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Abstract — This paper proposes an iterative approach
for the design of loosely coupled inductors for inductive
power transfer applications. The procedure is based on
the finite element method and is suitable for realistic coil
geometry development where non-linear magnetic
materials are required. Dedicated algorithms represent
self-inductances and mutual inductances in terms of
equivalent geometric parameters and vice-versa thus
allowing an approach that is not possible in analytical
formulations. Also, finite element method is used to
analyze the coil system, with two or more coils, under
axial, lateral and angular misalignment prior to the
development of prototypes. The iterative method can be
used to support development of wireless power
converters for biomedical implants, electric vehicles
recharging systems and chargers for portable devices,
with simple and minor modifications. Also, it has specific
tools for geometry optimization that can lead to
maximized power transfer. Experimental results are
presented for coupling coefficient under spatial
misalignment.

Keywords - Biomedical Implants, Electrical Vehicles,
Finite Element Method, Inductive Power Transfer,
Portable Devices.

I. INTRODUCTION

The terms Wireless Power Transfer (WPT) and Inductive
Power Transfer (IPT) are not recent in literature and the first
experiments aiming to transfer significant power through air
are dated from the last decades of 19" century [1]. This is
especially interesting in the historical context that Maxwell’s
Equations where compiled just a few years before, in 1860’s.

By eliminating solid contacts between source and load,
more mobility is allowed and this is the main reason for
continued research on IPT techniques. Other advantages of
Inductive Power Transfer over conventional power transfer
are: 1) No electrical sparks between primary and secondary
circuits; 2) Primary and secondary can be encapsulated (e.g.
epoxy), thus achieving high insulating level; 3) Less
maintenance as fundamentally there are no mechanical
contacts such as brushes and slip rings; 4) No restrictions for
use in explosive or hazardous areas; 5) Possibility to transfer
power through air, liquids or solid walls [2].

One possible approach to understand the IPT concept
starts by the analysis of the circuit in Figure 1, which
represents a conventional non-ideal transformer driven by a
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sinusoidal current source. In practical IPT converters, the
current source is obtained by means of resonant converters
[3], which are basically associations of a high-frequency
current-sourced or voltage-sourced square wave inverter and
a properly selected LC resonant network.

}'\.

Fig. 1. Basic non-ideal transformer circuit.

Under steady state conditions, current is sinusoidal and it
is possible to use phasor notation while frequency is fixed.
Thus, considering Figure 1, secondary current /; in phasor
form can be written as I, = (joMI,)/(Z, + Z;) where o is the
angular frequency, M is the mutual inductance, I, is the
phasor primary current and Z; and Z; are respectively the
secondary impedance and the load impedance. Separating Z;
and Z; in order to emphasize real and imaginary parts gives
Z, + Z, = (Ry + R) + jo(Ls+L;) and, considering that
primary current is the reference excitation, (1) is obtained,
where fp is the peak primary current:

. o’MI (L, + L, )+ joMI (R, +R,) 0
C ReRP (L)

The apparent power transferred to the load is given by the
alternative formulation §; = ZLISIS*. Using M = k(L,,LX)'/ % in
(1), the apparent power is given by (2), where P, and Q; are
the active and reactive power delivered to the load:

@**L LI*(R, + jal,)
§ - psTpL L =p +j0o,. (2
YR 4RV AL +L, ) " JOL

One may observe that (2) is derived from the basic circuit
model shown in Figure 1 and does not include effect of
parasitic capacitances, for example. Thus, equations obtained
here are generally suitable for frequencies up to 1 MHz.

In a conventional transformer, coupling coefficient k is
typically close to unity (usually & > 0.95). By removing the
high permeability magnetic core, emitter and receiver circuits
become loosely (or weakly) coupled so that 0 < k < 0.5
defines a weak coupling range [4]. With such a low coupling
coefficient, the power transfer can only be successful if the
current circulating in the emitter coil is at high frequency or
if high input current amplitude is achieved. Practical IPT
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converters need a balanced combination of both solutions,
since semiconductor technologies limit the frequency
increase at certain power levels.

Although (2) is an unusual expression for apparent power
in a transformer, the dependence on I, and @ is somehow
intuitive and expected. Less evident, however, is the
dependence of S, in respect to k°. This strongly indicates
that, in high performance converters, not only electrical
parameters and topologies must be correctly chosen:
improved magnetic design is also mandatory since it
determines the coupling factor at a given relative spatial
position between emitter and receiver or under dynamical
variations of k (that are likely to occur in electric vehicles,
consumer electronics or biomedical applications due to
natural relative movement).

It is a fact, however, that the effects of coupling
coefficient over power transfer in a given IPT converter are
barely understood in most cases. Thus, it is not surprising
that lots of converter solutions are designed to operate with
fixed k, which is a very unrealistic condition. This happens
because a simple spatial characterization method for loosely
coupled inductors is lacking and those who attempt to solve
this task usually end up in complex and time-demanding
analytical approaches, such as Neumann’s formula.

