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ABSTRACT Power Density and cost are the key design criteria for the modern power electronics unit
in Electric Vehicles (EVs). EVs widely adopt inductive wireless charging technology, which contains the
receiving coil and the AC-DC converter on the vehicle side. However, the vertical space on the chassis
for charging electronics is very limited. Moreover, with a non-compact package comes a high damaging
probability due to unpredictable road conditions, higher costs, and vehicle integration issues. This research
presents the concept of distributed planar magnetics with the integrated rectifier hardware design for
the vehicle side charging electronics by combining the concept of planar-distributed magnetics with the
design space optimization research. A planar-distributed inductor module consisting of 16 EI cores with
PCB-embedded windings was designed, modeled (using a novel high-fidelity model), and fabricated using
the design space optimization technique, which resulted in a 66% increase in the power density. This research
treated and solved the power density problem as an optimization problem considering every constraint
involved and presented a thorough investigation from the design space utilization, power loss, loss and
frequency relation along with the magnetostatic and electrostatic analysis perspective. It also provides
a comparative study of various materials for the inductor fabrication keeping in view the automotive
application environment. Moreover, a hybrid approach (metalcore and FR4) PCB was used instead of a
regular FR4 PCB after an in-depth study and performance comparison.

INDEX TERMS Electric vehicles, wireless charging, power density, power converters, planar inductor,
distributed magnetics.

I. INTRODUCTION
Electrified transportation is considered a major breakthrough
in tackling global climate change and Carbon emissions.
Electric Vehicles are the backbone of the transition towards
clean energy and meet the zero-emission targets [1].
Recently EVs have been developed significantly in terms
of performance and drive range. However, EVs’ current
global charging infrastructure cannot meet the demand.
The development of plug-in hybrid and battery electric
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vehicles demands charging infrastructure. The goal is to
replace conductive charging with wireless charging, and the
long-term objective is to power the moving vehicles on the
road. Once accomplished, it will result in a light battery pack
but an extended driving range. The charging technology can
be divided into wired or contact charging and wireless or
non-contact charging. The first is a traditional and mature
method, while the wireless technique is a new technology.
Usually, radio transmission technology is utilized for wireless
power transfer (WPT) [2]. Radio transmission technology can
transmit energy in three ways: inductive transfer, resonant
and microwave transmission. Inductive charging is mostly
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FIGURE 1. Inductive wireless power transfer (wpt) methodology.

used for vehicle charging due to its benefits. It’s a loosely
coupled structure similar to a separable transformer, which
transfers the energy from the grid to the onboard chargers in
close proximity, shown in Figure 1. There is no direct contact
between the vehicle and the grid. The air gap isolates the grid
sideWPT transmitting pad and the vehicle side receiving coil.

The WPT transmitting pad is isolated and separated
through the air gap on the grid side. Due to the absence
of any contact and connectors, inductive wireless charging
is very safe, convenient, and user-friendly. The resonant
power transfer technique can be applied using near-field
magnetic resonance coupling. Microwave a radiant energy
transfer, with a lower efficiency with far-field and possess
the risk of harming human health; therefore, it’s not a strong
candidate for commercial EV wireless charging technology.
All the major automotive players, such as Tesla, Toyota,
Ford, ZTE Corporation, etc., have already demonstrated their
WPT technology and are racing to develop and commission
the wireless charging infrastructure for their EVs [3]. The
global EVwireless chargingmarket is predicted to reachUSD
221 million by 2028 [4].

FIGURE 2. Battery electric vehicle architecture.

The battery electric vehicle is architecture differs from
the traditional combustion engine vehicles. Figure 2 shows
the battery electric vehicle architecture where it can be seen
that in the EV majority of the space is taken by the battery
pack, and the remaining space needs to be distributed among
motors, inverters, and onboard chargers. Thus EVs incur
distinct packaging constraints to adjust electrified powertrain.
Finding the optimal balancing point between the large battery
size and the small vehicle size (to attain a longer driving

range) is a design challenge. The design freedom aided
by the lack of requirements for the driveline tunnel and
combustion compartment, which was used to expand the
cargo and passenger space, further shrinks the area available
to the electronic traction drive system (ETDS) components
in the chassis near the steering and suspension and away
from the crash zones. An increased power density is the
only solution to these constraints and to realize a skateboard
chassis design with a widespread electrification platform.
Figure 3 presents the distribution of ETDS components on the
chassis [5], [6]. The major automotive manufacturers, such as
Ford, Lucid, Tesla, General Motors, Volkswagen, etc., have
shown significant interest in using electric drive vehicles for
mobility as a service application. The 2025 technical targets
published by the US Department of Energy (DOE) aim to
reach a power density of 33KW/L for a 100 KW traction
drive system, which is an increase by a factor of 5.5 and an
88 percent volume reduction compared to the state of the art
technology [7], [8].

