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Abstract— Inductive Power Transfer (IPT) is by far the most
popular method to transfer energy wirelessly and has attracted
considerable attention in recent times. The Wireless Power
Consortium (WPC) has developed a standard (Qi) for low power
consumer electronics, whereas, the Society of Automotive
Engineers (SAE) is working on a standard (J2954) to charge
Electric Vehicles (EVs) wirelessly. SAE’s current efforts are only
focused on transferring power to the vehicles at rest (static),
whereas no work has been done so far on developing the
standards for transferring power to the vehicles on the move
(dynamic). This paper presents the magnetic design of an IPT
system for a dynamic EV charging application, to continuously
deliver a power of 15kW to an EV, along the direction of travel
within the lateral misalignment of £200mm. The experimental
validation of system operation, however, was conducted at SkW.
The design aims at distributing the cost and complexity of the
system between the primary and secondary side, while achieving
a smooth power transfer profile. In addition, the system is
designed to exploit the shielding effect provided by the vehicle, as
the field generating components of the system are covered by the
vehicle body under all operating conditions.

Index Terms— Electric Vehicles (EVs), Inductive Power
Transfer (IPT), Magnetic Couplers, Magnetic analysis, Wireless
charging

I. INTRODUCTION

NDUCTIVE Power Transfer (IPT) technology has come a

long way in the last decade, with systems designed for
specific applications (medical, domestic and industrial) [1]-
[5], industrial material handling applications [6]-[9], and
consumer-electronic devices [10]-[12] to Electric Vehicle
(EV) charging applications [13]-[23]. IPT EV charging
systems can be divided into two broad categories. Static IPT
(SIPT) charging systems that are designed for charging a
parked (stationary) vehicle with some level of acceptable
misalignment and Dynamic IPT (DIPT) systems that are
designed to deliver power to a vehicle on the move [23].

The current frontier of this technology lies at the roadway
EV charging DIPT systems. Various recent works have
highlighted the motivation for investigating such DIPT

Manuscript received June 30, 2016; revised September 19, 2016; accepted
October 29, 2016. This work was supported in part by the government of New
Zealand under Prime Minister’s Science Prize 2013”.

The authors are with the Department of Electrical and Computer
Engineering, The University of Auckland, Auckland 1010, New Zealand
(email: adeel.zaheer@auckland.ac.nz; m.neath@auckalnd.ac.nz;

hui.beh@auckland.ac.nz; ga.covic@auckland.ac.nz)

systems [23]-[25]. In order to achieve power transfer on the
move, the roadway has to have an embedded primary
magnetic structure acting as a source of magnetic field
(effectively forming a primary track) to induce power in a
secondary pick-up installed underneath a wvehicle. This
primary track design may resemble a traditional design used
for distributed (Automatic Guided Vehicle and monorail) IPT
applications or may consist of a series of separate lumped pad
structures. In any case, some kind of primary track
segmentation scheme is implemented to ensure that only the
part of the track where a vehicle is detected is energized. This
paper implements the latter approach with a series of lumped
pad structures (Double-D Pads or DDPs in this case [26]),
intended to be deployed with a Double-Coupled System
(DCS) architecture as presented in [27]. The source power
supply and the load are separated by two inductive coupling
links in the DCS architecture. This system architecture can be
advantageous as the individual lumped pads can be designed
to be smaller than the vehicle body so that, ideally, only the
pad(s) underneath the vehicle may be energized upon
detecting its presence, while also providing isolation between
the power supply and the driven primary pads.

The system presented in this paper focuses on semi-
dynamic applications such as areas around the traffic signals
or taxi ranks, where it has to be designed under the assumption
that the vehicles could be stacked head to tail in case of slow
moving traffic. Such a dynamic charging system is required to
deliver rated power to the vehicle continuously throughout the
length of the track (with some tolerance to lateral
displacement). In contrast, a DIPT system designed for a
highway that needs to power EVs travelling at a high speed
with expected significant gaps between the vehicles can be
designed to deliver the required average power per unit
distance.