Neumann’s formula as shown in (3) is an exact approach
to determine mutual inductance between two current
filaments at any spatial position. In this case, u, is the free-
space magnetic permeability, r is the distance between coils
and ds and ds’ are the incremental sections of the filament
wire [5]. For a simple system comprising two coaxial circular
filaments of radius D,/2 and Dy/2, being b the distance
between their centers, M is given as (4). Angles ¢ and ¢’
result from the chosen filament geometry parametrization.
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Although exact, (3) requires the solution of elliptic
integrals, a time consuming task that, for practical
engineering design, requires the aid of computational solvers.
Other approaches to evaluate coupling coefficient are the
tabulated Grover [6] and Nagaoka methods and empirical
formulations such as the Wheeler Equation. In common, all
these methods are limited to very particular geometries
mostly for air-cored inductors and were typically obtained
with assumptions such as homogenous magnetic medium,
linear magnetic materials and continuous cores. Thus, if
applied, these methods result in several restrictions to the
design of loosely coupled systems.

To overcome these limitations, the present work proposes a
set of computational tools based on the Finite Element
Method (FEM) to help and guide the development of loosely
coupled inductors system regardless of the emitter or receiver
drive circuit given that a sinusoidal excitation is provided.
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This package comprises routines developed in MatLab
programming language and results in a pre and a post-
processor for Finite Element Method Magnetics (FEMM),
which is a well-known free FEM software largely employed
in academic researches. Since it is based on a numerical
method, the proposed procedure provides approximate
solution, but high-complexity geometries, commonly found in
realistic IPT applications, can be considered.

Thus, besides of the introduction of a new method for
loosely coupled systems development, this work also has as
contribution the fact that these computational procedures can
be used without previous knowledge on finite element
method.

This paper is organized as follows: Section II describes
the proposed iterative design procedure with FEM
formulation and computational routine details. Section III
presents experimental results and non-trivial analysis
examples obtained with the proposed approach focused on
spatial misalignment conditions. Section IV presents an
example of coil optimization while Section V describes
another useful tool: the magnetic field mapping algorithm.
Finally, Section VI is dedicated to final comments and
conclusions.

II. ITERATIVE DESIGN BASED ON FINITE ELEMENT
METHOD

A. Finite Element Method Formulation

There are different Finite Element Method formulations
and particularities depending on the kind of problem to be
solved. In the present work a 2D formulation focused on
magnetostatic problems is used and it allows the analysis of
planar and axisymmetric geometries. These two
representation forms are able to deal with the majority of IPT
coil systems. For very specific geometries without radial
symmetry line or plane symmetry, it is usually possible to
include simplifications and special boundary conditions to
perform a basic analysis. The 2D formulation is also chosen
since it often requires much less computational time to
achieve a numerical solution when compared to 3D
formulation, thus being suitable for personal computers.

Moreover, FEMM already uses the desired 2D
formulation in its solver and allows some integration with
MatLab via programming language. Instead of developing a
FEM processor, the iterative method was developed to
interact with FEMM software and use it for geometry
discretization (mesh generation), processing and post-
processing. MatLab routines store data, process it, controls
the iterative method parameters and literally edits geometries
in the finite element pre-processor (add/remove geometric
entities such as lines, nodes, arcs and edit they properties as
needed). Also, MatLab provides a user-friendly interface for
the designer (of whom no previous knowledge on Finite
Element Method is required).

For reference and to understand the limitations of the
numerical method, mathematical formulation is presented.
The magnetic flux density vector, B, is given in (5) as a
function of the magnetic vector potential, A. Substituting (5)
in differential form of Faraday’s Law of Induction results in
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(6), which can be integrated to yield (7). Finally, considering
Ohm’s Law in vector notation, (8) is written. E is the electric
field intensity vector, Jy,. represents current sources, V is a
scalar denoting voltage, u(B) indicates that non-linear
magnetic permeability is taken into account and o the
electrical conductivity [7].

B=VxA (5)

I A
VXE=-—(VxA 6
xE =~ (0 A) (©)
-9 gy (7)

ot
ﬁx[ ! WAJ:—GB—AHW—GW (8)
U(B) a

This last equation is evaluated by FEMM using the
variational method and first-order triangle elements to solve
Q,p, which is the simulation domain in two dimensions.
With minor modifications, (8) is used by the software in
time-harmonic problems with one single frequency (which is
enough for IPT since resonant converters in fact should
provide sinusoidal excitation to the emitter coil at the
resonant frequency only).

One might observe that the above formulation ignores
displacement currents and as a result, FEMM can only be
applied if this effect is negligible. Fortunately, this is the case
of IPT converters which employ good electrical conductors
and satisfy the condition o >> we,eq [8], Where ¢, is the
electrical permittivity of the medium (typically air). For
instance, consider permittivity of vacuum & = 8.85 x 10"
F.m, relative permittivity of air &, = 1, gu.0 = &€, and for
copper o = 5.96 x 10" S.m™". For @ = 2xf, with frequency
ranging from 60 Hz to 1 MHz, there is 3.34 x 107 < OEmea <
5.56 x 10, Thus, ¢ >> ©&ped.

