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Abstract
Wired charging of electric vehicles comes with certain challenges and difficulties, such as handling bulky cables, risk of damage and compromised safety
due to harsh climatic conditions such as heavy rain, wind or snow, and even vandalism. Wireless charging of electric vehicles is gaining prominence because
it can mitigate the aforementioned challenges and difficulties and can also operate at the same power transfer efficiency as wired methods today. To design
and optimize magnetically coupled coils of a wireless charging system for electric vehicles, numerous simulations utilizing the finite element method (FEM)
need to be performed for the estimation of several parameters. This process is time-consuming and computational resource- intensive. In this paper, a real-
time approach for obtaining quick estimated results for coupled coil parameters in an 11-kW wireless charging system for electric vehicles is presented. The
proposed hybrid approach utilizes fitted curves obtained from the results of a single three-dimensional (3D) FEM simulation for a set of parameters and
combines them with polynomial equations in order to estimate the values of the self-inductances of the coupled coils, their mutual inductance, the coupling
coefficient and the power transfer efficiency of the wireless charging system. An experimental verification is conducted to compare the coupling coefficient
values  obtained  from  the  real-time  estimator  with  the  measured  coupling  coefficients  of  an  11-kW  wireless  charging  system  laboratory  prototype.  The
measured  values  of  the  coupling  coefficient  closely  correlate  with  those  predicted  by  the  real-time  estimator  with  a  median  error  of  2.133%.  Thus,  the
proposed approach opens up a new way for real-time estimation of parameters for coupled coils,  which can save time during the initial  developmental
stage of an 11-kW wireless charging system for electric vehicles.
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 Introduction

Inductive  power  transfer  (IPT)  systems  for  wireless  charging  of
electric  vehicles  (EVs)  in  the  present  day  generally  utilize  a  pair  of
coupled  coils,  one  on  the  transmitting  side  (the  charging  station)
and the other on the receiving side (the vehicle) in order to facilitate
the  transfer  of  power  wirelessly  through  an  air  gap  between
them[1−3]. To analyze the maximum power transfer efficiency obtain-
able  in  such  systems,  it  is  essential  to  estimate  the  coefficient  of
magnetic  coupling  between  the  coils,  along  with  their  self-induc-
tance and individual  quality  factors[4,5].  At  the initial  stage,  one can
use online applications that  estimate the coils'  parameters  utilizing
empirical and mathematical formulae in order to calculate parame-
ters  such  as  self-inductance,  the  required  number  of  turns  for  a
certain  value  of  inductance,  mutual  inductance  and  the  coupling
coefficient based on the self-inductance of two coupled coils[6−9].  A
detailed  theoretical  analysis  and  calculation  method  has  been
proposed,  where  the  mutual  inductance  was  considered  to  be
dependent on the coils' geometry, the number of turns of each coil
and the air gap between the primary and secondary coils[10]. Indeed,
all these factors play a crucial role in determining the coupling coef-
ficient  between  the  coils.  However,  these  approaches  do  not
consider the effects of ferrites and shielding materials that a real-life
system would normally incorporate and, therefore, are not accurate
methods  for  parameter  estimation  in  an  EV  charging  system.  In
order to simulate and incorporate the effects of  ferrites and shield-
ing  materials,  the  three-dimensional  (3D)  finite  element  method
(FEM) is advantageous, since it helps in solving complex differential
equations in all three dimensions, thus modeling real-world scenar-
ios where phenomena occur in all three spatial dimensions. Unfortu-
nately,  3D  FEM  simulations  are  time-consuming  and  computer
resource-intensive,  since  even  a  small  change  in  the  parameters,