To the best of the author’s knowledge, this is the first
paper to combine the concept of planar and distributed mag-
netics considering the design space optimization constraints,
therefore contributing to the increasing power density and
magnetics design space optimization research.

FIGURE 3. Battery electric vehicle architecture.

While it is commonly known that higher switching
frequencies lessen the need for energy storage on magnetic
components [9], [10], the ideal magnetic component’s
size is a more complex issue [11]. A number of fac-
tors, including winding losses, permeability of magnetic
materials, core losses, and temperature and heat transfer
restrictions, must be taken into account in order to size
magnetic components effectively [12]. Furthermore, the
automation and repeatability of power electronic systems
are hindered by the labor-intensive production complexity
linked to conventional Litz wire and copper foil-based
windings [13]. Features of low-profile planar magnetic
components, like higher power density, superior thermal
performance, unparalleled repeatability and modularity, ease
of manufacturing, and predictable parasitics, have become
increasingly popular with the rapid advancement of printed
circuit board (PCB) technology [14].An inductor in series
with the isolation transformer is necessary for many common
high-power isolated DC-DC converter topologies. Integrating
this series inductance as a programmable leakage of the
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isolation transformer further reduces the cost and boosts
the power density of such converters [15]. Since the
leakage flux is contained in the air, attempts to create
additional leakage inductance by increasing the spacing
between the primary and secondary windings in the core
window are not very successful in producing a well-defined
leakage inductance [16]. They also result in a reduction of
core utilization. Alternative strategies for demonstrating the
integration of a programmable inductor with the isolation
transformer employing unique core structures can be found
in the literature currently in publication [17], [18]. A definite
trade-off has been shown between component efficiency,
power density, and manufacturing complexity in all of
the integration strategies now in use. Perfect interleaving
between a transformer’s primary and secondary must be
broken in order to enable the creation of programmable
leakage inductance, which subsequently leads to higher AC
winding losses [19]. A definite trade-off has been shown
between component efficiency, power density, and manufac-
turing complexity in all of the integration strategies now in
use. Perfect interleaving between a transformer’s primary and
secondary must be broken in order to enable the creation
of programmable leakage inductance, which subsequently
leads to higher AC winding losses. For high-frequency
planar magnetic designs with PCB-embedded windings, this
technique is highly appealing because of the flexibility of
routing in PCB-based winding implementation. There are
two ways to design and regulate the leakage inductance in
this technique, which leads to very different tradeoffs when
looking at winding and core loss. For low power levels,
especially in RF applications, the concept of integrated and
distributed magnetics is common, but here the application
is different and involves 2.5KV AC input at 100KHz on
the primary side, which converts to 600V AC at 100 KHz
on the secondary side. For the rectifier, the output should
be around 400V and 18A to power the required load. This
work increases the overall power density of WPT electronics
on the vehicle side by reducing the height of the filtering
network inductor, which is a bottleneck for enhancing the
power density.

The key contributions of the paper are defined as follows.
1) It solves the problem of the large size of the filtering

inductor associated with the rectifier stage by adopting a
distributed and planar integrated magnetics approach, which
is not common for such high power levels.

2) There is an upper limit up to which the size of the
magnetics can be reduced by increasing the frequency due to
the thermal management challenges. This research proposed
a design space optimization framework for high-frequency
distributed magnetics to find the optimal placement consid-
ering thermal and magnetic aspects.

3) Instead of using the traditional magnetic equivalent
circuit (MEC), a high-fidelity magnetic equivalent circuit was
used to model and manufacture the inductor. This approach
reduces the uncertainties associated with the traditional
model by accurately modeling the airgap fringing fluxes.