The aim of the study presented in this paper is to develop a
demonstration topology that is capable of delivering 15kW of
power continuously (with a system frequency of 85 kHz) to a
secondary pad installed under an EV moving along a roadway.
Here, the goal was to use simple single winding pad structures
in the ground (given this is likely the highest cost) and allow a
more complicated multicoil pad structure on the vehicle side
to help ensure continuous power transfer. The ground side is
accomplished using multiple DDPs to form the primary
magnetic structure with the DCS architecture (as discussed
earlier), whereas, the Bi-Polar Pad (BPP) topology was chosen
for the secondary. 3D Finite Element Analysis (FEA) was
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used to design and optimize the system. In a practical situation
the system components will need to be packaged appropriately
before deployment; to add mechanical robustness to the
system components, essential to withstand the operating
conditions. This must be done in conjunction with a detailed
thermal analysis to ensure that the system is equipped with
suitable means for removing any excess heat generated based
on installation conditions and average power demands. Note
however, the work presented here focuses mainly on
developing a prototype magnetic design capable of delivering
the required power level, which may need further
improvements to add robustness and improve thermal
characteristics.

The paper starts with an overview of IPT system and the
target specifications for the system presented here. After
discussing the rationale behind the choice of the secondary
pad and the primary track topologies, the paper describes the
design refinements made to optimize the primary and
secondary pads for the desired system specifications before
building the prototype models for experimental validation.
The material presented here, also highlights the role of the
BPP topology in helping to reduce the stress on the electronic
components of the system.

II. INDUCTIVE POWER TRANSFER (IPT)

IPT systems are used to transfer power from a source to the
load wirelessly through electromagnetic induction. This makes
the system intrinsically safe, while allowing some degree of
freedom of movement to the load while it consumes power. At
the heart of a typical IPT system lies a loosely coupled
primary and secondary magnetic structure that is equivalent to
a loosely coupled transformer. In order to deliver a significant
amount of power, generally demanded by the load, despite the
loosely coupled nature of the system, the primary is driven
with a current source in VLF or LF frequency range (as per
the SAE guidelines, 85kHz is used for EV charging
applications). Therefore in medium to high power applications
the primary is driven by a power supply circuit that converts
the available utility power to a suitable higher frequency
current source. Generally, this is accomplished by rectifying
the utility power before a resonant converter is used to convert
it to desired frequency and amplitude.

On the secondary side, a suitable reactive compensation
network is used to improve the power transfer at the system
frequency. This is followed by a power conditioning stage to
meet the load requirements. Given that generally the load
demands a regulated DC, therefore the output of the secondary
is rectified which is then regulated using a switch mode
controller before being supplied to the load. Note that the load
power can also be regulated by controlling the primary
current, but here the system is designed assuming that the
primary is always energized at a predefined constant level
(chosen to suit the overall system specifications) while any
needed adjustments have to be undertaken using secondary
side regulation. This also makes the system suitable to be
scaled for high speed dynamic applications, where the primary
might just have enough time to energize the ground pad with a

predefined fixed current level to transfer power upon detection
of a fast approaching vehicle.

Although in its simplest form an IPT system can be
represented by single primary inductor coupled to single
secondary inductor, but depending on the nature of the
application the number of the coupled primary and/or
secondary inductors may be more than one. Figure 1 shows
the IPT system that represents the system presented in this
paper. Here, in Fig. 1(a), the primary Double-D Pad (DDP) is
driven by a voltage-fed H-bridge LCL resonant converter (i.e.,
the output stage of the Intermediary Coupler Circuit (ICC),
with the overall DCS architecture shown in Fig. 1(b), the
details of which have been discussed in [27]) at a constant
current I; at 85kHz. The secondary Bi-Polar Pad (BPP) is
represented here by two inductors each separately resonated
(with a parallel capacitor at the system frequency of 85kHz)
and rectified before forming a common DC bus. As shown,
either of the secondary coils can be decoupled, by using the
two switches placed across the bottom diodes of each rectifier,
if the other coil can supply sufficient power on its own [28].
The rest of the circuit forms a boost controller to regulate V..

Secondary open circuit and short circuit tests are generally
quite helpful in determining the characteristics of the coupled
magnetic structures in an IPT system, and then can be used to
determine the rest of the system parameters. In a simple IPT
system consisting of a single primary and secondary inductor,
the output power of the secondary pad can be determined with
the help of its secondary open circuit voltage (V,.) and short
circuit current (Ig.), and the loaded tuning factor of the
secondary resonant circuit Q, (determined by the equivalent
load across the resonated secondary due to the rectifier and the
secondary switch-mode controller) as defined in (1) as [29,
301:

