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Delta and Inverse Delta Coupler Optimization Using
Machine Learning for Wireless Power Transfer
Electric Vehicle Charging Application

Rahulkumar J and Narayanamoorthi R, Member, IEEE

Abstract—A wireless resonant inductive power transfer
(WRIPT)-based electric vehicle charging system requires an ef-
ficient lightweight inductive coupler with high misalignment tol-
erance. This article proposes a new delta and inverse delta
(A-V) coil geometry coupler and a machine learning (ML)-based
reinforcement algorithm for A-V coupler optimization. A-V is
a combination of A and V geometry coils, which introduce a
diagonal flux pipe compared with the conventional geometry coil.
This diagonal flux pipe region enhances the surface magnetic field
(B) over the coil surface and improves the coupling coefficient
to address misalignment. Also, this new geometry eliminates the
power null phenomenon effect and limits power fluctuations in the
WRIPT coupling architecture. The ferrite core in the coupler has a
nonlinear magnetic field (B) on the surface, which is not easy to ex-
press and optimize using a conventional formula-based approach.
Hence, the proposed ML-based ferrite core optimization of A-V
pad finds its benefit in improving power transfer efficiency (PTE)
by reducing power losses. This optimization method is applied to
significant parameters (ferrite core position, number of cores, core
layers, and core thickness) of the A-V geometry coil, by training
2.5% datasets out of the total possible cases. Also, the developed
system was experimentally verified successfully and ensures that
a A-V coupler achieves a higher PTE than the conventional
geometry during various coupling conditions.

Index Terms—Coil geometry, electric vehicle (EV) wireless
charging, inductive coupler, interoperability, machine learning
(ML), misalignment.

I. INTRODUCTION

LECTRIC vehicles (EVs) are the recent trending technol-
E ogy in the automobile industry to replace the functionality
of fossil-fuel-operated internal combustion engine vehicles. The
plugin cable insulation gets affected due to seasonal factors,
and handling the bulky plugin charger for high-power applica-
tions is unsafe. These shortcomings of plugin charging methods
are fulfilled by the wireless resonant inductive power transfer
(WRIPT) charging system, by facilitating resonant inductive
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TABLE I
COMPARISON OF TRADITIONAL COIL GEOMETRIES

Geometry Pros Cons
Flux Pipe [15] Misalignment  Poor PTE, High Leakage Flux
Tolerance High and Interoperability.
DD [15] Good range of  Existing PNP effect, Power
Misalignment  Fluctuations, Poor
Tolerance Interoperable, High Cross-
coupling effect, Core
optimization challenge.
DDQ [15] Misalignment, Existing PNP Effect,
Interoperable ~ Complex Decoupling, High
Cross-coupling effect.
Bipolar [15] Interoperable ~ Complex Decoupling Process
Other Good range of Poor PTE, Cross-coupling
Conventional Misalignment  effect, Existing PNP effect,
Coils [15]  Tolerance Power Fluctuations, Large
Form Factor, High Thermal
Loss.

High Misalignment Coupling, Eliminating the
PNP effect, Highly Interoperable, Reduced
Leakage flux, simplified Decoupling
construction and core location optimization.
However, this coupler has more manufacturing
constraints.

Proposed A-V
(Delta and
Inverse Delta)

coupling between transmitter (Tx) and receiver (Rx) coils [1],
[2]. The resonant compensator in the Tx and Rx coils of the
WRIPT changing systems is extensively studied for effective
coupling to enhance the power transfer efficiency (PTE) profile
[5], [6], [7]. Meanwhile, different power converters are also
studied for both static and dynamic charging WRIPT with their
closed-loop control strategies [8], [9], [10], [11], [12]. A WRIPT
inductive coupler inculcates coil winding, ferrite core, shielding,
and coil holder; many research studies are focused on the coil
geometrical structure [13], [14]. Various geometries studied in
previous research investigations are comparatively discussed
as per the charging types (static or in motion) in the review
article [15]. Also, the comparison of the most widely adopted
traditional WRIPT geometries is listed in Table I. Among all
the geometries, double “D” or “DD” coil is mostly preferred
for WRIPT application because of better misalignment toler-
ance. However, DD’s drawback is the effect of the power null
phenomenon (PNP) and its influence on power fluctuations dur-
ing misalignment conditions. On the other side, the optimization
of the coupler is necessary to obtain effective parameters, such
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as coupling coefficient, coupler outer dimension, number of coil
turns, size, thickness of ferrite core, and shape of ferrite core [16].
In contrast with the coupler design, coil geometry and magnetic
ferrite core optimization have not been extensively investigated
in previous research studies. The impacts of using an optimally
designed ferrite core for an inductive coupler and its methods
are discussed [17], [18]. The coupling coefficient parameter
optimization of the inductive coupler concerning ferrite core
shape, size, layer, and thickness is investigated [16]. In [14]
and [15], various ferrite core shapes are available per industrial
coil design standards. The stepped-shape layered ferrite core
proposed for well magnetic flux distribution is also investigated
[19]. Numerous literature studies related to the design of ferrite
cores have been investigated; the flat-type ferrite core that has
the simplest construction and is preferred is studied [8], [13],
[14], [15].