such as adding a single turn to one of  the coils,  requires the entire
simulation to be re-run. To minimize the calculation time, a polyno-
mial-based  approach  has  been  studied  and  incorporated[11].  This
approach relies on calculating the phase angle tangent value of the
receiving side's circuit impedance via the reflected impedance. The
solution for estimation was primarily focused on achieving constant
current  control  over  the  IPT  system  and  did  not  include  any  other
measurements  of  the  receiving  side.  A  method  for  estimating  the
mutual  inductance,  coupling  coefficient  and  power  transfer  effi-
ciency  in  a  dynamic  wireless  power  transfer  system  has  also  been
recently  proposed[12].  The  authors  utilized  a  single  3D  FEM  simula-
tion  of  the  magnetic  field  generated  by  a  transmitting  structure  in
the  vertical  Z-axis  that  they  further  combined  with  other  parame-
ters  to  obtain  an  estimated  result  of  the  mutual  inductance.  The
error  was  1.56%  in  standard  situations  when  compared  with  the
experimental  results,  which  considered  a  dynamic  change  in  the
receiver's  position  over  the  transmitter.  The  maximum  error  in  this
situation was 3.14% when the width of the receiver varied, resulting
in a 2.35% median error.  However,  the changes in the air  gap were
not  considered  in  the  experimental  verification.  A  semi-analytical
approach for calculating the self and mutual inductance of hexago-
nal  spiral  coils  used  in  wireless  power  transmission  (WPT)  systems
was  introduced  where  the  calculation  method  is  based  on  the
Biot–Savart  Law  and  avoids  the  formation  of  complex  integrals,
offering  a  simplified  solution[13].  The  authors  validated  their
approach  through  an  experimental  study,  finite  element  analysis
and  comparisons  with  existing  methods.  For  instance,  the
self-inductance  of  a  hexagonal  coil  with  a  20-cm  side  length  was
calculated  with  an  error  of  2.8%  compared  with  the  experimental
data.  Similarly,  for  a  typical  EV  application  with  a  100-mm  air  gap
between the  coils,  the  mutual  inductance  was  determined with  an
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error of 5.84%. While the method provides acceptable error rates for
the large coils  typical  in high-power applications,  it  requires higher
iteration  numbers  to  achieve  the  same  error  rate  for  smaller  coils.
This  is  because  the  ratio  of  neglected  area  to  total  area  is  more
significant  in  small-sized  coils,  potentially  leading  to  increased
computational  complexity  and  longer  solution  times.  Additionally,
as the distance between the coils increases, the percentage error of
the  calculated  mutual  inductance  value  tends  to  rise,  likely  due  to
increased  leakage  flux.  Another  approach  introduced  a  practical
coupling coefficient  estimation method for  a  real  system based on
bifurcation  phenomena[14].  The  system  is  temporarily  operated  in
bifurcation, short-circuiting the load, and measuring the zero-phase
angle frequencies on the primary side. While the method is unique,
it  operates  decently  within  a  certain  range  of  the  coupling  coeffi-
cient (0.08 to 0.36) and has a median error of 3.62% in this range.

In  this  paper,  we  propose  a  real-time  solution  for  estimating
coupled  coil  parameters  which  is  realized  as  a  web-based  or  stan-
dalone application. A screen capture of the graphical user interface
(GUI) of this application is presented in Fig. 1. The real-time estima-
tor  utilizes  curves  plotted  from  the  values  of  the  numerically  esti-
mated  coupling  coefficients  of  an  11-kW  IPT  system  which  were
obtained for several discrete values of the air gap between the coils
and  their  number  of  turns.  The  main  novelty  of  the  proposed  esti-
mator  in  comparison  with  the  existing  methods  described  previ-
ously  is  that  it  solves  quadratic  and cubic  curve-fitting functions  in
real  time  to  estimate  the  coils'  parameters,  Q-factor  values,  and
power transfer efficiency instantly. Unlike most coil parameter calcu-
lators  and  estimators  available  online,  the  proposed  estimator  of
coupled coil  parameters employs a hybrid approach that combines
the results of a single initial  3D FEM simulation with equations and
formulae.  This  approach  makes  sure  that  the  side-effects  of  field
distributions  as  well  as  the  ferrite  materials  and  metals  used  for
shielding  etc.  are  well  represented.  Thus,  it  provides  an  estimation
that  is  closer  to  real-world  measurements  than  other  approaches
that  simply  rely  on  formulae.  We  also  experimentally  verify  the
values  of  the  coupling  coefficient  of  a  laboratory  prototype  of  an
11-kW  IPT  system  and  compare  them  with  the  numbers  predicted
by the estimator to analyze their correlation.