Poye = |Isc-Voc|-Q2 = 5402 (D

Here V. = joMI; (where M is the primary to secondary
mutual inductance, and [; is the primary current), I;. =
(M/L,)I; (where L, is the secondary inductance) and S, is
called the uncompensated apparent power of the secondary.
The output can be increased by either increasing Q,, the
primary current (I;), the system frequency (w) or by
improving the magnetic design (M?/L,). Practically, the
achievable Q, value is limited not only by the individual
unloaded component Qs but also due to the component
tolerances, imperfections and deterioration of these component
values over a period of time. Similarly, I; and w are also
limited by the availability and cost of suitable power
electronics and litz wire. Therefore, the most elegant way to
increase the output is by improving the magnetic design. The
S, value is used to characterize the power transfer capability
of the magnetic part of an IPT system. Whereas the
constituting V,. and I . values of the system can be attuned to
suit the given system specifications by changing the number of
turns in the secondary winding, without having any impact on
the resultant S,, (assuming the Ampere-Turns injected on the
primary side remain unchanged).
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Fig. 1. (a) Circuit diagram of the IPT system consisting of an LCL tuned DDP primary, coupled to a parallel tuned BPP secondary with rectifier and boost

controller (b) Simplified diagram of the Double Coupled System (DCS).

For the system shown in Fig. 1, with two mutually
decoupled secondary inductors (M,,_,; = 0; a design feature
of the BPP topology [28, 31]) coupling to the same primary,
this output power can be expressed as [28]:

Poutzr + Poutzz = Suz1-Q21 + Suzz- Q22
|Isc21- Voc21|- QZl + |Isczz- Voc22 | QZZ

Pout

@

Here, P,,+,1 1s the output power delivered to the load by the
secondary inductor L,; with its uncompensated power
represented by S,,,. Whereas, V .01 = joMyi_11;, L1 =
(My,_1/L,1)I; and Q,, are the open circuit voltage, short
circuit current and operating quality/tuning factor of the
secondary inductor L,;, respectively. Similarly the
corresponding values for secondary inductor L,, are used
here. Note that here it is assumed that a single primary pad is
coupling power to the secondary coils. But in the DIPT system
presented here, under certain conditions, two primary pads
will couple power to the secondary coils simultaneously. In
which case, the V. and I, values will represent the vector
sum of the contributions made by each of the two primary
pads.

The uncompensated powers and the operating Qs of the
secondary remain significant for the IPT system design
process, irrespective of the tuning topology used. However,

the V,, and I values can have additional significance,
depending on the used secondary tuning topology. A parallel
tuned secondary, used in the system presented here, behaves
like a current source for the load and is generally preferred
because of this inherent current limiting property. This means
that from the perspective of the equivalent load connected
across a parallel tuned secondary; only the voltage is boosted
by the operating quality factors (i.e., Vyes21 = Viez1- Q21 and
Viesz2z = Voeaz. @22) wWhereas the current provided to the load
remains limited to the total of the secondary short circuit
currents.

Assuming that the V,,,; is maintained at its rated value by
the control action with all components being ideal (this also
implies ideal tuning) and Lp. is large enough to keep the
rectifiers in continuous conduction mode with I, as an ideal
ripple free DC current [32, 33]:

lic = lger + gz = (|15c21| + |ISCZZD-7T/2\/E 3

In this way the output power for such a system can also be
represented as:
Pour = loue- Vour = Idc(l - Ds)- Vout 4

For the battery charging applications V,,; (voltage across
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the battery terminals) will be more or less constant at its rated
value, under the normal circumstances. This shows that the
rated P,,, can only be maintained using the control action
(provided by varying D; between O through 1) when [;, =
Lout (ratea) - Therefore, Equation (4) in combination with
Equation (3) shows that in order to deliver the rated P,,,; to the
load, the secondary must be designed to ensure total short

circuit current Iye = (lIsc21| + IISCZZD 2 lout (rated)- 2\/2/”
This highlights the significance of the secondary short circuit
current in such a system.

Furthermore, for instance, if under certain operating
conditions |Isc21| = Loyt (rateay- 2V2/m, then the rated power
can be delivered without any contribution from the other coil
L,,. Therefore, due to the mutually decoupled nature of the
secondary coils (M,,_,; = 0), it is possible to turn S5 and S6
on to make I;. = I;.; (and make the necessary adjustment to
Dy) to improve the efficiency and lower the ratings of the
components. Similarly S3 and S4 may be turned on if
IIsc22| = Iaut (rated)" 2\/2/7-[ [28]

Electric vehicles are divided into various classes based on
their power ratings and ground clearances; here the objective
of this study was to build a practical system that could provide
a good launching pad for further exploration and
improvements. As mentioned earlier, the system in this paper
is designed to suit slow moving in road applications where it is
desired to transfer full rated power continuously along the
whole length in the direction of travel with some tolerance to
lateral misalignment. As per SAE guidelines, the system was
designed to operate at 85kHz and the rated output power P,,;
was chosen to be 15kW. The desired tolerance to lateral
misalignment, while delivering the full rated power, was
chosen to be £200mm. The system was designed for a primary
to secondary coil to coil distance of up to 200mm in this study.
This was chosen based on the typical ground clearance for a
small or compact car designed to be used primarily in the
urban areas, where the primary is flush mounted at ground
level.