The paper is organized as follows: The introduction section
provides a deep overview of the problem statement alongwith
the literature review and highlights the contributions of this
paper. Section II focuses on the understanding of the vehicle
side power electronics which is necessary to comprehend the
problem solved through this research. Section III explains
the methodology and the proposed high-fidelity modeling
technique for the planar inductor design. Based on the
mathematics explored, Section IV presents the magnetostatic
and electrostatic analysis to prove the effectiveness and
correctness of the proposed modeling technique along
with the justification of the material chosen for inductor
fabrication through a comparative study. Section V is focused
on the experimental results along with the new key findings
of design space optimization, which is crucial for the
distributed magnetics approach. It also presents the various
parameters and their relationship and how they can affect
the performance and functionality of the integrated planar
inductor module. The details of the test setup and circuit
schematics are provided followed by the experimental results.

II. VEHICLE SIDE WPT ELECTRONICS
The electronic structure for the WPT technology can be
divided into two sides: The grid side and the vehicle side.
On the grid side, the first stage is to convert the AC power into
DC power using an AC-DC converter integrated with a power
factor correction (PFC) circuit. The next step involves the
conversion from DC power to a high-frequency AC to power
up the coil on the transmission side through a compensation
network. An isolation transformer is usually used between the
converter and the coil for safety. An alternatingmagnetic field
is generated in the transmitting coil due to the high-frequency
current, which induces a voltage on the receiving coil.
The compensation network on the secondary side improves
efficiency. The last stage, also the one which this paper is
focused on, is the rectification stage to charge the battery [20],
[21]. This configuration is presented in figure 4.

FIGURE 4. (a) WPT system block diagram (b) WPT power transfer.

Mathematically, the power transfer through the coil can be
represented as [22] and [23]

Ṡ12 = −U̇12 İ∗2 = −jωMİ1 İ∗2
= ωMI1I2sinϕ12 − ωMI1I2cosϕ12 (1)

Ṡ21 = −U̇21 İ∗1 = −jωMİ2 İ∗1
= ωMI1I2sinϕ12 − jωMI1I2cosϕ12 (2)
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I1 and I2 are the RMS value and the ϕ12 is the phase
difference. Then the power transfer from the primary to the
secondary side is modelled as

P12 = ωMI1I2 sinϕ12 (3)

To represent the total complex power transfer from one side
of the coil to another we assume ϕ12 = pi/2, and the active
power can be transferred in both directions then the total
complex power is given by

Ṡ12 = Ṡ1 + Ṡ2

= j(ωL1 İ1 + ωMİ2)İ∗1 + j(ωL2 İ2 + ωMİ1)İ∗2
= jω(L1I12 + L2I22 + 2MI1I2 cosϕ12) (4)

Similarly, the reactive power can be expressed as,

Q = ω(L1I12 + L2I22 + 2MI1I2 cosϕ12) (5)

After the primary side generates the high-frequency current
into the sending coil through a converter, a rectification
stage is implemented on the secondary side [24], [25], [26],
[27]. As the focus here is the secondary side converter
i.e. rectifier. The role of the rectifier design becomes very
important when a secondary side control [28], [29] or a dual
side control [30] architecture is adopted. After the rectifier,
a boost converter is inserted for the control in the case of
a parallel compensation also depicted in figure 5. However,
in the series compensation scenario, a buck converter can be
utilized. Moreover, the filtering and compensation network is
also required. the bottom line is that no matter what control
strategy we adopt the presence of the bulky inductor cannot
be avoided, which is a design challenge that this research
resolved.

FIGURE 5. Circuit schematics of WPT configuration.

This research focuses on a super planar inductor design
integrated with the rectification stage. The research was
carried out with an automotive industrial partner where the
actual space available on the chassis of the electric vehicle
wasmeasured and then the targets were set. The vertical space
available on the chassis is very limited so the design needed
to be spread horizontally. For this purpose, a novel approach
was adopted. Instead of using and combining the market
components, an EI-inductor was designed from scratch and
fabricated and placed on the board in a series connection.
Moreover, less height and more width can result in a weak
structure and poor thermal performance (limitation of heat
sink), which was resolved by doing an in-depth comparison
of different PCB material’s performance and comparison.

TABLE 1. Various options for EI core design and manufacturing.

Finally, the metal core PCB was found to be the best one
in terms of structural reliability and thermal performance.
Table 2 compares different EI-inductor approaches that can
be opted for. However, remember the objective is to have
an inductor with the least height to attain maximum power
density and reliability.