For designing a magnetic ferrite core, no formula-based the-
oretical designs are available because of its nonlinear magnetic
field distribution property. The surface magnetic field “B” dis-
tribution according to the different shapes of the ferrite core
is discussed [20], [21]. It is understood that the “B” distribu-
tion varies near the Tx and Rx coils based on the ferrite core
shape for a specific geometry. Also, the nonlinear magnetic
flux distribution property of the ferrite core affects the WRIPT
coupler design parameters, such as coupling coefficient (K),
surface magnetic flux density (B), self-inductance (L), and
mutual inductance (L,,,) at optimal locations of the ferrite core.
The magnetic field distribution concerning the core location in
the coupler is analyzed using empirical equations or simulation
analysis [21], [22], [23]. However, the studies are limited to
the known shape and structure of the coil that are not suitable
for complex geometry. In most of the previous research, the
couplers were designed using ferrite cores for higher coupling
coefficients in trial-and-error-based simulation. However, this
approach is not an accurate and time-consuming process to
find the best performance of the coupler. In the meanwhile, the
machine learning (ML)-based ferrite core optimization method
for the coil is proposed for nonlinear systems [24]. Moreover, the
ferrite-core-based structural optimization of the inductive pad to
obtain higher coupling between Tx and Rx coils of the WRIPT
charging system was experimented with a simulation-based data
learning technique [25]. Also, this method applies to other types
of inductive couplers to improve the coupling coefficient and
PTE. However, the algorithm trained with only core location
and other parameters of the coupler are not considered. In [26],
the ML technique is proposed for learning the characteristics of
the nonlinear nature of distributed magnetic fields produced in
an inductive coupler concerning ferrite core position. However,
there are only a limited number of existing research works on
ML-based magnetic coupler optimization. Hence, considering
the benefits and importance of magnetic ferrite core optimiza-
tion, the optimal sizing, thickness, number of layers, and location
of the ferrite core structure using ML algorithms are proposed in
this article. The major contributions of this article are as follows.

1) This article presents a new delta and inverse delta (A-V)-
shaped wireless charging coupler that provides a diagonal
flux pipe to enhance the surface magnetic field (B) and
coupling coefficients during misalignment conditions.

2) It presents a Q-learning-based neural network (NN) ML
algorithm to optimize the ferrite core position, number of
core, core layers, and core thickness to develop an effective
Inductive coupler.
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IT. DELTA AND INVERSE DELTA (A-V) COUPLER
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Fig. 1. Proposed A-V coil geometry.

3) The proposed system is validated in finite-element method
(FEM) analysis and experimental testing for various cou-
pling conditions.

4) The new A-V geometry coupler is comparatively dis-
cussed with the conventional DD geometry coil. The
significant parameters, such as coupling coefficients, self-
inductance, and mutual inductance, are investigated for
various coupling conditions to ensure the effectiveness of
the proposed coupler.

1I. A-V COUPLER

The A-V coupler geometry is a combination of delta (A)
and inverse delta (V)-shaped inductive geometry coil arranged
with an adjacent sequence. It introduces the advantage to the
coupler with a high effective coupling coefficient because of the
large overlapping flux region occurring due to the presence of a
diagonal flux pipe (f;,). In this, coupling between the Tx and the
Rx is enhanced with better offset lateral misalignment tolerance
in the X-axis and intermediate air gap in the Z-axis. The ferrite
core and the aluminum (Al) sheet under the coil force the flux to
radiate on the one side of the pad to achieve higher surface flux
(Hyp, in the Z-axis) over the coil surface. The diagonal flux pipe in
a coil will enhance the lateral misalignment tolerance to achieve
high coupling in the intermediate air gap. Comparatively, this
geometry reduces the number of litz wire strands for the design
in the same power rating, as shown in Fig. 1

Fy
Rab ’

0= Tl

0y = .
’ (Re||R.)

The self and mutual magnetic field coupling for A-V geom-
etry is represented by considering the coupling parameters and
its coupling coefficients, along with the reluctance of coupling
areas. Oy, is the self-flux generated in the flux pipe region, and
then, ®, and @, are the self-flux generated from the coils A and
B, respectively. The forces induced by the coils A-V are F,
and F'p, the self-reluctances of the coils A and B are R; and R,
and the mutual reluctance of the coils is R, in (1). The mutual
links in the coupling region induce flux ®¢, from the flux pipe
region and ®,;, from coils A and B, as given in (2). Its reluctances
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are Ry, and R,

(Fay Fy) (Fast Fy)
Opp = ——=, Oop=-—7— 2
Loy =Ly + Ly +2M 3)
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N N
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The inductance of the planner A-V geometry coil is given by
(3). The self-inductance is (L) with the cumulative inductance
of the geometry coils A and B (L, and L;), and L,, is the mutual
coupling inductance. The self-inductance of coil A is L,. When
coils A and B have the same geometry, L, = L;, is given

La = Lwa + wa + LXa + LXb + 2Jw’u}au)l)2-Z\4XaXb (6)
|Mwawb| = Zfil Z;V:Z M (lwaw(n dij_wawb) (7)
\Mxaxs| =N, Z;V:Z M (Ixaxv, dij_xaxb)
lwa = lXa = lwawb - lwaXb = Ly - dsp (N - 1)
dij_wawb = (.7 - 1) dsp +wx1 — (N - 1) dsp (8)
dij xaxb = (j —1)dsp + Ly — (N — 1) ds,

La = Zfil L(ro, li,,) + Zii1 Zjvzz M (lwa; dij,wa)
lifwa = Ly - (j - 1) dSP
dijfwa = (.7 - 1) dsp
©))
L, can be derived by replacing “w” with “x” in (9). The self-

inductance of the coil after the influence of shielding material
inductance used around the coil is given as

N
L = T“ / H.dA.