B. Possible Problem Approaches

As said, the introduction of FEM allows simulation of
loosely coupled systems with more realistic parameters. This
brings new possibilities for converter design, namely the
Reverse and Direct Problem approaches, shown in Figure 2
where ¢, accounts for the mutual magnetic flux, ¢, is the
leakage flux, L, stands for self-inductance, i(?) is the
sinusoidal excitation or load current, D, is the coil diameter,
E, is the coil height, N, is the number of turns, e is the axial
separation distance, d, is the lateral separation distance and «
is the angular position. Above, x = p, if the property refers to
emitter coil (primary) and x = s if receiver coil (secondary).
This notation will be used from now on for sake of
simplicity.

The Reverse Problem is that where the design initiates
from the geometrical parameters such as coils diameters and
heights, presence of shielding and its materials (and number
of layers) and relative spatial position. Outputs of the
Reverse Problem approach are the equivalent electrical
parameters such as receiver open circuit voltage (for a given
emitter sinusoidal excitation), receiver short circuit current,
self-inductances L, and mutual inductances M and winding
quality factors Q, (which can be obtained with enough
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accuracy since FEM provides a reliable prediction of
conductor length and resulting series resistance R,). This
approach is useful when mechanical restrictions such as
maximum converter dimensions apply. Also, it is used when
user desires to evaluate the power that can be transferred
under certain excitation for a given emitter-receiver relative
spatial condition.

An opposite approach, the Direct Problem, is the one in
which electrical circuit parameters are known and
geometrical representation is desired. To run this mode,
excitation currents i,(7) under the desired coupling factor k
must be provided by the user along with the self-inductances.
These excitations are promptly obtained from any electrical
circuit simulation software considering load conditions,
power electronics converter topology and control strategy, if
any. Thus, the Direct Problem is useful when the basic
electrical parameters are known and it can be employed to
characterize an existing converter since coil quality factor
and emitter-receiver equivalent spatial position are promptly
determined.

Currently the iterative routines solve the Direct Problem
considering circular coil or spiral coils (pancake). In any of
these cases, the number of turns of the windings or the
desired coil diameter is entered by the user. In any situation,
magnetic shielding can be added and user has full control
over the shield material, its thickness and number of layers
(due to the complexity of the algorithm, the package
currently is able to handle a maximum of two shielding
layers of any material, linear or non-linear).

Figure 3 shows a schematic receiver coil with shielding to
illustrate that a large number of details are user-defined
during iterative procedures. These parameters also include
number of wire strands, wire gauge and material properties
such as electrical conductivity and magnetic permeability.

It is noteworthy that electrical circuit simulation software
can be used to include realistic parameters of semiconductors
in those stages that come before the emitter coil or after the
receiver coil.
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Fig. 2. Direct and Reverse problems.
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One can freely choose the rectifier and inverter topology,
semiconductor technology, the kind of resonant network,
resonant frequency and the load connected to the secondary
side. No matter which power electronics topology is chosen,
the iterative method can be applied, if sinusoidal excitation is
guaranteed.

C. Iterative Routines

Routines are said to be iterative because they rely on
computational loops where multiple iterations are performed
in order to achieve a desired precision for the target
parameter, which can be, for example, D, or N, in the Direct
Problem approach or L, in Reverse Problem approach. The
procedure is also said to be interactive, since user is able to
choose between many options during a routine execution.

Now, assuming that a Direct Problem is requested, four
possible routines exist. The user has initially two options: to
use spiral coils (which allows the analysis of planar
transformers) or circular coils. For any option chosen, other
two situations are possible: to solve the problem with fixed
coil diameter (this leads to successive modifications of the
coil number of turns N, until the target self-inductance L, is
obtained) or with fixed number of turns (allowing the coil
diameter D, to be modified as necessary). An important note
is that these two cases (fixed D, or fixed N,) are
fundamentally different in practical aspects, since the first
one imposes a maximum diameter (useful if the converter
has critical dimension restrictions) and the second has no
mechanical restriction.

Other important note is that since inductance is a function
of N,, relative magnetic permeability of the medium u,, D,,
E, and winding shape (spiral, toroidal, circular), there is
virtually an infinite number of possible inductor geometries
that result in the same self and mutual inductances.

~ Mechanical Protection (e.g. steel, plastic)

P Second Shield fe.g. aluminum)

First Shield (e.g. copper)

. Plastic  Ferrite

Capper/Aluminum solid or stremded Medium

(a)
|

Simmeiry Axis

(b)

Metal sheet

Windings

(c)
Fig. 3. Illustration showing possible user-defined parameters in
proposed realistic design method (circular coil shown), (a) layers,
(b) cross-section and (c) 3D equivalent.
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Fig. 4. Matlab/FEMM/PSpice integration block diagram.

That said, at least one restriction must be applied in order
to begin the iterative procedure (in fact, this is the biggest
problem when analytical approaches are used since too many
parameters must be included in the formulation).