III. MULTI-PLANAR INDUCTORS DESIGN
Using planar magnetic in power electronics applications
ensures high power density, improved thermal performance,
ease of manufacturability at large scale, and predictable
parasitic parameters. Usually, the planar magnetic core
uses a ferrite core with lamination layers. The traditional
magnetic components with copper and litz wire windings
have many limitations, such as bulky size, power loss, and
complex fabrication methods [31]. The planar magnetics
design with PCB windings is a good candidate to overcome
these inherent issues. The planar magnetics also helps to
achieve the best thermal performance as they enlarge the
heat dissipation area. Due to the proximity of the primary
and secondary windings, the overall power loss profile is
improved due to the mitigation of loss phenomena such as
eddy current, etc. Automatic production and high efficiency
can be achieved simultaneously through planar magnetics;
however, the issue of large volume and number still exist.
To overcome this, an integrated approach is followed in this
research where a planar EI-core inductor was designed and
then placed in series with identical inductors to form an
inductor board or module to achieve the required inductance
and thermal performance and then integrated with the
converter compactly. This distributed magnetics approach
can effectively shrinkmanymagnetic components, improving
power density. Figure 6 shows the planar inductor design with
the PCB-embedded windings.

A. EI-CORE DESIGN MODEL
This research demonstrates an improved version of the
distributed EI cores structure that contains a new air gap at
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FIGURE 6. Planar inductor with embedded PCB windings.

FIGURE 7. EI-core structure labeled for modeling.

the center leg of the E-core. It is to be noted that the value
of the inductance will rely on the area of this air gap, which
is helpful for multiple applications, as the desired inductance
can be achieved by modifying the length of the air gap and
the cross-sectional area. This research also optimises the
planar inductors’ distribution in the available design space.
Figure 7 shows the EI core inductor structure. ds is the
slot depth, ws is the slot width, dw is the winding depth,
g is the airgap, N refers to the number of turns, wt is the
wire type, wi is the I-core width, we is the E-core width,
wu is the E-core center width, wu is the E-core underside
width and d is the depth to which the inductor core extends
into the page. Instead of using the normal and traditional
modeling approach, here, a high-fidelity magnetic equivalent
circuit (HEMEC) model is used. Compared to the traditional
magnetic equivalent circuit (MEC) model approach, this
model reduces the inaccuracies associated with the traditional
method [32]. The area of the column is the sum of the areas
of two sides legs for an EI-type magnetic core, presented
mathematically in Eq 6.

wc = we + we = 2we (6)

The HFMEC of the EI core is shown in Figure 8. The inductor
geometry shown symbolizes the flow of current into the
page and the circular dot represents the current flow in and
out of the page through the conductors with width ww and
height dw. When inserted into a PCB the winding is wrapped
around the centre post resulting in an magnetive motive

FIGURE 8. High fidelity magnetic equivalent circuit model.

force (MMF) source described by the Eq.7.

F = Ni (7)

N is the number of turns and i is the flowing current. The
permeance of the kth branch of the HEMEC can be defined
using the core material, core geometry, and winding current
as,

Pk =
(Ak )
(Lk )

µ(.) (8)

Ak is the magnetic flux cross-sectional area, Lk is the path
length, and µ is the absolute permeability. The HEMEC
model consist of straight core permeances(P1 − P10),
airgap permeances (P11 − P13), and leakage permeances
(P14−P20). The important difference between the traditional
MEC and a HEMEC is the calculation of the air gap and
leakage permeances. Table 2 shows the categorization of the
permeances for better understanding.

TABLE 2. Permeances categorization for HEMEC.

B. AIR GAP PERMEANCES CALCULATION
The air-gap permeances were calculated using a standard
method presented in [33]. Moreover, when the magnetic flux
passes through the air gap between E and I cores, it causes a
fringing effect [34]. The permeance equations can be stated
as

P12 = P13 = Pof + Pif + Pbf + Pff + Pgf (9)

P11 = 2Pif + Pbf + Pff + Pgf (10)

and,

Pif =
µod
π

ln |1 +
πωi

g
| (11)

Pof =
2µod

π
ln |1 +

πωi

4g
| (12)
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Pbf = Pf f =
µoωe

π
ln |1 +

πωi

g
| (13)

Pgf =
µoωed
g

(14)

The leakage permeance elements P14−P20 correspond to the
flux traveling outside the core’s magnetic path. P14 and P15
corresponds to the horizontal flux, P16 and P17 corresponds
to the verticle flux and the remaining components P18 −

P20 corresponds to vertical and horizontal fluxes. The
leakage flux calculations can start from the field intensities
calculation for the EI core utilizing Ampere’s law. The
horizontal leakage permeance corresponding to the elements
P18 − P19 in HFMEC model can be writtenas,