The mutual inductance of the coil is identified by the induced
voltage method at coupled conditions. The resultant inductive
reactance of the coil (X1, ) is represented by

= [Fan

The coupling factor (K) of the system is given by

(10)

D

_ ®7rpr+®ab
K_Q)mfp+®m+®a+®b+®fp (12)

In this symmetrical geometrical coil, the established force is
Fy = F; then, coupling is given by

1/ (ap + @) B 1

- _S\Gab T ) o 13
@mfp +0.5amab (Rt”RT) ( )
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From (13), it is understood that the coupling coefficient de-
pends on the optimal ferrite core placement. “K” increases by
reducing (o, + o) and increasing (amep, + 0.5aman). The
Steinmetz formula is used for the power loss calculation in
ferrite core Pt and volume integral over the core. Here, the
Steinmetz parameters are k, <, and 3, which all depend on the
core material given in (14). The losses in Al are due to the eddy
current effect, calculated by (15). Hence, itis necessary to reduce
the P, and P, losses in coupler optimization for the inductive
coil. The optimal load resistance (Ry, opt) is for the equivalent
ac resistance (R,c); “Rac g’ 1S the equivalent ac resistance of the
Rx coupler, and “R,. 7 is the equivalent ac resistance of the Tx
coupler in the WRIPT coupling with a series—series capacitor

compensator
Pfe:// K feBPdv
|4

1
Palz// = (J,.E*)dA
22

Then, the litz wire copper loss P, inculcates the ohmic dc loss
Pq., the skin effect loss in ac Pgy;y, and the proximity effect loss
Pprox,total Which consists of total internal Py int, and external
Pprox,ext Proximity losses

Pa]+ljfe+Pcu

(14)

5)

R, = 16
ac Irzms ( )
R
Rpon = wMy [ 2 a7
acT
I 2
Pdc + Pskin = Nistr TchR (.fo) () Lcoil (18)
Nstr

2
Pprox,int = ngr TacGR (fo) (ﬁ

(19)
= Efv 1 nslrrchR fo fl dl}

where ng;, is the number of litz wire strands, rgq. is the dc
resistance as per length of the litz wire, d, is the diameter, Heyy iS
the external magnetic field in the coil surface, f,, is the operating
frequency, and Fr(f,) and Gg(f,) are the frequency factors.
The PTE of the WRIPT system can be calculated as follows:

n= w%MZRL70pt (20)
(RL opt + RS)QRS + M2W2(RL,opt + Rs)

) Lcoil

P prox,ext ext

“ (3]

where is the efficiency, and “R;” is the switching equivalent
resistance and source resistance.

III. ML OPTIMIZATION TECHNIQUE

The ML-based coupler optimization technique involves a
deep investigation of coupler design parameters, such as induc-
tive coil geometry, ferrite core size, core thickness, number of
core layers, core material, coupler outer dimension, and loca-
tion/position of the ferrite core on the inductive coupler along
with electromagnetic interference (EMI) shielding. The inter-
mediate air gap between the surface Tx and Rx coils in the EV
is maintained at 150 mm. In this research article, the proposed
ML-based optimization algorithm concentrates on both the Rx
and Tx couplers used in the WRIPT. The investigation that starts
with Tx coil optimization to achieve a higher surface magnetic
flux density (B) at the desired self-inductance (L,,) with optimal
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design constraints benefits the reduced conductor length, weight,
compact sizing with an optimal number of ferrite cores, posi-
tions, and thickness. Also, Tx inductive pad shielding is to reduce
the risk of EMI radiation. Next, the Rx coupler is optimized for
identical coupling (A-V), followed by the optimization of the
interoperable inductive coil with Double ‘D’ (DD) geometry in
the Rx pick-up coupler to achieve maximum PTE. The mutual
inductance (L,,) is the additional parameter considered for de-
signing an optimal Rx coupler for an effective WRIPT coupling
mechanism. The Tx and Rx coupler parameter variables are
the considerable input datasets for the proposed algorithm. The
optimal design of the Tx pad with the higher “B” value and the
Rx pad for identical and interoperable geometry couplings is
simultaneously tested for the effective coupling factor “K”’. The
optimal coupling mechanism is achieved with the best selective
location using a minimum number of cores out of the total pos-
sible core locations and a number of cores on the coupler for its
outer dimension. By iterating for the minimum number of core
position locations, it is seen that response influences the nonlin-
ear distribution of “B” by various ferrite core location/position
placements. The minimum number of datasets for nonlinear “B”
distribution concerning core position location is analyzed suc-
cessfully, and then, high “K” for core alignment can be obtained
with ML algorithms. For predicting the nonlinear characteristics
of “K” in the coupler based on ferrite core positions, the ML-
based algorithm is much more suitable. To predict high “K” for a
particular ferrite core position, the algorithm requires an accurate
training process. To investigate the optimal number of core
positions out of the total available 104 pieces, the coupler was
implemented by iterating the ferrite cores in the X- and Y-axes to
reduce and simplify the iterations. This optimization benefits by
reducing the need for 104 ferrite cores, optimizing to 21 ferrite
core positions, and achieving higher “K” with selected specific
minimum numbers of pieces in optimal locations. The thickness
optimization in core layers (height) was also performed before
the selection of a specific core type. Hence, the effectiveness of
the ML algorithm is applied in optimizing the number of cores,
effective core positions, and thickness of ferrite core pieces,
which will impact the performance in the coupling architecture.
Therefore, the optimal coupler design in this article was achieved
with reduced weight and cost by selecting the optimal core
thickness, number of layers, and enhanced coupling factor “K”.

A. Proposed Q-Learning Algorithm

Initially, learning and predicting the influence of the ferrite
cores, which introduce a nonlinear function in “B” between
couplers, are investigated using an ML-based supervised learn-
ing method. It requires more than a thousand of input-trained
datasets; the input datasets are mined from the FEM analysis for
each case, which is a time-consuming process for single input
and outputs. Then, the number of ferrite core positions increases
exponentially with the increase in the number of ferrite core
pieces. Therefore, by considering the complexity of mining the
number of datasets required for training the NN with limited
datasets and the execution time, ML-based reinforcement learn-
ing can also learn the nonlinear system model function using
the NN. It selects the possible actions performed by ferrite core
positioning and rewards the optimal action through accurate
prediction from trained datasets.