 Efficiency of IPT and description of the FEM
model

The  equivalent  circuit  of  the  electromagnetic  section  of  an  IPT
system  can  be  represented  by  a  T-network,  as  illustrated  in Fig.  2.
From an analytical and electrical circuit theory approach, the power

transfer  efficiency  refers  to  the  fraction  of  power  transferred  from
the  primary  to  the  secondary  coil[14].  To  derive  this  efficiency,  we
consider  the  power  transferred  from  the  primary  coil  to  the
secondary coil through the mutual inductance M,  with the addition
of capacitors C1 and C2 on the primary and secondary sides, respec-
tively,  as  part  of  the  matching  networks[15,16].  These  capacitors
compensate  for  the  reactive  components,  improving  the  efficiency
of power transfer.

The input power of the primary coil Pin can be written as:

Pin = I2
1 (R1+Re(Zref)) , (1)

where, I1 is  the  primary  coil  current, R1 is  the  ohmic  resistance  of  the
primary  coil  and  Re(Zref)  is  the  real  part  of  Zref,  which  is  the  reflected
impedance from the secondary side, given by:

Zref =
ω2M2

R2+RL + j
(
ωL2−

1
ωC2

) (2)

ωwhere,  is the angular frequency, RL is the load resistance connected
in  series  with R2,  which  is  the  ohmic  resistance  of  the  secondary  coil,
and L2 is the inductance of the secondary coil. The power transferred to
the secondary coil Prf is given by:

Prf =
ω2M2RLI2

1

(R2+RL)2+

(
ωL2−

1
ωC2

)2 (3)

The power transfer efficiency can then be formulated as the ratio
of power transferred to the secondary coil to the input power of the
primary coil.

ηrf =
Prf

Pin
=

ω2M2RL

(R2+RL)2+

(
ωL2−

1
ωC2

)2

R1+
ω2M2

(R2+RL)2+

(
ωL2−

1
ωC2

)2

(4)

(
ωL2 =

1
ωC2

)
ηtr

Assuming  resonance  conditions ,  the  efficiency  of

power transfer  can be rewritten as:

ηtr =
Ptr

Pin
=

ω2M2RL

(R2+R1)2

R1+
ω2M2RL

(R2+R1)2

(5)

ηtr =
ω2M2RL

(R2+R1)2+ω2M2RL
(6)

The quality factors for the primary and secondary coils, which are
Q1 and Q2 respectively, considering the capacitances, are defined as

Q1 =
ωL1

R1
, Q2 =

ωL2

R2+RL
(7)

The  coupling  coefficient k between  the  primary  and  secondary
coils is defined as shown in Eq. (8)[17]:

 

Fig. 1    GUI of the standalone version of the real-time estimator of the
parameters for coupled coils in an 11-kW wireless charging system.

 

Fig.  2    Equivalent  circuit  of  the  electromagnetic  section  of  the  IPT
system.
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k =
M
√

L1L2
(8)

(
ωL1 =

1
ωC1
, ωL2 =

1
ωC2

)Using  these  definitions  and  assuming  that  the  system  is  under

resonant  conditions ,  we  can  express  the

efficiency in terms of the Q-factors and the coupling coefficient[18]:

ηtr =
k2Q1Q2

1+ k2Q1Q2
(9)

Qgm =
√

Q1Q2For the geometric mean of the quality factors , the
power transfer efficiency can be rewritten as

ηtr =
k2Q2

gm

1+ k2Q2
gm

(10)

The  derived  expression  Eq.  (10)  is  applied  in  the  proposed  real-
time estimator to evaluate the power transfer efficiency.