III. CHOICE OF PRIMARY AND SECONDARY MAGNETIC
TOPOLOGIES

As explained in [34], lumped magnetic pad designs can be
categorized into parallel flux only, perpendicular flux only and
hybrid flux designs. The parallel flux only pad designs (i.c.,
the DDP and solenoid type pads) have been shown to have the
ability to couple power over larger air gaps as compared to the
perpendicular flux only pad designs (i.e., the Circular Pad
(CP)) [26]. Whereas, the hybrid flux pad designs consisting of
mutually decoupled multi coil structures (i.e., the Double-D
Quadrature Pad (DDQP) and the BPP) have an obvious
performance advantage over both the parallel flux only and the
perpendicular flux only pad designs, when tolerance to relative
misalignment is essential. This is because of their ability to
generate both parallel and perpendicular flux patterns on
demand when used as primaries (as discussed in [34]) and
their ability to couple both parallel and perpendicular
components of flux when used as secondaries (as discussed in

[35]). But this improvement in performance comes at the cost
of an increase in the complexity of both the magnetic and
electronic design on the side of the system
(primary/secondary) that uses the hybrid flux pad.

Generally, parallel flux only and hybrid flux pad topologies
are polarized to couple flux only along one of the two
dimensions (either the length or the width) of the pad.
Therefore, the pads can be oriented to either align the direction
of polarization with the direction of travel or perpendicular to
this direction (as discussed in [36, 37]), although some angle
between these two options may also be possible. In any of
these cases, for an effective operation, the direction of
polarization of the secondary should also align with that of the
primary pads. The orientation where the polarization of flux is
perpendicular to the direction of travel has been discussed in
[36]. The scope of this study is limited to the pad orientation
where the direction of polarization is aligned with the
direction of travel (as shown in Fig. 2) given this is the
orientation chosen for similar polarized topologies for buses
and rail [16, 20, 21, 38, 39], and is the preferred orientation at
present in stationary charging applications [40].

Various combinations of primary and secondary pad
topologies for the chosen orientation of flux polarization have
been discussed in [37]. The system presented in this paper
uses the DDP topology for the primary pads and the hybrid
flux BPP as the secondary pad topology. The rationale behind
these choices is explained following.

The nature of the DIPT system discussed here means that
the operation of the adjacent primary pads has to be
synchronized at some level to ensure continuous power
transfer to the secondary load on the move. This naturally
increases the complexity of the primary side design. While
using a more complex primary pad design (using 2-phase or 3-
phase multicoil structures) provides certain performance
benefits [37], this complicates and increases the cost of the
primary design due to the number of tuned coils per meter and
associated power supplies. Therefore, it was decided to use a
simple single winding primary pad topology. This focused the
choice between DDP and CP (or Rectangular Pad (RP))
topologies to form the primary track. The discussion presented
in this paper covers only the first of these two options.

Primary Pad

Fig. 2. Parallel flux patterns generated by the primary pads; polarized along
the direction of travel.

With such a primary side layout, it is impossible to ensure a
continuous transfer of power to any single winding secondary
pad (whether DDP or Circular/rectangular). This is because
even when the secondary is laterally aligned with the primary
track layout, it will encounter significant regions along the
direction of travel where only the parallel or perpendicular
flux components are strong enough to link to the secondary
and allow power transfer. Thus these simple secondary pads
will experience null power points along the direction of travel.
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The usage of a hybrid flux secondary pad topology, on the
other hand, provides a continuous power transfer without any
null power points along the direction of travel. While both the
BPP and the DDQP are suitable, the BPP uses less material
with similar performance [35] and was chosen for this study.

The pads forming a primary track can be energized either
in-phase or out of phase w.r.t. the adjacent pads. As shown in
[37], in case of a primary track formed by the DDPs; the in-
phase operation allows larger gaps between the adjacent
primary pads, when used with a BPP secondary. As their
primary to secondary power transfer profiles do not deteriorate
severely with increasing gaps. Although this primary and
secondary topology combination does show significant
variation in power transfer (i.e., around 70% variation within
the region of interest), but as explained earlier in section II, the
ability to turn one of the secondary BPP coils off when
needed, can help reduce these power variations as the vehicle
moves along the track.