The Q-learning technique is one of the reinforcement learning
algorithms; it rewards the output of the action from the environ-
ment when the agent raises the action inputs. Then, the reward
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Fig. 2. Proposed Q-learning algorithm.

data are accumulated, and the agent chooses the upcoming action
in the direction of maximizing the reward [27]. If the rewards
are “B” for the Tx coil and “K”’ or mutual inductance “L,,,” for
the Rx coil of the O-learning algorithm, the ferrite core position
concerning rewards and its performance will be evaluated. This
process is similar to the learning process in which an agent learns
through Q-learning [28]. O-learning was implemented through
Python programming with the help of basic coding knowledge.
Then, “B” for the Tx coil and “K” with “L,,” are obtained
from the Ansys FEM analysis and the output rewards from
the proposed Q-learning algorithm. The operating mechanism
of the proposed ML-based Q-learning algorithm is shown in
Fig. 2. At the initial state, agent actions are the input of the
ferrite core present or air core region in the form of datasets.
When Q-learning receives the input agent actions, it uses the
decaying E-greedy policy to select the ferrite core positions
randomly, which can maximize the coil performance optimally.
The E-greedy policy that uses the core selection technique from
our expectations is the random selection from the early episodes
of the optimal learning process. The decay learning rate of the
policy is given by

Qt + 1 (St, a’t) = Qt (St,(lt) + a(rt«l,»] + ’YmaXQt (St+la a)
— Q¢ (S, a4) . 2n

The high “a” value depends on the Q value updated in the large
range. The received reward outputs for the Tx coil are ‘B’ and
‘K’ at ‘L,,,” are accumulated into the neural network, marking
the completion of the learning process. The initial action of the
process is optimal by a selection of 21 ferrite cores, and the
remaining is air core in 104 positions using the E-greedy policy.
The initial stage of action selection chooses 21 optimal ferrite
cores as the terminal state input actions fed to the Ansys Maxwell
environment. After the successful execution of the terminal state
inputs to the environment return, a reward output is “B” for the
Tx pad and “K” or “L,,,” for the Rx from the coupler. Then, the
rewards become an action nonlinear function (Q value), which
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TABLE II
DESIGN PARAMETERS OF THE Q-LEARNING ALGORITHM

Design Parameter Values
Total episodes 445
Learning rate 0.1

Exploration Initial 1.0
Exploration Final 0.3
Nodes of Hidden Layer 1 26
Nodes of Hidden Layer 2 26
Target network update period 3 episodes

e 0 0
l!n pu_t La:t;:e 0 Neural Network 0 Output Layer
21 ferrite results best
2 em core 1 ferrite core
p‘;‘?gn ﬁ'ctygn 1 position from
(H.Itay)it\l;:\]t (8x13) array
address[1x104] dg?) et
[100 .00 | address{1x104]
1101...10] . ——
: Tx optimization
Dy (B for desired L)
1/ [BOO .00
1 BBOB...BO0]
Rx Optimization
[k00 .00
Input layer [1x104] Output layer [1x104] | kkOk. k0]
Fig. 3.  Structure of the NN training method.
is described as follows:
Tz: Q (s,a;07) = B/Lp (22)
Rr: Q (s,a; @7) = K/L,, (23)

where 6 is the main NN, “s” is the state, and “a” is the action
in (22) and (23). The rewards for the Rx are “K” or “L,,” in
(23), and the rewards for the Tx are (B) or Tx inductance (L,)
in (22). After the rewards are trained into the NN inputs, finally,
the state is reset to the initial state, after the current episode
ends. The proposed method was implemented with the help of an
open-source platform [29]. The design parameters of Q-learning
are listed in Table II.

B. Neural Networks

The input and output layers for processing the dataset with
the NN model are shown in Fig. 3. The agent action input from
the terminal stage, which selected optimal 21 core positions out
of a total of 104, is used in the input layer as a [1 x 104] array
with the information of the rewards earned. The output rewards
for the agent input actions are represented with an output layer
array after the prediction is tested with accuracy. The nodes in
the input layers are connected to the hidden layer-1, and the
hidden layer-2 nodes are connected to the output layer. Each
node in this study has bias and weight for the simplest linear
model.

In the NN training model, for both Tx and Rx optimization,
the rewards of the output layers are either Tx “B” or Rx “K.” so,
generally, the output layer can be expressed with minimum node
array. However, the implementation of 104 ferrite cores in the
pads for optimization requires more node arrays to operate for
various positions of ferrite cores. The NN performs the reverse
terminal state operation to locate the input address for a suitable
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Fig. 4. Tx pad surface magnetic field (B) analysis. (a) DD geometry coil.
(b) A-V geometry coil unoptimized. (¢) A-V geometry coil optimized.
(d) DD atZ=400 mm. (e) A—V unoptimized at Z= 400 mm. (f) A-V optimized
at Z = 400 mm. (g) DD coil vector representation. (h) A-V unoptimized coil
vector representation. (i) A—V optimized coil vector representation.

high-performance output. However, the NN was originally de-
signed to operate in only a forward direction. Therefore, in this
study, the output layers used for training the NN are designed
for a [1 x 104] array with the information of rewards for agent
actions, as shown in Fig. 4. This learning process is contributed
to each ferrite core location in the array to separately analyze the
optimal core location. After training the datasets by assigning
the input layer arrays with all the nodes with weight one (which
means the same ferrite core), the Q value in the output layer
predicted by the NN-trained model for the corresponding core
location and its reward output value can be shown. From the early
trained datasets, the top 21 Q values by prediction, including the
latest episode updates, are considered for a high probability of
accuracy. The NN is conducted by selecting, taking the gradient
descent to the loss functions in the following:

Loss = (Q (s,a;07) — Q (s,a; @_))2

where 0" is the main NN and 6 is the target NN. For every three
episodes, the main network is updated, and the target network is
updated identically. Also, the batch learning method is applied
for network stability.