The Matlab/FEMM/PSpice integration is represented by
Figure 4, where PSpice was chosen as the circuit simulation
tool due to its accurate model of semiconductors and
commercially available electronic parts. Note that the block
designated by “‘Simulation and Analysis of Electrical
Circuit” in Figure 4 may contain any rectifier, inverter or
resonant network topology. The important is to guarantee
that resulting excitation current is sinusoidal or close to this.

One of the advantages of the formulation shown in (5) is
that flux lines are simply plots of the magnetic potential
vector. Thus, inductance (self and mutual) is easily obtained
asL,=¢,/ I, being I, the peak excitation current, since ¢,, is
given according to:

¢m:§;ﬁ-d1. )

C

This indicates that the line integral is taken over the
boundary of the surface, defined by the target coil geometry.
The boundary is here denoted by C, while dl is the
differential straight conductor filament.

In addition, the following variables, included in Figure 4,
are defined as:

C, — Compensation capacitances;

E,— Coil height;

f»— Resonant frequency;

V.. — DC bus average voltage;

R; — Load resistance connected to the secondary;

Vi« — Secondary open circuit voltage.

All this said, the particularities of each iterative routine
are explained as follows.

1) Lumped circular coils, fixed number of turns - This
procedure, shown in Algorithm I, seeks for the target
inductance Ly e When the user defines the number of turns
N,. Since N, is fixed and a lumped coils is being designed,
the algorithm draws a circle of diameter E, that contains all
N, turns (each one with the properties obtained from a
winding design routine, not depicted here) with a winding
factor 0.7 < W, < 0.8. W, = 0.75 means that 75% of the
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winding cross section is filled up by copper and 25% is filled
by air. Values between 70% and 80% usually guarantee
simultaneously a good area usage and practical
implementation. This is shown in steps <4.1> to <4.6>.
Figure 5(a) illustrates the W, adjust loop with a fixed step dy
(e.g. ow = 0.1 mm).

With the winding cross section defined, the only variable
that can be used to pursue L, .. is the coil diameter, D,,
which is varied based in a diameter step ADX("] ). defined in
the previous iteration (i-/) considering ceate”, (the error
between Ly . and calculated L,) and also a pre-defined
scalar error gain 4;, that ensures fast convergence. Do not
confuse tolerance ¢ with electrical permittivity.

When iteration counter i, reaches a maximum iteration
number without a final solution for Ly e, 4, 1S updated in
order to force the algorithm to continue. All this define the
main loop, as shown in steps <7.1> to <7.9>. Figure 5(b)
illustrates the main loop, that is finalized when St is less
that a given precision, €p,. At this moment, resulting
inductor series resistance R, and unloaded quality factor Q, =
wL,/R, are calculated from the FEM solver.

All inductance calculations are performed using the
magnetic materials desired and defined by the user in step
<5.1>to <5.5>.

When it comes to the time to design the secondary coil,
magnetic materials of the primary (if any) are neutralized to
avoid their influence over the secondary reluctance path.
Thus, one can note that this algorithm seek for the target self-
inductance without considering the effect of a nearby
structure.

ALGORITHM I
LUMPED CIRCULAR COILS, FIXED Ny

Start {Iterative design lumped circular coils, fixed Ny}
<1> Open file containing basic winding parameters;
<2> Load preset values and user inputs (error limits, flag status);
<3> Set arbitrary test current in L;
<4> While W, > 0.8 or W, < 0.7, do:
<4.1>If W, > 0.8, E, = E, + dw;
<4.2>1f W, <0.7, E, = E, - ow;;
<4.3> Discretize Qyp;
<4.4> Run FEM solver and load solutions;
<4.5> Obtain W,;
<4.6> Return to <4>;
<5> If magnetic shielding layers are required, do:
<5.1> Define first layer material;
<5.2> Define first layer thickness;
<5.3> Define second layer material;
<5.4> Define second layer thickness;
<5.5> Update geometry file;
<6> Set nominal current in L, and zero current in remaining coil;
<7> While &cyc > €max preset error, do:
<7.1>D,? =D,V + AD, ",
<7.2> Update shield geometry, if any;
<7.3> Discretize Qop;
<7.4> Run FEM solver and load solutions;
<7.5> Obtain L,” and geuic” = Ly gargec — Ly
<7.6> AD" = M.geuc™s
<7.7>If i > preset value, A, = A /2;
<7.8> Iteration counter,i=1+ 1;
<7.9> Return to <7>;
<8> Calculate resulting Ry and Qy;
<9> If x refers to emitter and it has a shield, replace shield by air to
avoid influences over receiver coil calculations;
<9.1> If receiver calculations are done, recover emitter shield;
<10> Save results in text file and FEMM file;
End {Iterative design lumped circular coils, fixed N}

Winding cross
section

o To. .
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Fig. 5. Details for Algorithm I, (a) winding fill factor, W,, iterative
adjust procedure and (b) main loop with arbitrary values shown.

2) Lumped circular coils, fixed diameter - This represents
a coil system with mechanical restriction being D, the target
diameter. The procedure is depicted in Algorithm II. In this
case, N, is the adjustable variable and it is incremented or
decremented in step <5.1> or <5.2> depending on the sign of
ceard”. Bach time N, is modified, the cross section of the coil
is checked to ensure 0.7 < W, <0.8.