IV. PRELIMINARY MODELS FOR THE PRIMARY AND
SECONDARY PADS

This section provides the constructional details of the
preliminary models for the DDPs used to form the primary
track and the BPP secondary. As a starting point for the study,
the primary and secondary pad designs were chosen to match
the designs used in [37], which were refined throughout the
length of the optimization study, presented here, to meet the
design goals. However, unlike the BPP primary pads (operated
in DD-mode) used in [37], here the primary track is formed
using the DDPs. Therefore, the DDP design used in [34] was
used for the primary pads. This is because in [34] this DDP
design has already been shown to generate almost identical
results as that generated by the primary BPP design used in
[37] when the two coils are operated with the currents that are
out of phase (i.e., DD-mode).

Given that the volume and weight of the secondary pad
design is generally more constrained than the primary side, the
overall size of the secondary pad was fixed for this study (i.e.,
the size used for the study presented in [37]) while the rest of
the parameters could be attuned accordingly to achieve the
desired performance. As explained in [37], the length of the
secondary pad was chosen to almost match the pole width of
the primary pad (i.e., 700mm), however, the width of the
secondary pad was limited to 350mm to constrain the coupled
S, and allow some tolerance to lateral movement. Figure 3
shows the construction of the DDP primary and the BPP
secondary pads, with the preliminary values of various design
parameters given in Table I.

The secondary pad (used in [37] and in turn here) was
designed to be able to couple as much flux as possible (by
possibly taking excessive design measures) while keeping the
overall pad size within predefined limits. In the secondary pad,
five ferrite strips were used as compared to the four strips used
in the primary. The extra ferrite strip, used here, can help
lower the reluctance of the flux path. In addition, as
highlighted both in Fig. 3 (b) and Table I, the width and
thickness of the horizontal and vertical arms of the coils in the

5
All.
Ll
wi: w2 w2
3,/: }F3
BN
Al2 -
Al
A2
£
2
£
E"-—-—.
=2
PD \oils ‘::3
F2 i
A3 l=-A13
F1- J
(a)
All
C1
oL
> <—(3,
2
Cc2 'E F3
Al2
w.
— i Coil2 (bent) mminium
2
. I I=—A|3

(b)

Fig. 3. Construction of the pads (top and side views) with dimension labels
(a) DDP (b) BPP.

TABLEI
PRELIMINARY VALUES OF DESIGN PARAMETERS
Design Parameters BPP Sy DDP Py
Number of ferrite strips 5 4
All (mm) 700 775
Al2 (mm) 350 485
Al3 (mm) 4 4
Al (mm) 25 33
A2 (mm) 5 10
A3 (mm) 6 6
Cl (mm) 680 738
C2 (mm) 330 391
C3, (mm) 4 4
C3;, (mm) 8
F1 (mm) 680 744
F2 (mm) 16 16
F3 (mm) 28 28
wl, (mm) 80 30
wly, (mm) 40
w2 (mm) -- 120
OL (mm) 140.5 --

secondary (represented by wl;, wl, and C3;, C3,) are also
different, as the horizontal arms are wound in two layers
compared to single layer winding of the vertical arms. This
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winding structure helps couple more flux given that it results
in a larger mean area of the secondary coils, directly facing the
flux generating area of the primary pads.

All the parameters of Table I were chosen to enable the
primary and secondary pads to be built using available
6.36mm’ litz wire (consisting of 810 strands of AWG 38 wire
and having an overall diameter of *~4mm) and blocks of N87
ferrite material (each 93mm X 28mm x 16mm). This litz wire
is rated for 23A and all the initial designs began by assuming
unifilar windings with each coil having 20 turns.

V. MAGNETIC DESIGN REFINEMENTS FOR THE CHOSEN
ARRANGEMENT

The simulation setup used here is similar to that described
in [37]. The primary side consisted of 4 DDPs, with the two
middle pads (DDP2 and 3) energized in-phase w.r.t. each
other. The secondary pad was placed at a coil to coil distance
of 200mm from the primary and coupling was evaluated as it
was moved along the direction of travel, as shown in Fig. 4.
As shown, the direction of travel is along x-axis, whereas the
lateral displacement is along y-axis. Both x and y-
displacements are defined to be Omm when the secondary pad
is aligned with the centre point of the primary track formed by
the 4 DDPs. The system is symmetric in both x and y-
directions across this central point. The two extremes across
which the secondary is swept in x-direction are also
highlighted in the figure, with negative extreme representing
the position when secondary is aligned with DDP1 and

All
71 (700 mm for BpPp secondary)

Secondary pad

x-disp = -1462.5mm
y-disp = 0Omm

All
(775 mm for DDp primary)

””
Primary ppp 3 (energized)
Gap = 200mm

positive extreme when it is aligned with DDP4.