24

C. FEM Study

In this application, reinforcement learning is implemented
with the constraint of a limited dataset, running on a system with
the following specifications: Intel Core i7 11th Gen processor,
32 GB of RAM, and integrated ultra high definition (UHD)
Graphics 750. The analyzing time per simulation for obtaining
coupling parameters is approximately 10—15 min. Hence, the
simulation was experimented with the Ansys scripting function
provided in Maxwell, which runs fully automatically using
Python. When terminal state input is fed to Ansys Maxwell en-
vironment for either Tx or Rx, FEM simulation is implemented
and provides output L,, or K for the Rx coil and L, or B for
the Tx coil. All the FEM analyses in this article were performed
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TABLE III
FEM ANALYSIS SIMULATION SETUP

Remarks Simulation settings

Air gap 150 mm
Operating Frequency 85 kHz
Region (X, y, and z) 1:5:5
Permeability of CF295 i = 3000 £+ 20%

Windings Copper

Ferrite core CF295
Material
Solution  no. of steps 10-time passes
Setup Error 0.1 %

using Ansys Maxwell EM21.1. The design parameters are listed
in Table III.

IV. RESONANT INDUCTIVE COUPLER OPTIMIZATION

Significant parameters in the coupler that impact the PTE of
the WRIPT systems are coil geometry, EMI shielding, number
of ferrite cores, thickness of the core, number of core layers,
selected ferrite core material, and optimal ferrite core position
locations, which are the components that need to be investi-
gated for coupler optimization. Coupler optimization enhances
the PTE of the WRIPT coupling performance, with compact
couplers that reduce the weight, cost, and quantity of materials
needed for efficient coupler construction.

A. Comparisons of Coil Geometry

The coil geometry of DD, A-V (unoptimized), and A-V
(optimized) coil surface magnetic field (B) performance is com-
paratively investigated using Ansys Maxwell’s analysis. The
investigation was conducted for various Z-axis alignments, in-
cluding vector representations of geometry, as shown in Fig. 4.
The geometrical coils are tightly wound to establish an effective
“B” surface over the coil surface region. The designed DD
geometry coil and its coupling performance for various Z-axis
(distance between Tx and Rx coils is 400 mm) air gap and its
vector representations are shown in Fig. 4(a), (d), and (g). The
unoptimized A-V geometry coil with its surface magnetic field
(B) performance is shown in Fig. 4(b), (e), and (h), and the
optimized A-V geometry coil with its “B” is shown in Fig. 4(c),
(f), and (i). Among all the designs, the optimized A—V geometry
coil results in the highest surface magnetic field(B), followed by
the optimized DD geometry coil in terms of performance. The
unoptimized A-V geometry coil has a poor surface magnetic
field “B” compared to DD and the optimized A-V geometry
coil. Also, this unoptimized coupler needs more ferrite cores
(104), which increase the weight of the coupler and power losses
due to the heavy core material in the unoptimized system. The
surface magnetic field (B) of the optimized A-V geometry
coil offers a strong magnetic field for an air gap greater than
half of the pad length (H,; > Pr/2, as shown in Fig. 4(f) at
a Z-axis air gap of 400 mm. Its comparative surface magnetic
field (B) is illustrated in Figs. 4(d) and (e) for the unoptimized
and optimized A-V geometry coil, respectively, with the vector
representation shown in Figs. 4(e) and (f). This confirms that
the proposed coupler achieves a high surface magnetic field (B)
magnitude.
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Fig. 5. Inductive coupler ferrite core position/location.

1) Shielding: Forlow- and medium-power applications, pas-
sive conductive and magnetic shielding has high human protec-
tion and low external interferences. It includes the shielding
parameters of the ferrite core and the Al sheet. The distance be-
tween the Al sheet, coil, and ferrite core will introduce an effect
of resonant capacitance that will highly affect “B” and coupler
self-inductance. The leakage flux on the Al sheet introduces the
eddy current power loss, which also affects the PTE. To develop
optimal shielding for the coupler, the Tx and Rx coils with the
Al sheet are experimented with air gap distance optimization
[30], [31]. To perform coupler optimization using the FEM,
the optimal distance is fixed for 0.2-mm air gap between the
ferrite and Al sheet shielding. The designed Al sheet performs
well in shielding the EMI and emitting the leakage flux into the
intermediate air gap region.

2) Ferrite Position/Location: Since the WRIPT for EV ap-
plication operates at a high operating frequency of 80-90 kHz.
Here, high-frequency material is selected for the ferrite core to
minimize the core losses. Based on the market availability of
ferrite core material, “CF 295" was used for coupler design.
This material has low power loss, has optimal temperature, has
high permeability, is feasible for high-frequency operation, and
is lightweight. The selected ferrite cores are positioned on top
of Al shielding, and the geometrical coil is kept above the ferrite
cores, as shown in Fig. 4(a)—(c). In the Tx pad, the coil is
placed above the ferrite core, but vice versa for the Rx pad. The
selected outer dimension (700 x 350 mm) of the pad requires
a core array (8 x 13), in total 104 ferrite core pieces with a
single core dimension size of about (9 x 55 x 45 mm); this
same size is used for simulation and experimental tests. The
construction arrangement of 104 ferrite cores with the proposed
A-V geometrical inductive pad is shown in Fig. 5. Here, ferrite
cores are placed in gray color and coil geometry in white color,
and under the cores, the blue shielding plate is fixed. From this
design, the effective “K” position concerning an optimal core
and position location is investigated. The maximum number of
cores for this desired coupler size (720 x 360 mm) that occupies
a total of 104 cores is the maximum limit.