µ′

As shown in Fig. 3, we consider a 3D FEM model of an IPT system
for  the  wireless  charging  of  EVs  that  is  composed  of  the  transmit-
ting side and the receiving side, as previously described by Bosshard
et al.[19].  The authors claim that  it  is  suitable for  applications where
compliance with the standard SAE J2954 is required[15]. The primary
and secondary coils are placed on top of multiple ferrite rods known
as  I-cores  made  of  manganese–zinc  N87  material  with  a  relative
permeability  of  =  2,000[20].  There  are  aluminum  metal  screens
placed  at  the  base  of  the  ferrite  rods  at  both  the  transmitting  and
receiving sides to provide shielding of the electromagnetic field. The
size and thickness of the metal screens are determined on the basis
of  previously  performed electromagnetic  field  simulations in  Ansys
Maxwell  such that it  mitigates the electromagnetic field above and
around the structure, adhering to ICNIRP 2010's safety guidelines[21].
From  Eq.  (10),  one  may  see  that  the  main  contribution  to  power
transfer  efficiency  comes  from  the  coupling  coefficient  and  the  Q-
factor.  The coupling coefficient depends on the mutual  inductance
and  self-inductances  of  the  primary  and  secondary  coils,  as  clearly
seen in Eq. (8). On the other hand, the number of turns of the coil is
directly proportional to its self-inductance and resistance. Thus, the
increase or  decrease in  the number  of  turns  can drastically  change
the self-inductance of the coils and affect the mutual inductance of
the  coupled  coil,  leading  to  the  change  in  the  coupling  coefficient
and the power transfer efficiency. The air gap between the coils can
vary depending on the make of the EV and its purpose. For example,
off-road  vehicles  have  a  larger  air  gap  (around  300  mm  and  more)
compared  with  a  sedan  that  is  designed  for  city  use  (around  160
mm). This variation can alter the coupling coefficient and therefore
affect  the  efficiency  of  the  IPT  system.  This  is  why  we  consider  the
number of turns of the coils and the air gap between them to be the

primary variables for the real-time estimator. During 3D FEM simula-
tions,  we  set  different  discrete  values  for  the  number  of  turns  and
the  air  gap,  as  summarized  in Table  1,  together  with  other  details
about  the  components  and  dimensions  of  the  3D  FEM  simulation
model.

 Simulation and estimation processes

There are two processes involved: the simulation process, which is
a  one-time  process  with  multiple  parametric  steps  for  obtaining
results for each of the discrete values of the air gap and the number
of turns, and the estimation process, which combines the simulated
results with polynomial curve-fitting equations in order to estimate
the  values  of  the  self-inductances  of  the  coils,  their  mutual  induc-
tance,  the coupling coefficient  and the power transfer  efficiency of
the IPT system. Figure 4 is  a flowchart that illustrates the processes
and steps involved in them.

 Simulation process
FEM  simulations  require  a  set  of  initial  parameters  to  accurately

model  and  solve  the  problem  at  hand,  which  primarily  include
the  geometry  of  the  3D  FEM  model,  the  material  properties,  the

 

a

b

Fig. 3    3D FEM model of the IPT system under consideration.

 

Table 1.    Initial data provided for 3D FEM simulation of the IPT system.

Initial data Value

Dimensions (metal screen) 450 mm × 690 mm × 5 mm
Dimensions (coil) 380 mm × 380 mm × 5 mm
Dimensions (ferrite) 126 mm × 28 mm × 20 mm (25 pieces)
No. of turns 9.5, 10.5, ... 15.5
Air gap (mm) 160, 180, ... 300
Metal screen material Aluminum
Coil material Copper (Litz wire, 0.1 mm × 2,500 strands)
Ferrite material Manganese–zinc (N87)
Frequency 85 kHz
Boundary conditions Tangential fields (50% padding on all sides)
Solver type Eddy current solver (low frequency)
Output Discrete data table

 

Fig. 4    Flowchart of the simulation and estimation processes.
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boundary  conditions,  mesh  information,  the  type  of  solver  and  its
settings,  the  simulation  parameters  and  the  output  requirements.
Table  1 shows  the  initial  parameters  that  are  used  to  simulate  the
system. The 3D FEM simulations were performed in Ansys Maxwell,
utilizing the eddy current  solver  step by step for  each value within
the  ranges  of  the  air  gap  and  the  number  of  turns  at  a  fixed
frequency of 85 kHz. The tetrahedral mesh of the 3D FEM model has
a  total  of  1.85  million  elements,  and  10  convergence  passes  are
performed with 30% refinement per pass. The eddy current solver in
Ansys'  electromagnetism module enables  the solution of  problems
using the "eddy current" approximation[22]. This approach is valid for
sufficiently good conductors with low-frequency time-varying fields,
where the displacement currents are negligible compared with the
current density. As a result of the numerical simulation, we obtained
discrete values for L1, L2, M, k and R1, R2 for the range of air gaps and
the number of turns in the coil. The simulated results for self-induc-
tance and mutual  inductance as  a  function of  the  number  of  turns
and the coupling coefficient as a function of the air gap are demon-
strated in Fig. 5 using markers.