P18 = P19 = Pxs|0 <= y <= dw + 2Pxf |0 <= y <= dw

=
µodωd
3ωs

+
2µodω

3π
ln |1 +

πwc
2ws

| (15)

P14 = P15 = Pxs|dw <= y <= dsw+ 2Pxf |dw <= y <= ds

=
µod
ωs

(ds − dw) +
2µo(ds − dw)

π
ln |1 +

πwc
2ws

| (16)

The vertical leakage permeances P16 and P17 are as
follows

P16 = P17 =
µod(ωs − ωw)

ds + g
(17)

R =
ωt + ωb

µoωtωbωc
[ωw +

√
(2d + ωt + ωb)ωtωb

ωt + ωb
] (18)

P20 = 2(P+ R−1) (19)

IV. INDUCTOR SIMULATION AND MANUFACTURING
Considering the application requirements, available space at
the chassis of the vehicle, and the mathematics explained
in the previous section, the inductor was simulated in
ANSYS/Maxwell workbench. Apart from the super planar
design and geometry, the contribution points of this inductor
design include

1) Using individual design for each inductor to adjust the
heat loss to realize the balance heat distribution, as the
different inductor’s locations can cause an imbalance in
heat distribution.

2) Avoiding the interface between two different inductors,
as two closed inductors can cause mutual inductance
which will result in the reduction of the inductance
value.

3) Careful performance evaluation of the Nano-materials.
Table 3 shows the comparison of the nanocrystalline
material which was evaluated.

Computing the power losses before finalizing the inductor
design parameters is important. Here the focus is on
calculating the copper loss and core loss. Winding resistance
helps in the calculation of copper power loss.

Rw =
ρlwR
A

(20)

TABLE 3. Nanocrystalline material comparison.

ρ is the resistivity of the material for conductor, lwR is wire
length and A is the cross-sectional area.As for this rectifier
application, the rated current is 18A, so the power loss comes
out to be 2.5W . For the core loss calculation according to this
application and the working conditions i.e. at 13KHz and 77g
for each inductor, Equation 21 can be used to calculate the
core loss which turns out to be 4.5W .

Pcore = K x
1f B

yVe (21)

whereas, K1 =core material constant, f = frequency(kHz),
B = PeakFluxdensity, x = frequency exponent, y =

flux density exponent, and Ve = Effective core volume.
The overall dimensions of our designed inductor are
40 × 20 × 15(mm).
The inductor was simulated with different airgaps to

check the airgap sensitivity. Due to the higher magnetic
conductivity, it was established that the design air gap length
should be strictly limited to under 0.05mm. Figure 9 shows
the inductor behaviour for 0.05mm airgap. In figure 9(a)
the power loss of the whole planar inductor geometry is
simulated. The flux linkage, associated induced voltage and
the resultant core loss are presented in figure 9 (b).
Another important aspect of the magnetics design is

the magnetic field strength and energy estimation depicted
in Figure 10 (a) and Figure 10 (b), respectively on a
logarithmic scale for better understanding. Planar winding
design plays an important role in the overall performance
of the designed planar magnetic component. The copper
thickness, insulation thickness, structural geometry, etc.,
are all important factors involved in the winding design.
The current density analysis was performed to determine
the designed winding’s performance for this research.
Figure 11 (a) shows the magnetic field distribution, and
Figure 11 (b) shows the current density of the PCB windings.
The current density distribution is not as uniform as expected
due to the proximity and skin effects. The total loss that
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FIGURE 9. (a) Power loss analysis (b) Core loss, induced voltage and flux
linkage waveform.

FIGURE 10. (a) Magnetic field strength (b) Energy.

FIGURE 11. (a) Magnetic field distribution (b) Current density distribution
of PCB windings cross section.

FIGURE 12. (a) Manufactured inductor (b) Designed PCB windings.

occurs across the inductor is the combination of the core loss,
windings loss, and the loss due to these effects.

Figure 12 shows the manufactured inductor and the
designed PCB Winding. An eight-layer FR4 PCB was used
for the windings design of the proposed inductor, as a result,
the fabricated PCB that contains the inductor windings is very
thin, which offers improved window area leading to better
thermal and magnetic performance.