ALGORITHM II
LUMPED CIRCULAR COILS, FIXED Dy

Start {Iterative design lumped circular coils, fixed Dy}
<I> Open file containing basic winding parameters;
<2> Load preset values and user inputs (error limits, flag status);
<3> Set nominal current in L and zero current in remaining coil;
<4> If magnetic shielding layers are required, do:
<4.1> Define first layer material;
<4.2> Define first layer thickness;
<4.3> Define second layer material;
<4.4> Define second layer thickness;
<4.5> Update geometry file;
<5> While gec? < e, do;
<S> I e >0, NSO =N+ 1;
<525 e’ <0, N =N - 1;
<5.3> Discretize Qop;
<5.4> Run FEM solver and load solutions;
<5.5> Obtain W,;
<5.6> While W, > 0.8 or W, < 0.7, do:
<5.6.1>If W, > 0.8, E, = E, + ow;;
<5.6.2> If W, < 0.7, Ex = Ex - Ows;
<5.6.3> Discretize Q,p;
<5.6.4> Run FEM solver and load solutions;
<5.6.5> Obtain Wy;
<5.6.6> Return to <5.6>;
<5.7> Reload FEM solutions;
<5.8> Calculate L,";
<5.9> Iteration counter, i =1+ 1;
<5.10> Calculate £cuc” = Ly urget — Ly and save g s
<5.11> Return to <5>;
<6> Undo last iteration (recover minimum error geometry);
<7> Calculate resulting Ry and Qy;
<8> If x refers to emitter and it has a shield, replace shield by air
to avoid influences over receiver coil calculations;
<8.1> If receiver calculations are done, recover emitter shield;
<9> Save results in text file and FEMM file;
End {Iterative design lumped circular coils, fixed Dy}
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Fig. 6. Details for Algorithm II, main loop with arbitrary values
shown.

(i)

The main loop from <5.1> to <5.11> includes the W, loop.
Since N, can only assume integer values (no fractional turn

allowed), it may occur that an increment results in ceatd >

e, Thus, the main loop is finalized when the error

increases between successive iterations and the geometric
configuration of the iteration with lowest calculated error is
maintained. Figure 6 illustrate this algorithm.

3) Spiral coils, fixed number of turns - The algorithm for
this kind of winding begins by defining the cross section of
one single turn based on the wire properties obtained in an
earlier winding design routine.

ALGORITHM III
SPIRAL COILS, FIXED Ny
Start {Iterative design spiral coils, fixed Ny}
<1> Open file containing basic winding parameters;
<2> Load presets and user inputs (error limits, flag status);
<3> Assume that coil is formed by a single turn;
<4> Set arbitrary test current in Ly;
<5> Discretize simulation domain;
<6> Run FEM solver and load solutions;
<7> Obtain Wx for the single turn coil;
<8> While Wy < W, jureer, dO:
<8.1>E, =E, + AE,;
<8.2> Discretize Qyp;
<8.3> Run FEM solver and load solutions;
<8.4> Obtain Wy and ewucaie = Wy target — Wi
<8.5> AE, = Aw-Ewucale;
<8.6> Return to <8>;
<9> Copy adjusted coil N, times, placing copies horizontally;
<10> Set nominal current in L and zero current in remaining coil;
<11> If magnetic shielding layers are required, do:
<11.1> Define first layer material;
<11.2> Define first layer thickness;
<11.3> Define second layer material;
<11.4> Define second layer thickness;
<11.5> Update geometry file;
<12> While g > €max preset error, do:
<12.1> D" = D" + AD,™;
<12.2> Update shield geometry, if any;
<12.3> Discretize Qyp;
<12.4> Run FEM solver and load solutions;
<12.5> Obtain L,” and scﬂlc“) = Ly target — Lx(i);
<12.6> AD? = Ap.£cac™;
<12.7> If i > preset value, A, = A /2;
<12.8> Iteration counter, i =i+ 1;
<12.9> Return to <12>;
<13> Calculate resulting R, and Qy;
<14> If x refers to emitter and it has a shield, replace shield by air
to avoid influences over receiver coil calculations;
<14.1> If receiver calculations are done, recover emitter shield;
<15> Save results in text file and FEMM file;
End {Iterative design spiral coils, fixed N}

Eletron. Potén., Campo Grande, v. 20, n.1, p. 94-103, dez. 2014/fev. 2015

A
Qo000 Qo0
2 b
g ------- 1
P I ]
YO =D
3 T )
ai .1 2 >
D /2
DY = 50 mm DS =D W4 gD W

L= 20uH L >0
(i) 30% (i=1)

~ ’ -~ ~
“eale Seale Seale

Fig. 7. Details for Algorithm III, main loop with arbitrary values.

i)

W, is adjusted once (based on a target Wy qe) and the
resulting cross section is replicated side-by-side N, times.
The winding fill factor loop in this case was implemented
with a strategy similar to that seen in Algorithm I, main loop,
that is to vary E, according to 4E, (which is calculated with
W, error &y,cq and a scalar winding error gain Ay). This was
done to indicate to possible users that they can add and
modify sub-routines. The main loop is illustrated in Figure 7.