 Estimation process
The results of the numerical simulations were exported in a tabu-

lar  format  to  MATLAB  for  obtaining  curve-fitting  functions,  which
enabled  us  to  statistically  define  the  relationships  among  the  self-
inductances (L1, L2), mutual inductance (M) and the number of turns
(n) for the variation of the coupling coefficient (k) due to the change
in the air  gap (x).  The self-inductance of a coil  has a direct relation-
ship  with  the  following  factors:  the  number  of  turns,  the  area  and
geometry  of  the  coil,  and  the  coil's  material.  The  relationship
between the coils' self-inductances (L1, L2) and the number of turns
(n) is presented in Fig. 5a as a spline curve. They are expressed in the
form  of  two  quadratic  fitting  functions  for  the  primary  coil  as
follows:

L1 = A1n2+B1n−C1 (11)
where, A1 = 0.697, B1 =2.745, and C1 =18.161, which are the optimized
curve fitting values for the primary coil.

For the secondary coil, we have the following:

L2 = A2n2+B2n−C2, (12)
where, A2 =  0.568, B2 =  5.371,  and C2 =  35.504,  which  are  optimized
curve fitting values for the secondary coil. The curves show that as the
number of turns increases,  self-inductance also increases for both the
coils, with a slight difference between them, which could be due to the
parasitic  effects  (ferrites,  dielectrics  and  metal  shield)  of  the  other
elements present in the transmitting and receiving sides. An estimated
relationship  between  the  mutual  inductance  (M)  and  the  number  of
turns  (n)  is  presented  in Fig.  5b as  a  spline  curve  and  can  also  be
expressed using the following quadratic fitting function:

M = A3n2+B3n−C3 (13)
where, A3 =  0.0766, B3 =  2.497,  and C3 =  16.880,  which  are  the
optimized  curve  fitting  values.  The  curve  is  slightly  nonlinear,  indi-
cating that mutual inductance increases at a slightly accelerating rate
with more turns during a linear period in the mid-range values of the
number  of  turns.  The  air  gap  plays  a  critical  role  in  determining  the
coupling  coefficient  between  the  coils  and  their  relationship  is
presented in Fig. 5c as a spline curve that can be expressed using the
following cubic fitting function:

k = Ax3+Bx2−Cx+D (14)
where, A =  8.544 × 10−9,  B  = 1.027 × 10−5,  C  = 4.308 × 10−3,  and D =
6.639  ×  10−1 which  are  the  optimized  curve  fitting  values  for  the
system.  In  this  curve,  one  can  see  that  the  relationship  between  the
air  gap  and  the  coupling  coefficient  is  inversely  proportional  and
nonlinear,  which  can  be  attributed  to  the  complex  nature  of
electromagnetic  interactions.  As  the  air  gap  increases,  the  magnetic
field's strength decreases more rapidly, leading to a nonlinear decrease
in the coupling coefficient. This behavior is typical in systems involving
inductive coupling, where the efficiency of energy transfer diminishes
at  an  accelerating  rate  as  the  distance  between  the  components
grows. It is also necessary to mention that we are using a cubic fitting
function  for  the  air  gap  vs.  coupling  coefficient  plot  because  of  the
nonlinear  nature  of  the  curve,  but  for  the  other  plots,  we  can  use  a
quadratic  fit.  The  fitted  curve  plots  form  the  basis  of  the  estimation
process  and  the  real-time  estimator's  working  principle,  as  any  value
within the simulated range and even beyond the simulated range can
be  further  combined  with  equations  in  order  to  estimate  the
parameters  of  the IPT system.  The individual  Q-factors  of  the primary
and  secondary  coils  can  be  calculated  using  the  individual  self-
inductances obtained from Eqs (11) and (12), using Eq. (7). The power
transfer  efficiency  is  calculated  using  (10),  and  the  entire  set  of
processes  required  for  the  estimation  of  the  coupled  coil  parameters
are  consolidated  into  a  software  application  using  the  Python
programming language, which acted as a base for all other versions of
this  software  (i.e.,  the  online  version  accessible  publicly  as  "Coil
Parameter  Estimator"  and the  offline  version,  which  is  available  upon
request)[23]. The estimated results are obtained almost instantly in 2 ms
through the software application, whereas the FEM simulation for the
same would have taken an estimated 75 min in a PC running Windows
11, with an 8-core AMD Ryzen 7 CPU and 16 GB of RAM. Our proposed
approach  has  several  advantages  compared  with  another  fast  and
general method by Song et al.[12]. First, it considers the changes in the
width of the primary coil and the secondary coil that can result from an
additional number of turns. Second, it considers changes in the air gap,
which  directly  affect  the  coupling  coefficient.  It  also  offers  a  faster
computation  time,  which  is  ~2  ms,  while  also  consuming  fewer
computer resources compared with ~0.6 min in Song et al.'s method,
which used more computer resources.