V. EXPERIMENTAL RESULTS
The simulation results of the modeled and manufactured
inductors are shown in the previous section. Instead of

FIGURE 13. Metal core and FR4 board combination to form a rectifier
stage integrated with distributed planar inductor module.

using a single inductor for the experimental verification,
based on the required power level of the application here,
an inductor module board was developed containing sixteen
planar distributed inductors shown in Figure 13. It can be seen
that the inductor modules board, which acts as a high power
density single inductor, is attached to the rectifier circuit; the
circuit is blurred or animated due to the intellectual property
of the industrial research partner involved in this research.

For a better understanding of the considered rectification
stage, Figure 14 presents the simplest representation of the
schematics. This work is focused on the highlighted load
side inductance. The schematic design represents the stage in
the wireless power transfer system on which this research is
focused i.e. the rectification and filtering stage on the vehicle
side. It means the input AC signal comes from the secondary
compensation network integrated with the wireless transfer
coil. High-frequency AC power is wirelessly sent to the
secondary coil via themutual inductance between the primary
and secondary coils. To enhance the transfer efficiency,
the secondary compensation network and secondary coil
must be set to have the same resonance frequency. After

FIGURE 14. Schematics design of the rectification and filtering stage.
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passing through the rectifier stage and the filter network, the
high-frequency AC power is converted to DC power. At last,
the battery pack can be charged using DC power.

Distributed magnetics are complex to handle as many
design variables are involved, such as the gap between indi-
vidual magnetic components, mutual inductance, arrange-
ment geometry, and thermal aspects. The goal is to optimize
the available design space for better thermal and electro-
magnetic performance. Different techniques can be adopted
for allocating and optimizing the design space, ranging from
simplemathematical distribution to complex algorithms. This
research area of design space optimization for magnetics is
still evolving. Here an algorithmic approach was adopted,
and multiple valid solutions can be achieved based on the
targets. It’s upto the design engineer to select the solution that
results in better overall performance, including reliability,
power density, easy integration, and cost.

FIGURE 15. Design space optimized distribution.

Figure 15 presents the obtained design optimization
scenario where a relation between the design space setpoints
and standard deviation (SD) was established that resulted
in various solutions. The design space optimization aims to
identify the optimal solution among the possible solutions.
Various constraints, such as the minimum and maximum
distance between two individual inductors, the total area
of the inductor module board, overall temperature, mutual
inductance and self-inductance etc., are the constraints
that control the possible solutions. Choosing the best
solution manually is difficult and prone to errors; however,
establishing a relationship that contains the input from all
the parameters involved makes the decision-making fast,
accurate and easy. This article focuses more on magnetic
modeling and design, so discussing the adopted algorithm is
beyond the scope and focus. A point corresponding to the
positive value on the y-axis and with the lowest standard
deviation can be considered a good solution.

Mutual inductance among such distributed magnetic
components is crucial to consider, and it can significantly
affect the performance. In an available design space, multiple
orientations can result in various values for mutual induc-
tance. Thus, quantifying the mutual inductance is a complex
but necessary step for efficient design decision-making.

FIGURE 16. Mutual inductance and mutual separation distance.

However, as this kind of distributed magnetics approach is
not common and is still an evolving research field, a relation
between the separation between the planar inductors and the
mutual inductance was derived for the design of the planar
distributed inductor module, as shown in Figure 16 ensure an
optimized distribution in the available design space. It can be
observed that the mutual inductance varies with the change
in the distance. However, the variation is not linear or too
simple to be extrapolated. Hence, a relationship between the
separation distance and mutual inductance was essential and
very helpful.

FIGURE 17. Metal Core vs FR4 board thermal performance comparison.

According to the application, an inductor module board
was developed for experimental validation and verification
to attain the inductance value. The operating environment in
the vehicle chassis is harsh and leads to high temperatures.
Moreover, the rectifier board generates its own heat due to
the associated power dissipation. An in-depth comparison of
different PCB material’s performance and comparison was
carried out. Finally, the metal core PCB was the best in terms
of structural reliability, cost and thermal performance. After
different test combinations, it was established that a dual
approach that uses the metal core PCB for the rectifier board
and FR4 PCB for the inductor board module is the optimal
choice considering weight, cost, reliability, and thermal
performance. The thermal performance curves obtained after
the test to compare the performance of the metal core and
FR4 PCB are presented in Figure 17. It can be observed
that the metal core PCB (red curve) provides better thermal
performance compared to the conventional FR4 PCB (blue
curve), which supports the proposed design methodology
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of using a hybrid combination which yields better overall
thermal performance.