4) Spiral coils, fixed diameter - This case can be used to
include a different mechanical restriction approach, where D,
is understood as maximum diameter, D, .., and not as target
diameter (as was the case in Algorithm II).

ALGORITHM IV
SPIRAL COILS, FIXED Dy

Start {Iterative design spiral coils, fixed Dy}
<1> Open file containing basic winding parameters;
<2> Load preset values and user inputs (error limits, flag status);
<3> Set arbitrary test current in Ly;
<4> While W, > 0.8 or W, < 0.7, do:

<4.1>1f W, > 0.8, E, = E, + ow;

<4.2>1f W, < 0.7, E, = E, - ow;

<4.3> Discretize Qop;

<4.4> Run FEM solver and load solutions;

<4.5> Obtain W,;

<4.6> Return to <4>;
<5> If magnetic shielding layers are required, do:

<5.1> Define first layer material;

<5.2> Define first layer thickness;

<5.3> Define second layer material;

<5.4> Define second layer thickness;

<5.5> Update geometry file;
<6> Set nominal current in Ly and zero current in remaining coil;
<7> If must optimize coil diameter, define maximum coil height;
<8> If must optimize coil height, define maximum coil diameter;
<9> While £cuc” < £euc ™, do;

<9.1> If optimize diameter, do:

<9.1.1> Add one turn in vertical position while Gy < Gy max;
<9.2> If optimize height, do:
<9.2.1> Add one turn in horizontal position while Dy < Dy max;

<9.3> Discretize Qop;

<9.4> Run FEM solver and load solutions;

<9.8> Calculate L,";

<9.9> Iteration counter, i =1+ 1;

<9.10> Calculate geuc” = Ly urget — L and save g ";

<9.11> Return to <9>;
<10> Undo last iteration (recover minimum error geometry);
<11> Calculate resulting Ry and Qy;
<12> If x refers to emitter and it has a shield, replace shield by air

to avoid influences over receiver coil calculations;

<12.1> If receiver calculations are done, recover emitter shield;
<13> Save results in text file and FEMM file;
End {Iterative design spiral coils, fixed Dy}
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After W, is adjusted in steps <4.1> to <4.6>, the user has
the option to add turns in horizontal direction or in the
vertical direction.

In the first possibility, D, is increased significantly while
the coil high is kept fixed. If maximum diameter is reached
and L, 4., was not found, one vertical layer is added.In the
second possibility, total coil height G, = N,E, is increased
while G, < G, ur. If Ly 4rer Wwas not found, one horizontal
layer is added. So, it is possible to control the algorithm
design method in order to achieve various coil shapes. Main
loop alternatives are represented in Figures 8(a) and 8(b).

Finally, after using one of the discussed algorithms, since
self-inductances and the coupling coefficient are known or
desired, the mutual inductance can be calculated as M =
k(L,,LS)”z. This analytical result of M is used in a second
MatLab routine that adjusts the separation distance between
coils until the mutual inductance is close enough to the
analytical result. In fact, using FEM the mutual inductance
can be obtained by M = sta/(ZnﬁIA,,) in terms of the peak
induced open circuit voltage (obtained in FEM by solving
(6)), primary current and operating frequency (which are
inputs). This routine is presented in Algorithm V.

The separation distance is increased or decreased until the
difference of the obtained open circuit voltage V,, and the
reference value from the electric circuit simulation, Vi, rargen
is less than a tolerance ¢,,. Self-inductances are re-calculated
in each distance variation. This has no effect over circular
air-cored inductors, but is mandatory for coils provided of
high-permeability cores or even air-cored spiral coils since
the flux paths are distorted by the presence of nearby
structures and L, becomes a function of emitter-receiver
distance, L(e).
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Fig. 8. Details for Algorithm IV, (a) total coil height optimization
and (b) coil diameter optimization.
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ALGORITHM V
MUTUAL INDUCTANCE REPRESENTATION

Start {Mutual representation }
<1> Open file containing results from Algorithms I, II, III or IV;
<2> Load preset values and user inputs (error limits, flag status);
<3> Impose open circuit at secondary;
<4> Solve Q,p and obtain V;
<5> While IV, - Vg areed > €m, do:
<5.0> e = e 4 ATV i IV, - Vi garged > 05
<5.2>e? =€ - A"V if IV, - Vigarged < 05
<5.3> Discretize Q)p;
<5.4> Run FEM solver and load solutions;
<5.5> Obtain Vg,;
<5.6> Obtain L,;
<5.7> Ae = A (fixed step, for example);
<5.8> Return to <5>;
<6> Save results in text file and FEMM file;
End {Mutual representation }

By the end of the iterative procedure, the large number of
initial electrical parameters has been accurately put into a
magnetic representation which allows the analysis of the
loosely coupled system. Considering that non-linear
magnetic materials, high-complexity geometries, skin effect,
proximity effect and realistic structures can be fully
simulated with the iterative procedures, it can be said that
their uses are far beyond the possibilities of analytical, semi-
analytical or empirical approaches for IPT design. Thus, the
method descriptions made so far in the present paper are
novel contributions themselves.