Based on the results presented in [37] the gap between
adjacent primary pads was chosen to be 200mm (the largest
value considered in [37]). The simulation setup shown in Fig.
4 remains unchanged throughout this paper, while the designs
of the constituting pads are refined to meet the target system
specifications. The uncompensated powers and the magnitudes
of the short circuit currents for each secondary coil (S,21, Sy22
and |Ie21], |Lse22]) along with their respective sum totals
(Su = Su21 + Su22 and Isc = |15621| + |Isc22|)a for the SyStem
setup shown in Fig. 4, where the primary and secondary pads
are built using the preliminary designs presented in Table I,
are shown in Fig. 5. Here the middle point of each of the four
primary DDPs is also highlighted for clarity.

As described in section II, in order to achieve the rated P,,;,
of the system, the magnetics have to be designed to have a
secondary short circuit current Iy > I,,.. 2v/2/m. Under the
assumption a car battery voltage is between 350-450Vdc, a
system designed to deliver P,,; = 15kW at V,,, = 450Vdc
requires I,,; = 33.3A. Thus, the minimum value of I,
required is around 30A. Notably this is much higher than the
values attained using the preliminary simulations (Fig. 5), but
this can be easily fixed by rearranging the secondary winding
to have fewer turns (while using enough copper to
accommodate the expected current magnitudes), as long as,
the secondary operating Qs required to turn on the diodes in
their respective rectifier circuits do not become unrealistically

high for a practical system.
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i
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Fig. 4. Simulation setup — Four primary pads (DDPs) with the two middle ones energized and a secondary pad (BPP) swept along the direction of travel
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The magnitude of secondary short circuit currents and uncompensated powers as a function of x-displacement of the secondary pad (with y-

displacement=0mm) for the selected primary side arrangement; using the preliminary designs for the primary DDPs and secondary BPP
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The systems having high component ¢s (i.e., Q.,,, Qc,, and
Q,,» 0Qc,,; representing the inherent resistive losses in
individual components forming the resonant circuits) can
achieve reasonably high values of the operating Qs (i.e., Q54
and Q,,; representing the sharpness of the circuit resonance).
But given that the efficiency decreases with increasing
operating @s, it is desirable to keep these Qs below a
reasonable limit, even if higher values may be achievable.
Therefore, generally, the S, values are used to assess the
power transfer capability of the system, while staying within
the desired limit for the secondary operating Qs (generally
under 10, as at this point the magnitude of resonant current
circulating within the resonant circuit is around 10 times
higher than its current contribution towards the load).
Whereas, the decision on the primary and secondary winding
arrangements (number of turns and current carrying capacity),
is left till the later part of design process.

As demonstrated in [28, 31], an approximate rule of thumb
can be used to simplify the magnetic design criteria when
dealing with the multicoil pads, to facilitate a quick
assessment during the magnetic optimization process. As per
this approach the multicoil secondary can be assumed to
consist of a single winding structure, with a single cumulative
operating quality factor Q,; while further restricting its desired
value to under 5 (which provides a suitable safety margin for
the individual operating @s that are ideally desired to remain
under 10) and P,y = (Sy21 + Su22)-Q@2 = Sy,-Q,.  This
approach works due to the inherent characteristics of the
multicoil hybrid flux designs (i.e., BPP and DDQP); because
one constituent coil couples increasingly large amount of
power as the power coupled by the other reduces due to a
change in primary to secondary misalignment. Consequently,
by the time the power coupled by one coil reaches such a low
level to require an operating Q double the assumed cumulative
Q, generally, the other coil is already coupling enough power
to drive the load on its own at a much lower operating Q.

When these S, values are analysed based on the above
mentioned approximation, it seems that the required P,,; of
15kW can be easily achieved with a Q, of around 5 between
the x-displacement range of about £750 mm (with DDP2 and
3 energized in-phase). This means that by suitable selection of
secondary turns ratio this preliminary magnetic design can
achieve continuous power transfer along the direction of travel
when the BPP secondary is laterally aligned with the primary
track (i.e., y-displacement=0mm). Because, for instance, if the
secondary is moving from DDP3 towards DDP4, it gives the
system an x-displacement range of around 250mm (i.e, from
490 to 750 mm) to detect the secondary’s movement towards
DDP4. Once this movement is detected, in order to ensure the
continuous transfer of rated power, DDP2 can be de-energized
and DDP4 can be energized (in phase with DDP3) to create a
similar S,,-profile between DDP3 and 4 that exists between
DDP2 and 3 in Fig.5. This also reduces the region of interest
to the x-displacement range between £750mm, which can be
further narrowed down to any one half around its centre point
by exploiting the symmetry of the system around x-

displacement=y-displacement=Omm. However in order to
achieve a system that can tolerate a lateral/y-misalignment of
+200mm while delivering a P,,, of 15kW, these preliminary
pad designs will need further modifications. These
modifications are discussed following.