To analyze the working of the designed planar and
distributed inductor module, a frequency sweep analysis was
performed with respect to the solid loss. The current can vary
in different conditions for this wireless power transfer-based
inductive charging application as the current flowing through
the inductor can vary based on the region and type of
charging. Analysis was done to test themagnetic performance
under different current conditions, resulting in the fact that the
solid loss increases with the increase in the frequency. The
current, as well as the frequency, was varied for a wide range
to observe the loss characteristics. Usually, the magnetics
are tested and analyzed for a specific frequency and current,
making the analysis less beneficial for researchers. Here,
a very broad and detailed analysis was done with the aim
of extending this result to other magnetic geometries and
applications. Using this analysis, the design engineer can
conclude the limitations of the designed electronics and take
the required thermal dissipation measures.

FIGURE 18. Dynamic performance under varying current and frequency.

Figure 18 presents the analysis performed under changing
current scenarios. The experimental setup was tested on
different frequencies, and the corresponding core loss was
measured to note the behavior of the magnetic core. The
resultant relationship between the core and frequency shown
in Figure 19 is very similar to the results obtained through the
FEA analysis, which shows the accuracy of the design. Core
loss is an important factor to measure and verify when the
design involves magnetics, as it leads to the critical decisions
of designing the thermal dissipation strategy and estimating
the system efficiency.

The experimental test bench is presented in Figure 20
where it can be seen that the setup consists of the AC input
source, the rectifier stage integrated inductor module board
connected to the load. A current probe is utilized for the
output current measurement. The temperature is measured
continuously through a thermal camera device to ensure and
analyze the required thermal performance. Figure 21 shows
the waveforms from the experimental setup. The output
voltage is 91.2V with 9.8A of current. The input voltage is
set at 102.8V; the difference between the input and output
voltage presents the associated power loss at this rectification
stage. The experimental setup consists of an AC input source

FIGURE 19. Core loss and frequency relationship.

FIGURE 20. Test Bench for testing the integrated and distributed planar
inductor-rectifier.

FIGURE 21. Rectifier Stage with integrated inductor module experimental
results.

emulating the stage after the secondary side compensation
network in the WPT vehicle side electronics. The inductor
module board integrated with the rectifier and connected
to the resistive load is tested for functionality. The rectifier
stage result shows that integrating the inductor module and
rectifier stage board works well, achieving the required
rectification.

Another major goal of this research was to increase the
power density, so the designed planar inductor’s module
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FIGURE 22. Compariosn of designed inductor package height vs
conventional one.

FIGURE 23. Experimentally measured efficiency of the proposed and
designed system at various power levels.

height (22mm) was compared with a conventional pack-
age(65mm), capable of operating in the same operating
conditions and offering similar inductance value and a
decrease of 66% in package height was observed as depicted
in Figure 22, which solved the problem of the limited
verticle space in the chassis of the EV. The distribution of
low-profile passive components with better heat dissipation
from metal core PCB mainly contributes to the power
density increase. The comparison is based on the whole
inductor module board integrated with the rectifier stage
and contains sixteen individual inductors arranged based
on the presented design space optimization approach and
connected electrically forming a distributed planar magnetics
concept.

The experimentally measured efficiency plot of the system
is given below in Figure 23. As this work is focused on
improving the power density and no new circuit topology
is proposed, so compared to the traditional efficiencies
presented in the literature for this stage in the WPT system,
the measured efficiency here is similar [35]. From the graph,
it is evident that the efficiency increases when the testing
power level is increased.

VI. CONCLUSION
In Conclusion, this research solved the problem of lim-
ited vertical space on the electric vehicle chassis for
WPT power electronics by modeling and designing super
planar-distributed magnetics with integrated PCB wind-
ings considering the design space optimization constraints.
A novel and more accurate high-fidelity model was derived
instead of using the available and traditional magnetic
equivalent circuit (MEC) models that helped to model
the magnetic component behavior accurately. Overall, this
research treated and solved the power density problem as an
optimization problem considering every constraint involved,
resulting in a significant 66% increase in power density.
Moreover, the combination of a metal core and FR4 PCBwas
used based on the test data for optimal thermal performance.
This research paves the way for developing a high-power
density WPT power electronics unit. It is also a step forward
in distributed magnetics and automated magnetics design,
an evolving research area for which the concept of explained
design space optimization is essential.
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