3) Coupler Optimization: Initially, the coupler is optimized
to obtain maximum “B” in the pad’s surface, for the desired self-
inductance with an optimal number of ferrite cores and position
location of the core. The ferrite core is placed below the coil
geometry and above the shielding plate; here, the air cores are
in gray color cubes, and maroon color cubes are the ferrite core
material. To optimize the coupler with a minimum number of
cores out of the total cores (104 cubes), the E-greedy policy
is applied to find the optimal number of cores. It selects 21
cubes out of 104 cubes, which benefits in reducing the cost and
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weight of more than 50% of the traditional coupler design. The
selected cores with locations that depend on the earlier iteration
results with high “B” are considered to build a core position
optimization logic; some of the examples of logic combinations
are shown in Fig. 6. From this investigation, the optimal logic of
core position locations is framed as terminal state or agent action
to the O-learning algorithm. It provides the output rewards in the
form of a surface magnetic field “B” value that is updated to the
input datasets after three episodes. After Ansys analysis and NN
training, it becomes an input dataset to improve the optimization
process’s predation accuracy.

By repeating the aforementioned logic with ferrite core posi-
tion optimization simultaneously, core thickness is concentrated
in the investigation to optimize the core performance. Optimiz-
ing the core thickness will reduce the core loss, weight, and cost
of the coupler. Here, three different core sizes are considered for
testing: 55 x 45 x 5mm, 55 x 45 x 9mm, and 55 x 45 x 14 mm.
The 14-mm thickness is analyzed with double-core layers on
the z-axis with a combination of (5, 9 mm), and the optimal
solution for the core is obtained to investigate the performance.
As a result, the optimal ferrite position of this geometrical coil
found near the flux path with 21 ferrite core cubes is arranged
in combination, as shown in Fig. 7.

These optimization processes result in the DD coupler with
36 ferrite cores. It has an optimized location of two rows under
the flux pipe region with two layers in each row. Each layer
in a row has nine ferrite bars; for two layers with 18 ferrite
bars and for two rows, all 36 ferrite cores are located in the
designed optimal DD coupler. When it comes to the proposed
A-V coupler geometrical coupler, three rows of one layer, each
row with seven ferrite bars, are found with optimal location
positions under the diagonal flux pipe region of the proposed
A-V coupler. Comparatively, the proposed A-V coupler has
reduced the number of cores required for the optimal coupler
design, which benefits in several aspects. The core materials
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and the physical dimension of the core remain common for
the entire coupler optimization process. The optimally designed
coupler is converted into the equivalent circuit format, and ac
high frequency is supplied to the coupler in the WRIPT system
using Ansys Simplorer. This simulation analysis provides the
data of the coupler, including various losses in the coupler. The
design of the coupler is analyzed for the case of unoptimized
and optimized couplings. This analysis is conducted for the tra-
ditional DD geometry and the proposed A—V geometry coupler
and its outcomes in Fig. 8. Comparatively, the 9-mm thickness
of the ferrite core has better optimal performance in coupler
optimization; its surface “B” and vector magnitude are shown in
Fig. 4(e), (), (h), and (i). In Fig. 8, the A-V and DD geometry
coil couplers are comparatively discussed for unoptimized and
optimized pads. The efficiency and power loss are plotted for
each coupler and coupler parameters, such as coil, Al, and core
individually. Comparatively, the optimized A-V coupler has
high efficiency and low power losses [32], [33]. Among all the
parameters, the core loss is larger than coil and Al. The design
and optimization of the coupler flowchart are shown in Fig. 9.

V. FEM ANALYSIS OF THE COUPLING MECHANISM

After optimal coupler design, the effectiveness of the coupler
is tested and investigated for identical and interoperable cou-
plings using Ansys Maxwell’s analysis. The results are plotted
to ensure the effectiveness of the coupling mechanism. The
parameters that impact the effectiveness of the coupler are self-
inductance (L), mutual inductance (L,,), and coupling factor
(K) for variations in the X-axis (lateral misalignment) and the
Z-axis in intermediate air gap and are tested for various coupling
mechanisms.

A. Identical Coupling Mechanism

In an identical coupling mechanism, the Tx and Rx pads
have the same A-V geometry coil, with an intermediate air gap
distance of 150 mm, as shown in Fig. 10. The A-V geometry
coil optimization for the Tx coil is discussed in the previous
section, and the Rx coil is optimized by changing the parameter
variables of the coupler. The number of ferrite cores, position
location placement, and thickness of the core are significant
components concentrated for the Rx pad optimization of the
coupler. The optimization logic of the ferrite core position is
shown in Fig. 11(a)-(d). Here, the number of core positions
increases with the increase in the number of cores. For a total
of 104 cores, all the possible logics are 21 424, but, with the
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Power (Pin), Frequency (Fs), Efficiency (1), Coupling factor (K),
Load Voltage (Vvr), Rx coil Quality Factor (Qs), Voltage (Vy)

v

Calculate the design components, they are; Rx voltage (Vs) and
current (Is), Tx current (Ip), Resistance (Rr-ac(equ)), (RL pC),
Self-inductance (Ls and L), Mutual inductance (Lm), Coupling (k)

v

Selected optimization parameters considered for coupler design;
coupler outer dimension, core material, no. of turns and shielding

v

Choose optimization parameters; no. of core, core position locations
(3 Dimension axis), ferrite core thickness

A[Optimization Process ] l
[ Q-Learning Algorithm J

QR, | _ M
25D,

\ Inductance: L, = ~
Data Set o, LK
Critical Coupling: x < L [j__L
Equ. (17) < Q. 7
Quality Factor: K = M
i ILJL,
‘all‘lll’lg sbop
Unit M= B,A, DA = ﬂRSZ
e
N 27R?
o Ry

Fig. 9. Power pad design and the optimizing flowchart.

help of the E-greedy algorithm, the optimal number of cores is
predicted around 21.