 

ba c

Fig.  5    Relationships  among  the  crucial  parameters:  (a)  relationship  between  the  self-inductance  of  individual  coils  and  the  number  of  turns,  (b)
relationship between mutual inductance and the number of turns, and (c) relationship between the coupling coefficient and the air gap.
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ηtr

ηtr

In Fig. 6, we visualize the estimated power transfer efficiency ( ) as
a function of geometric mean of the Q-factors Qgm and the coupling
coefficient  (k)  for  a  finite  set  of  values  using  the  proposed  real-time
estimator. The air gap is kept constant at 160 mm, and a finite set of
values  for  the  number  of  turns  ranging  from  5  turns  to  25  turns  is
used  to  estimate  the  values  of Qgm, k,  and .  This  range  is  greater
than  the  range  used  for  the  simulation  (see Table  1),  and  the  curva-
ture of the surface plot indicates regions where small changes in Qgm

or k have  a  large  impact  on  the  efficiency,  which  might  be  over-
looked  in  a  purely  analytical  approach.  The  3D  surface  plot  also
reveals  trends  and  patterns  that  are  not  immediately  obvious  from
the  equations,  such  as  the  existence  of  an  optimal  region  and  the
saturation  effect.  Therefore,  it  highlights  the  trade-offs  between Qgm

and k,  where  one  might  observe  that  increasing Qgm has  a  greater
impact on efficiency than increasing k beyond a certain point.

 Experimental verification

To  determine  whether  the  values  obtained  from  the  real-time
estimator correlate with the measured real-world values, an experi-
mental  study  was  performed  on  a  fully  constructed  laboratory
prototype of the IPT system shown in Fig. 7a. The coils on the trans-
mitting and receiving sides of the constructed IPT system have 10.5
turns  each and are  placed on 3D-printed Poly-lactic  Acid  (PLA)  coil
holders  with  grooves  in  them  which  help  to  maintain  the  spiral
geometry  of  the  turns.  The coils,  with  their  coil  holders,  are  placed
on  top  of  parallel  columns  of  ferrite  rods  with  five  ferrite  rods  per

column and five columns per  side,  totaling 25 ferrite  rods per  side.
These  rods  are  secured  to  a  custom-made  aluminum  metal  screen
on  each  side  using  3D-printed  PLA  holders  and  dielectric  nuts  and
bolts made of nylon. The air gap between the coils can be adjusted
in steps of 160, 220, and 280 mm using three pairs of fiberglass slabs
to  keep  the  receiving  side  perpendicular  to  the  transmitting  side,
ensuring that the air gaps are maintained. The schematic diagram of
the  experimental  setup  is  shown  in Fig.  7b.  We  used  a  two-port
vector network analyzer (VNA) to obtain the Z-parameters of the IPT
system. Port 1 of the VNA is connected to the coil  terminals on the
transmitting side and Port 2 is connected to the coil terminals on the
receiving side using suitable high-frequency coaxial cables and stan-
dard  radiofrequency  SubMiniature  version  A  (SMA)  connectors.
During  the  experimental  study,  we  measured  the  Z-parameters  for
three  discrete  values  of  the  air  gap.  From  the  measured  data,  one
can extract the self-inductance of coils (L1, L2) and the mutual induc-
tance (M) between them from the imaginary part of the measured Z-
parameters as follows.

