LF.
On the other hand, the extruded ferrite layer can constrain Bleak

effectively. It is worth noticing that the rate of increase of the
coupling coefficient k becomes slower as LC/LF increases above
0.9. This means that as the length of the coil extrudes out of
the edge of the ferrite in the longitudinal direction, k will not
increase appreciably but the leakage magnetic flux density will
continue to increase in the same way. Therefore, it is not wise
to increase the coupling coefficient by increasing the length of
the coil when the edge of the coil is close to the edge of the
ferrite layer. Therefore, the ratio LC /LF is an important design

parameter when considering the tradeoff between the coupling
coefficient and Bleak. In this case, the product of LC /LF and
WC/WF is made equal to 0.8, which is the ratio of the area of
the coil over the area of the ferrite layer. From Fig. 7(b), it is
interesting to note that the leakage flux density in the lateral
direction has a trough when WC/WF and LC /LF are all less than
1, which means the lowest Blat will be achieved if the coil is
smaller in both longitudinal and lateral length than the ferrite.
It is also worth noticing that in terms of Blat, the larger width
of the ferrite (WF) with a fixed area results in a shorter length
of the ferrite (LF), but this does not improve the shielding in the
lateral direction. Thus, when the LC /LF ratio is higher than 1, it
leads to an increase in the stray leakage flux density in the lateral
direction. In the double-D coil, the factors that can affect Blat

are more complex than that of Blong. However, Blong is normally
higher than Blat when a double-D coil is used. Therefore, it is
acceptable to focus on design solutions that allow Blat to increase
(providing it remains smaller than Blong) while lowering Blong

and ensuring that both are within the design constraints of the
system.

In order to verify the optimization result more comprehen-
sively, the coupling coefficient and stray leakage flux density
variations of three practical pad structures (see Fig. 6) with dif-
ferent misalignments of the secondary pad were studied further,
as detailed in the following.

In Fig. 8(b), (e), and (h), Bleak of optimum pad 1 in the
longitudinal direction is high with all the different positions of
the secondary pad. Especially in the worst misalignment case, its
stray leakage flux density is approaching 40 mT, which exceeds
the limitation required by the ICNIRP [27 mT (rms)]. Bleak of the
reference pad also violates ICNIRP limits when the secondary
pad is in the worst position. However, due to the longer ferrite
block rows, optimum pad 2 can reduce the magnetic flux density
in the longitudinal direction, which is the direction of worst-case
Bleak for all double-D designs considered.

V. EXPERIMENT SETUP AND VALIDATION

In order to validate the optimization results from the NSGA-II
algorithm, the optimum pad structure [see Fig. 6(c)], which had
the lower Bleak and lower coupling coefficient, was built in the
laboratory. Another existing pad [see Fig. 6(a)] from Pearce et
al. [27], which was used here as the reference pad, was available
to compare with the optimization prototype.

As shown in Fig. 9, the left two pictures present the coil and
shielding layer of the reference pad. The upper right picture
shows the pad structure obtained by the optimization algorithm
and the bottom right one is the test bench of this experiment. All
the coils are wound with 4-mm diameter litz wire. The primary
coil consists of 24 wires arranged with three wires in parallel to
effectively give eight turns. The secondary coil has a dimension
of 340 mm × 260 mm with seven turns of two parallel wires, as
also used in [27]. All of the ferrite rows in this experiment are
made of several 125 mm × 100 mm × 10 mm ferrite blocks.

In this experiment, both the coupling coefficient and stray
leakage flux density of the reference pad and the optimum pad
2 were measured when the secondary coil was placed in three
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Fig. 8 (a)–(c) Coupling coefficient and Bleak variations of the optimum pad 1. (d)–(f) Coupling coefficient and Bleak variations of the reference pad. (g)–(i)
Coupling coefficient and Bleak variations of the optimum pad 2 (B-field is the peak value).

positions [(0 mm, 0 mm), (50 mm, 50 mm), (100 mm, 75 mm)]
at two different z planes (z = 100 mm, z = 140 mm). These two
z planes are considered as the lowest and highest boundaries of
the coil–coil air gap for this IPT system.

As shown in Fig. 10, the H-bridge inverter shown in the
experiment setup of Fig. 11 provides a quasi-sine wave voltage
and the currents of the primary and secondary coil have a 180°
phase shift, which suggests the compensation circuit is tuned
well. The stray leakage flux density was measured using a Narda
ELT-400 probe in the position where Bleak is maximum in the
simulation model.