The optimal ferrite core positions are located with the help
of the Q-learning algorithm through terminal state input agent
action. After the process, it rewards “K” with a better “B” value
for optimal core positions near the flux pipe, and its maximum
surface “B” results are shown in Fig. 12. It is ensured that the
coupling has a high “K” to achieve PTE in the WRIPT system.
The performance of the coupler is analyzed for “X-axis (lateral
misalignment) and “Z’-axis (intermediate air gap) misalign-
ments shown in Fig. 13. The misaligned coupling affects the
PTE with the impact of decreases in L,,, due to L, changes in
“K”. Therefore, it is analyzed to ensure coupling effectiveness
in this case.

The change in L,, that occurs due to variation in coupling
coefficients “K” is affected concerning misalignment between
the Tx and the Rx. Misalignment offset tolerance is analyzed
for the ideal coupling case of the proposed, optimized A-V
geometry coupler, as shown in Fig. 14. The analysis considers
either the Z-axis for intermediate airgap variation or the X-axis
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Fig. 10.  Identical inductive coupling.
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Fig. 12.  Identical coupling surface “B” and its vector.

for lateral misalignment. It shows that an increase in lateral
misalignment in the X-axis and intermediate air gap in the Z-axis
will reduce the coupling factor (K).

B. Interoperable Coupling Mechanism

In this article, the DD geometrical Rx coil is selected for cou-
pling analysis, as shown in Fig. 15. The optimization parameters
of the DD coil are the number of cores, the position of the core,
and the thickness of the core. Here, the core material and outer
dimension of the coupler are considered constant. The proposed
Q-learning algorithm obtains the optimal 16 ferrite cores near
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the flux pipe of the geometry, and it has a better high “K” between
Tx and Rx coils. The surface “B” and its vector of the designed
optimal interoperable coupling are shown in Fig. 16. Itis ensured
that the coupler mechanism has a highly effective coupling that
links the Tx and Rx coils to achieve high PTE.
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The proposed and optimized A-V geometry coil is coupled
with a DD coil for analyzing the interoperable coupling perfor-
mance. In this analysis, the A-V geometry coil is used as a Tx,
and the DD coil is used in the Rx coupling architecture, with
an intermediate 15-cm air gap. The performance of the interop-
erable coupler is analyzed for “X’”-axis (lateral misalignment)
and “Z”-axis (intermediate air gap) alignments, and the obtained
results of the inductance are shown in Fig. 17. The significant
parameters (L,, L, and L,,) of the coupler ensure that the effec-
tiveness of the proposed coupler performs interoperability well
in both the cases of analysis. The important parameter of PTE,
the coupling factor, is affected due to misalignments tested for
this case, as shown in Fig. 18. It comparatively ensures well inter-
operable operation along with identical coupling performance,
in both the “X”-axis (lateral) and the “Z”-axis (intermediate air
gap). The coupling factor that is heavily affected (Hp¢ > Pr/2)
is ensured in Figs. 17 and 18.

VI. EXPERIMENTAL VALIDATION

A. Experimental Setup

The traditional WRIPT system topology circuit is shown in
Fig. 19. It consists of a high-frequency inverter with a source
input (Vi,), a primary capacitor (Cy), a wireless magnetic field
coupling architecture with Tx and Rx coils (L, and L), a
secondary compensation capacitor (Cs), arectifier, and load. The
magnetic field coupling architecture is developed by optimally
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Fig. 20.  (a) Proposed optimal A-V pad. (b) DD pad. (c) Hardware experi-
mental model.

designing the new coupler using the ML optimization of coupler
parameters, as shown in Fig. 20(b). The traditional DD geometry
coil is shown in Fig. 20(a). The experimental setup is developed
by considering the specifications in Table IV. The parameters are
estimated for the WRIPT system power capacity. The developed
hardware model is shown in Fig. 20(c); the identical and inter-
operable couplings are experimented with the proposed optimal
A~V coil and traditional DD coil for interoperability analysis.
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TABLE IV
EXPERIMENTAL DESIGN SPECIFICATION

Parameters Specification
Power capacity (Pr) 3300 W
Frequency (f) 85000 Hz
Input Voltage (Vin) 220V
Airgap — Z-axis distance 150 mm
Calculated (Lp = Ls) 252 uH
Core Material CF295
Litz wire (SWG 42) Strands 1050
Power pad outer diameter (mm) 700 x 350
Load Resistance (Rp) 27312 @
Primary compensation capacitor Cp,=37.35nF
Secondary compensation capacitor C,=37.5 nF

For coupling analysis, the couplers are designed for L,, = L. The
inductive couplers are developed for fixed physical dimensions
(720 x 360 mm), as shown in Fig. 20(a) and (b). The complete
system is shown in Fig. 20(c). Hardware experimental model,
which consists of WRIPT block models shown in Fig. 19. The
system is equipped with the ITECH Programmable DC Power
Supply (IT6012D-500-80) source and the ITECH Regenerative
Power System (IT6005B-80-150) used as an electronic load. The
Tx pad is energized with the high-frequency inverter through a
series compensation (C,,) capacitor, and it is controlled through
Spartan 6 field-programmable gate array. The Rx pad is fixed
above the Tx pad with an intermediate air gap of around 150 mm;
it picks up the Tx power and supplies it to the full-bridge
rectifier through a secondary series compensation capacitor (Cy).
The six-channel mixed signal oscilloscopes (MSO) is used to
measure the current and voltage signal of the WRIPT system.
The flux meter FT 3470-51 is used to measure the flux density
of the inductive coupler for experimental analysis.