III. CHARACTERIZATION OF AXIAL, LATERAL AND
ANGULAR MISALIGNMENT

In practical applications of IPT converters there are
natural misalignments that result from the usual operation of
the converter. Different applications are subjected to
different levels of coil misalignment:

- In electric vehicles, as the receiver coil is fixed at
the bottom of the vehicle and the elevation of the vehicle in
respect to the ground (where the emitter coil is located) is
also fixed by the wheels, the loosely coupled system has
some natural immunity to axial misalignment (constant
separation distance). However, IPT converters are subjected
to high lateral misalignments due to the difficulty to park the
vehicle perfectly centered with the emitter coil [9];

- In biomedical implants, such as cochlear devices
and pacemakers, converters must be adjusted to the user
characteristics. This is because the separation distance varies
from user to user due the length of biological tissues and
bones. These applications are also subjected to high lateral
misalignments. In ocular implants, the converter requires
large angular tolerance due to the eye movement, that
significantly contributes to the reduction of coupling
coefficient [10];

- In portable consumer electronic devices, such as cell
phones, tablets and laptops, if a high degree of mobility is
desired the converter is usually under the influence of axial,
lateral and angular misalignments [11].

From the above comments, one can clearly conclude that
the operation of IPT converters under any kind of
misalignment leads to reduction of coupling coefficient and a
consequent reduction in power transfers according to (2).
Thus, the Finite Element Method is again applied to evaluate
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k as a function of d., e and a, namely the lateral, axial and
angular misalignment variables, respectively. Since a
k(e,d.a) function can be obtained, the loosely coupled
system can be completely characterized in terms of power
and transfer efficiency.

For the experimental results shown in next topics, the
setup presented in Figure 9 was used. In the setup, three 1
mH (target) air-core inductors were implemented, each one
with a different diameter (thus, resulting in different number
of turns): For inductor 1, L, = 1.007 mH, D, = 50 mm; For
inductor 2 and 4, L, = 1.039 mH and D, = 100 mm; For
inductor 3, L, = 1.028 mH and D, = 200 mm. In all
situations, f, = 20 kHz, [, = 10 A.

Fig. 9. Experimental setup.

A. Lateral Misalignment Analysis

In this analysis, d,. (refer to Figure 2) is varied while e is
kept fixed at a chosen value. Coils are parallel to each other,
o = 0° It must be mentioned that, since the simulation
procedure is not axisymmetric, the 2D planar representation
must be obtained. This is automatically done by the proposed
MatLab algorithms.
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Fig. 10. Lateral misalignment simulation and experimental results.
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Fig. 11. A 3D user-friendly k mapping example.
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Figure 10 shows the results for the hypothetical loosely
coupled system and compares simulated and experimental
data obtained with inductors 2 and 4. One can observe that k
is maximum when d. = 0 and it decreases significantly if the
receiver coil is moved laterally from the emitter. The error
observed between experimental and FEM results are
explained by the experimental setup positioning mechanism.
Anyway, the experimental data is enough to prove the
concept and are in agreement with literature data [9].

A user-friendly tridimensional map of the coupling
coefficient can be also obtained, as shown in Figure 11.
Different geometries present different tolerances to lateral
misalignment. Planar transformers can also be simulated with
the proposed strategy and they are a good alternative to
achieve better spatial magnetic flux distribution.

B. Axial Misalignment Analysis

For axial misalignment, the coupling coefficient is
calculated while separation distance e is increased, d. = 0
(coils are kept concentric) and a = 0° (coils are kept parallel
to each other). The increment of e can be adjusted as desired
and results shown in Figure 12 were obtained with
increments of 1 mm. For each separation distance a new
simulation is done and results are saved by the proposed
algorithm. Using the FEM 2D formulation, these simulations
are completed in less than one minute in a conventional
personal computer.

In Figure 12, using D, = 100 mm, combinations D, = D,,
D, = 2D; and D, = Dy/2 were subjected to axial coil
misalignment. In all cases, L, = L,. The only different among
inductors are the diameters and as a result, the number of
turns. One can observe that experimental results fit very well
their respective simulated curve. However, the most important
is that a non-trivial result is obtained: a characterization of
coupling coefficient decay behavior for different coil
geometries. It is very intuitive that k is maximum for e = 0.
When D, = D,, k reach its highest value, of 0.48, but it is
reduced significantly at each increment in separation distance.
Instead, for D, = Dy2 (condition shown in Figure 9), the
initial &k is only 0.21, but its reduction is linear and less
sensitive to e variations. The result is even better as the ratio
D,/D; decreases.