The circuit diagram with the values of the tuning components
is provided in Fig. 11. As noted, the pad is driven by an H-bridge
inverter with LCL compensation. A capacitor (Cs) in series
with the primary pad combines to create the final L of the
LCL network. The circuit is operated to drive 20-A rms from
an available 300-V dc power source. Bleak is measured with a
constant 20 A rms in the primary winding while the secondary
was short circuited. The measured magnetic flux density can be

adjusted using (5) for a constant 1-kVA uncompensated apparent
output power.

The experiment results are shown in Figs. 12 and 13. In
Fig. 12, the simulated coupling results match well with the
experimented measurements and the maximum relative error
is less than 4%. The coupling coefficient under 140-mm air gap
of both the optimum pad and the reference pad decrease more
rapidly when the secondary pad is moving away from the center
of the primary pad. The reference pad is slightly less sensitive to
coupling coefficient variations compared with the optimum pad
when the secondary pad moves from (0, 0) to (100 mm, 75 mm).

As shown in Fig 13, the experiment measurements are close
to the simulation results and the maximum variation in Bleak is
less than 10%. The reasons for this small mismatch are partly
due to circuit layout and lead lengths to the pad, the inaccuracies
in the spatial positioning of the measurement probe and practical
limitations due to metal surrounds in the laboratory. According
to the results, it is evident that enlarging the air gap between
two coupled pads will lead to more stray leakage flux density in
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Fig. 9. Experiment setup of the optimum pad and reference pad.

Fig. 10. Important component waveform in the circuit when measuring the
optimum pad with secondary coil at the position (0, 0, 100) (x, y, z) mm.

Fig. 11. Tuning network circuit diagram.

both the longitudinal and the lateral directions because a higher
current is needed to excite the primary coil in order to transfer
a given VA into the secondary when the coupling coefficient
is lower. Comparing Fig. 13(a) with (b), the optimum pad can
reduce Bleak in the longitudinal direction effectively, but its
configuration causes a slight increase of Bleak in the lateral
direction. This also verifies the statements in Section IV. It is
also worth noticing that the chosen optimized pad 2 results in
a lowest coupling coefficient of 0.105 compared to 0.12 for
the reference pad at the worst-case Z gap and misalignment,

Fig. 12. (a) Coupling coefficient of the optimum pad at different positions. (b)
Coupling coefficient of the reference pad at different positions.

Fig. 13. (a) Stray leakage flux density of the optimum pad at different posi-
tions. (b) Stray leakage flux density of the reference pad at different positions
(B-field is the peak value).
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yet the leakage flux density where humans may be present is
significantly reduced from 27.5μT (which is above the allowable
limits) in the reference system to 21.9 μT. This value is now
well within the required ICNRP guideline when delivering 7 kW
to a secondary pad at the worst-case misalignment position.

To summarize this section, the optimum pad has a relatively
low Bleak, but a larger variation in its coupling coefficient with
different misalignments of the secondary pad. This is acceptable
when the compensation circuit is well-tuned. With the large
number of variables in IPT pad design, it is difficult to make the
best pad in all performance indexes. Therefore, the optimization
process presented here can help a designer make an efficient
tradeoff among different performance indexes.

VI. CONCLUSION

This article has proposed a systematic process to optimize
the primary double-D pad for a WPT level 2 system in terms
of the coupling coefficient and Bleak. The NSGA-II has been
used as it is a powerful algorithm to deal with the multiobjective
optimization problem. With its better sorting algorithm, incor-
porating elitism, NSGA-II presents a better Pareto front more
efficiently compared to NSGA.

To reduce the optimization time, several important variables
are selected from all the pad parameters by considering their
effect on the two optimization objectives. Using the optimization
results, different pad structures with different coupling coeffi-
cients and stray leakage magnetic fields are obtained, which help
a designer choose a structure which best suits their particular re-
quirements. Furthermore, by studying the optimization, several
useful design rules were concluded, which are as follows.

1) DD pads with different copper and ferrite layer dimen-
sions but with the same approximate area have significant
differences in coupling coefficient and Bleak.

2) The ratio of the length of the coil and the length of the
ferrite layer is the most important parameter, which affects
the coupling coefficient and stray leakage flux density in
the longitudinal direction.

3) In the lateral direction, the pad with a ferrite layer longer
and wider than the coil can achieve a lower Bleak.

4) The length of the flux pipe [Cup1 in Fig. 1(a)] can improve
the coupling coefficient of two DD pads without any
variation in Bleak.

The work presented in this article has resulted in both an im-
proved pad structure (compared to an already carefully designed
reference pad) and several useful design guidelines regarding
how the parameters of the primary pad affect the coupling
coefficient and maximum Bleak. As noted, the proposed method
is not only limited to the primary pad optimization, but can be
extended to enable designers to optimize selected primary and
secondary pads, as is expected for future production systems.
This complete system optimization is the focus of future work.
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