B. Experimental Results

The magnetic flux density (B) of the coupler is measured for
a 3-D axis moment above the coupler surface. The 3-D axes are
Y-axis, X-axis, and Z-axis, which are shown in Fig. 21(a)—(c),
respectively. It represents the surface magnetic flux around the
coupler for physical dimension 720 x 360 mm above the coupler
surface. The comparative results are plotted for the DD coupler
in dotted lines and the proposed A-V in line format for the 3-D
axis (X, Y, and Z), and its resultant magnitude is in the plots. Its
results are the resultant of DD that is dominated by the constant
flux of the A-V coupler.

The 3-D axis (X, Y, and Z) moments of the flux meter
probe (FT 3470-51) are plotted individually, and its results are
the resultant sum of the 3-D axis moment flux magnitude. In
Fig. 21(a), the magnetic flux density surface analysis in the
3-D axis and its resultant are fluctuating (270-410 mm) within
the coupler undergoing low flux magnitude. This drawback is
overcome by the proposed A-V coupler, which has a constant
magnetic flux density throughout the coupler surface region. In
Fig. 21(b), the magnetic flux density surface analysis in the 3-D
axis and its resultant are limited for distance (0-60 mm and
300-360 mm) around the coupler; this can be addressed with
the A-V coupler, and a constant flux magnitude is achieved.
In Fig. 21(c), the magnetic flux density surface analysis in the
3D axis and its resultant are limited and undergo fluctuation in
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analysis in the z-axis.

duration (240-440 mm); this can be addressed with the A-V
coupler and a constant peak magnitude is achieved. The results
of the resultant magnitude of the A-V coupler ensure that
the effectiveness of coupling strength achieves higher magnetic
field around the coupler enhances coupling coefficients, limits
leakage flux, and reduces the fluctuations. It undergoes high mis-
alignment tolerance coupling and good interoperable coupling.
The WRIPT system magnetic field coupling has experimented
with the identical coupling of the proposed A—V coil and then
the DD coil in both the Tx and the Rx. Then, interoperability
is ensured by experimenting with the A—V Tx coil and the DD
coil in the Rx. The test results are plotted in the graph given in
Fig. 22, which shows that the increase in power capacity will
increase efficiency to achieve maximum PTE at the resonant
frequency.

This plot shows the comparative results obtained from the
investigation, and it ensures that the proposed A-V performs
well at the rated power capacity compared to the DD coil. Also,
it ensures PTE for identical and interoperable couplings.

Then, the coupler is experimented by introducing variation
in the “X’-axis and the “Z”’-axis (air gap) for both the identical
and interoperable couplings of the proposed A-V coil and the
DD coil. Then, the power capacity for misalignment is plotted,
which shows that increase in misalignment will reduce the power
capacity. In this case, the optimized A-V coil performs better
than the DD coil, which is comparatively ensured in the plot
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TABLE V
EXPERIMENTAL RESULTS
Coupling Coupler  Efficiency Power &
Frequency
Identical DD-DD  89.04 %
Identical A-V-A-V  96.17% 3.3 kW & 85
Interoperable A-V-DD  95.63 % KHz

shown in Fig. 23. In the well-aligned case, the experimental
results with the Tx coil voltage (V7), current (I2) and Rx coil
voltage (Vs), current (I2) for identical coupling of the proposed
A-V coil and the DD coil are shown in Fig. 24(a) and (c).
Then, the interoperable coupling of DD and A-V is shown in
Fig. 24(b). Vi, supplied by the source and the PTE was measured
by varying the load resistance to the rated power capacity with a
15-cm intermediate air gap, as listed in Table V. The efficiency
increases with the increase near the rated power capacity, and
the proposed coupler system efficiency achieves 5.12% higher
than that of the DD coupler for 3.3-kW rated power. The power
fluctuation is eliminated in the A-V coupler, as shown in
Fig. 24(a) and (b). It is ensured that the proposed A—V coupler
eliminates the PNP effect and achieves the desired power transfer
profile in the coupling. This is obtained by developing an optimal
pad for the proposed new geometry coil with a large diagonal
flux pipe region in the coupler geometry for the WRIPT system.
Also, it is ensured that the coupler is better suitable for high
misalignment tolerance, and coupling is highly interoperable.
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VII. CONCLUSION

In this article, a A-V geometry coil for WRIPT is pro-
posed and optimized to develop an effective coupler using an
ML-based reinforcement algorithm with NN combination and
is demonstrated successfully. This optimization benefits the
development of an optimal pad with an effective positioning
of ferrite cores, number of cores, and thickness of ferrite cores.
The new geometry coil has good coupling features in the X-axis
(lateral misalignment) and Z-axis (intermediate air gap) with
better coupling coefficients; it eliminates the PNP effect for
various misalignments. This combined A~V coil structure has
a flux-overlapping region, which enhances the surface magnetic
field (B) and effectively couples with the Rx coil. Comparatively,
the A—V coil demonstrates better coupling features than the DD
coil studied. Also, it has highly interoperable performance with
5.12% of the DD Rx coil experimented with 7.12% in identical
A-V coupling. The 3.3-kW power capacity experimental results
ensure the effectiveness of coupler performance with high PTE
during identical and interoperable couplings with various con-
ditions of misalignments. It is ensured that the coupling effec-
tiveness eliminates the PNP effect, power fluctuations, and high
misalignment tolerance coupling. This optimization technique
is possible for a wider range of coupler designs for the WRIPT
system for future creative works.
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