By perfectly understanding the behavior of a loosely
coupled system, the converter’s control strategy can be better
designed to compensate the coupling coefficient variation
curve, thus helping to optimize power transfer.
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Fig. 12. Axial misalignment simulation and experimental results
comparison.
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C. Angular Misalignment Analysis

Angular misalignment can also be characterized for a
large number of coil configurations. Separation distance is
fixed at the desired distance while o is varied from 0° to
180°. This can be done for any d. condition. Also the
increment of a can be adjusted as desired. In Figure 13,
results were obtained for an increment of 5° between
simulations. It can be seen that k is very dependent on a for
the hypothetical geometry. Also, depending on the condition
of lateral misalignment (d, # 0), k can be reduced to zero (no
power transfer from emitter to receiver).
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Fig. 13. Angular misalignment simulation result.

The three kinds of misalignment described can be studied
for a given loosely coupled system, at the same time, in order
to achieve a complete spatial characterization. When k is
predicted under various spatial conditions, the power transfer
can be simply determined by solving (2).

The algorithms proposed in this paper also allow the
operating frequency to be varied. This is especially useful to
predict coils quality factor or determine rather a magnetic
core has acceptable frequency response or not under transient
conditions. There is no record in literature that these
approaches can be carried out with analytical formulation,
even for in-depth formulations [12].

IV. OPTIMIZATION OF LOOSELY COUPLED
SYSTEMS

Since L(N4,Ds) has an infinite number of possible
solutions if no restrictions are imposed, analytical, semi-
analytical and empirical approaches cannot easily indicate the
optimized N, or D, for a given target L, that maximizes
k(e,d. o) function. In fact, only a computational method is
able to perform such a complex combinatory analysis in
practical time.

To provide a solution for this problem, an optimization
routine was implemented and its objective is to indicate the
best coil diameter for emitter and receiver, in a way that k is
maximized for a given separation distance of interest.
Basically, the algorithm shown in Figure 5 is executed n times
for different input N, values, but target self-inductances L,
and L, are kept the same (notice that it is possible to have L, =
Ls or L, # Ly). The result is a matrix containing n possible
geometrical representations for L, and L.

Thus, a combinatory analysis is made as follows: First
MatLab creates geometrical entities in blank FEMM files and
represent every possible combination of D, and D, (one
FEMM file for each combination), making sure that emitter
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and receiver are separated by the user-defined distance. This
will result in 7’ files. Then, each combination is discretized,
simulated and post-processed. Coupling coefficient is
calculated for each possible solution. The raw data is
organized in a user-friendly graph, that indicates optimized D,
and D, that maximize k (or M).
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Fig. 14. Examples of optimization map obtained for L, # L,. Color
map represents normalized mutual inductance.
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Figure 14 shows the behavior of mutual inductance
(normalized for simplicity) for some possible combinations
of D, and D, for a hypothetical loosely coupled system where
L, = 3Ly/2 at an arbitrary (but fixed) separation distance.
Again, if the best D,/D; ratio is chosen, power transfer will
be optimized.

V. SAFETY LIMITS MAPPING

As IPT converters usually make use of high frequency and
high current converters, it is possible that significant
magnetic field intensity |H| result from its operation. Based
on [13], which provides limits for general public exposure as
a function of f,, a dedicated routine calculates the maximum
reference magnetic field allowed H,, and indicates those
spatial coordinates that are in agreement with the safety
guideline. This is done by reading FEMM simulation results
point-by-point in the simulation domain and saving in a
MatLab matrix for further processing. The resolution of the
obtained map depends on FEM mesh size, which is
determined automatically according to the materials present
in the simulation domain and its dimensions. An example is
shown in Figure 15, where an axisymmetric converter was
simulated and coordinates where |H| > H,, were hatched.
Here, H,.;is 27 uT, according to [13] for f, = 20 kHz. This
helps the user to spatially preview and analyze the area under
influence of the converter and then add or improve magnetic
shields by running the routine once more.
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Fig. 15. ICNIRP general public exposure limits (magnetic field
intensity |HI) mapped around a hypothetical converter (half
simulation domain is shown).

In Figure 15, the converter (at its maximum excitation
parameters) is said to be in accordance with [13] if no
general public is present within the area defined by the
indicated horizontal and vertical limits.

VI. CONCLUSIONS

This paper described several computational tools based on
finite element method intended to help and guide the design
of loosely coupled inductors system for inductive power
transfer converters. Compared to currently available
analytical approaches, the iterative method is much more
versatile from the point of view that the proposed algorithms
can evaluate any condition of d., e, @ or even combinations
of these three parameters at the same time for fully editable
circular and spiral coil systems. Iterative routines demand
minimum computational resources since they are based on
2D FEM formulation, thus resulting in a more attractive
method. Also, graphical visualizations of the phenomena
occurring in loosely coupled system (such as flux paths,
saturation, flux density, magnetic field intensity) are
provided, then allowing the designer to further investigate
and improve the concept without previous or in-depth
experience with FEM. Moreover, the proposed tools provide
an opportunity to investigate optimization of coil geometries
and safety limits around the converter, based on international
standard. The above mentioned are considered unique
contributions of the present work and advantages over
existing design methods. Finally, this powerful tool allows
modifications to include other routines and post-processor
functions dedicated to specific IPT applications.
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