L1 =
Im (Z11)
ω

(15)

L2 =
Im (Z22)
ω

(16)

M =
Im (Z21)
ω

(17)

ω

where, Z11, Z22, and Z21 are the imaginary parts of the Z-parameters of
the  laboratory  prototype  and  is  the  angular  frequency  for  the  IPT

 

(ηtr) (Qgm) (k)Fig. 6    Power transfer efficiency  as a function of the geometric mean of the Q-factors  and the coupling coefficient  of the coupled coils of
an 11-kW IPT system for EVs obtained with the proposed real-time estimator.

 

a b c

Fig. 7    (a) Photograph of the laboratory prototype of an 11- kW IPT system for EVs. (b) Schematic diagram of the experimental setup. (c) Measured and
estimated dependence of the coupling coefficient as a function of the air gap between the transmitting and receiving sides of the 11-kW IPT system.
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system. The measurements were carried out in the frequency range of
50  to  120  kHz. Table  2 shows  the  measured  Z-parameters  for  the
laboratory  prototype's  operational  frequency of  85  kHz and values  of
L1, L2 and M extracted from the measured data via Eqs (15)−(17).

From the values in Table 2, it is possible to calculate the coupling
coefficient  (k)  using  (8).  The  values  of  the  coupling  coefficient  as  a
function of the air gap between the transmitting and receiving sides
extracted  from  the  measured  data  are  compared  with  the  esti-
mated values in Table 3. They are also illustrated in Fig. 7.

As  one  can  see,  the  estimated  and  measured  values  for  the
coupling coefficient for different air  gaps between the primary and
secondary coils of the laboratory prototype of the 11-kW IPT system
are  closely  correlated  to  each  other.  The  median  error  obtained  is
2.133%,  which  is  10.17%  lower  than  the  median  error  of  2.35%
reported by Song et al.[12] and 63.53% lower than the mutual induc-
tance  calculation  error  of  5.84%  reported  by  Aydin  et  al.[13].  Com-
pared  with  Košík  et  al.'s  method,  the  percentage  of  error  reduces
when the air gap increases, and this is due to the nature of the cubic
fitting  function  used,  which  was  designed  to  handle  a  large  range
of air gaps, resulting in low coupling coefficients, while maintaining
an acceptable error value[14].

 Conclusions

In  this  paper,  we  have  presented  a  real-time  estimator  for
performing  quick  and  accurate  estimation  of  multiple  coupled  coil
parameters  in  an  11-kW  wireless  charging  system  for  electric  vehi-
cles.  By  combining  fitted  curves  from  the  initial  results  of  3D  FEM
simulation  with  polynomial  equations  and  formulae,  the  proposed
solution  accurately  estimates  the  self-inductances,  mutual  induc-
tance,  coupling coefficient,  and power transfer efficiency of the IPT
system without the need to perform further simulations for a range
of air gaps and numbers of turns. We have compared the estimated
values  of  the  coupling  coefficient  with  the  measured  data,  and  it
was  found  that  the  median  error  is  2.133%.  This  shows  that  the
accuracy of the real-time estimator, which takes 2 ms, is comparable
with the results obtained through FEM simulations,  which can take
hours. Moreover, since our solution involves an initial 3D FEM simu-
lation of the IPT system, it considers the effects of ferrites and metal
shields  present  on  the  transmitting  and  receiving  sides  of  the  IPT
system  and  is  able  to  evaluate  the  coupled  coils'  parameters  with
these  effects  included,  thus  providing  an  estimation  which
correlates closely to real-world measurements. The range of the esti-
mator can be increased by performing an additional simulation with

a larger value for the air gap and number of turns being set as para-
metric  sweep  functions  and  then  by  further  modifying  the  curve-
fitting  functions  to  account  for  the  extended  range.  Although  this
paper focuses on estimating coupled coils' parameters in an EV wire-
less charging system, the estimator can be easily adapted for other
coupled  coil  systems  by  performing  an  initial  FEM  simulation  and
determining the fitting constants for the parameters' dependencies.
The rest  of  the estimation process  remains  unchanged.  We believe
that  our  proposed  method  will  be  helpful  to  developers  of  these
systems,  as  it  significantly  reduces  the  computation  time  and
resource requirements. Our future work will focus on extending the
estimator  to  include  vertical  misalignment  and  angular  misalign-
ment,  ensuring  comprehensive  coverage  of  all  potential  misalign-
ment  conditions.  The  online  version  of  the  real-time  estimator  can
be accessed online and used in real time[23].
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