A. Secondary Pad Design Refinement

Before reporting the outcomes of the secondary BPP design
refinement process, it is important to emphasize that any
change in any dimensional parameter of a BPP; can potentially
change the resulting flux paths generated by the BPP coils and
consequently requires readjustment of the overlap (OL)
between the two BPP coils in order to maintain the mutually
decoupled status of the two coils [31, 35].

After various iterations it was found that increasing the
spread of the vertical arms (w1,) of the BPP coils from 80mm
to 120mm (by introducing uniform gaps between adjacent
turns in these sections of the coils) results in a reasonable
reduction in the overall variation in S,-profile, as the
secondary is displaced within the relevant x-displacement
range of £750mm (a reduction of around 1kVA in the gap
between maximum and minimum power levels, as compared
to the original design of Table I). Any such reduction is
desirable as it reduces the cost (by allowing the use of
relatively low component ratings) and increases the efficiency
of the secondary regulator circuit. Note that all the other
design parameters of the original design (given in Table I)
were kept constant to observe only the impact of varying the
value of wl,, with the only exception being the readjustment
in OL. The value of OL required to maintain the mutual
decoupling between the two BPP coils having wl,=120mm
was found to be 121.5mm.

Further increments in the value of w1, were not considered
as it would have required increasing the overall thickness of
the secondary pad, unless the thickness of the ferrite structure
was to be reduced in the middle region of the secondary pad.
But such a reduction was deemed undesirable as it could result
in saturating the resulting thinner ferrite region; in case of out
of phase current flows in the BPP coils [28].

Furthermore, it was found that the usage of an extra ferrite
strip (i.e., 5 instead of 4 strips used in the similar sized pads
[26, 34, 35], as well as in the primary DDPs used here) only
results in an increase of around 2% in the amount of power
transferred to the secondary (regardless of the misalignment)
when compared with a secondary having only 4 ferrite strips.
This increase was deemed insufficient to justify a 25%
increase in the ferrite material used to build the secondary pad
and hence a 4 ferrite strip secondary was chosen as the
preferred option. Note that the spacing between the adjacent
ferrite strips for this 4 strip secondary model was matched
with the primary DDPs i.e., A1=33mm, while A2 was 19.5mm
and readjusted OL=144mm, with the rest of the parameters
kept as reported in Table I. However further decreases in
ferrite were also investigated but resulted in a sharper decrease
in power transfer, more importantly it was found to be
insufficient to keep the ferrite in the linear region of its BH-
curve under the worst case loaded operating conditions of the
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system.

B. Primary Pad Modification

As shown in Fig. 6(b), laterally displacing the secondary
pad (i.e., in y-direction) by 200mm from the centre of the
track results in the S, value reducing to 1/3", for the original
system constructed using the pad designs given in Table I. The
resulting value at this displacement requires a cumulative
operating quality factor (Q,) of around 10, which is much
higher than desirable.

Notice that the S,, reduction is around 25% for an increase
in y-displacement from 0 to 100mm and for a further increase
to 200mm it reduces at a faster rate further halving the S,
value. This effect is due to the difference in the widths of the
primary DDP relative to the secondary BPP (i.e, 485mm for
DDP compared to 350mm for the BPP). For the larger values
of y-displacement (i.e., greater than ((485mm-350mm)/2) =
67.5mm) the slope becomes steeper, because the area of the
secondary pad (coupling the flux) directly facing the primary
pad (generating the flux) increasingly becomes smaller and
smaller. Therefore the rate of reduction in the S,-profile can
be improved by increasing the width of the DDP primaries. A
downside to making this change is that it will also raise the
overall S,,-profile.

The results for the system where the width of the primary
DDPs (All) is increased from 485mm to 600mm (while C2 is
likewise increased from 391mm to 574mm) are also shown in
Fig. 6 for comparison. The number of ferrite strips used in the
primary DDPs was also increased from 4 to 7, but the rest of
the design parameters (primary DDP and secondary BPP)
were kept the same as in the preliminary designs of Table 1.

As shown in Fig. 6(a), the increased width of the primary
DDPs, increases the whole S,,-profile by almost 60%. More
importantly, Fig. 6(b) shows that the S,, value only drops to a
half for a lateral displacement of 200mm compared with a
1/3™ in the preliminary design. This lowers the required value
of Q, to around 4 at this extreme lateral displacement, which
is within the desired limit.

It is worth noting here that the y-displacement plot shown in
Fig. 6(b) doesn’t show the worst case scenario. As if the y-
displacement  power profile is  plotted for
displacement~+240mm (i.e., the two minimas located on each
side of the middle point of the primary track, one of which is

X-

visible in Fig. 6(a)), will result in a lower overall profile than
the one shown in Fig. 6(b). Given that such a profile will
exhibit almost identical rate of reduction (i.e, halving the
amount of power when misaligned by 200mm in y-direction),
the worst case Q, value expected is between 5 and 6.

Notably, as shown in Fig. 6(a), a spike in power transfer
occurs as the secondary aligns with one of the energized
primary pads (in this case with DDP3 at x-
displacement=487.5mm). But here the ability of the BPP
secondary to decouple or turn off one of the coils, when the
other coil couples sufficient power to support the load on its
own, can be utilized to dampen these abrupt variations in
power. This option is discussed further in section VII.

VI. PAD DESIGNS FOR THE PROTOTYPE MODELS

Based on the results of the design iterations presented in the
last section, new primary and secondary design parameters
were chosen for the prototype system, with parameters
detailed in Table II. The decisions that helped determine the
winding arrangements are discussed below. Of primary
concern was to ensure that it was suitable for the primary
electronics to energize the DDPs (i.e., the ratings of the
switches forming the H-bridge and the capacitors used for
primary resonance etc.), while the BPP could handle the
resonant current levels expected while delivering the power at
the chosen V,,; and I, levels to the load. In addition, the
ease of winding and the availability of the litz wire were also
the factors considered when making these decisions.

A 12.72mm? litz wire (consisting of 1620 strands of AWG
38 wire and rated for 50A current) was chosen to wind the
primary DDPs (instead of the 6.36mm? litz wire). This means
that the thickness of the winding (C3) is increased to 6.6mm
from 4mm. The winding was bifilar wound with 6 turns, and
energized at its maximum rated current of 100A at 85kHz.
Note that the resultant extra copper, packed in the primary
DDP, allows additional Ampere-Turns to be pumped into the
pad (600 AT compared to 460 AT). This heightens the
resultant S, -profile further, and enables a secondary pad to
extract larger amount of power from the primary side,
providing it is rated to handle that power. Whereas, each of the
secondary BPP coils was wound using 6.36mm’ litz wire but
configured as a pentafilar winding with 4 turns.
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Fig. 6. Total uncompensated output power (S, = S,;2; + Su22); for the system using preliminary and the modified design for the DDPs, when displaced (a) in x-

direction with y-displacement=0mm and (b) in y-direction with x displacement =

Omm
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TABLEII
DESIGN PARAMETERS FOR THE PROTOTYPE MODEL
Design Parameters BPP Sy DDP Py
Number of ferrite strips 4 7
All (mm) 700 775
Al2 (mm) 350 600
Al3 (mm) 4 4
Al (mm) 33 33
A2 (mm) 19.5 10
A3 (mm) 6 6
C1 (mm) 680 738
C2 (mm) 330 574
C3, (mm) 4 66
C3;, (mm) 8 '
F1 (mm) 680 744
F2 (mm) 16 16
F3 (mm) 28 28
wl, (mm) 120 80
w1, (mm) 40
w2 (mm) - 120
OL (mm) 129 -

The resulting simulated I, and S,,-profiles are presented in
Fig.7. Here the secondary BPP is swept through the x-
direction five times, each time with a different value of y-
displacement.

These results show that the system is capable of delivering
the required power of 15kW, with a lateral (y-direction)
displacement of up to 200 mm. As, the minimum S, value,
between any two adjacently placed energized primary DDPs,
remains above SkVA with the minimum [;. value of about
35A. Both these values meet the requirements defined in
section V. Note that the design provides a SA margin, beyond
the required value of 30A. This margin is meant to help ensure
that when one coil’s power contribution towards the load is
reduced to just around 10% of the total due to a change in
misalignment and it is reaching an undesirably high operating
Q, the other coil might be able to drive the load on its own
using a much lower operating Q.

Furthermore, the simulated results also show that the overall
variation (covering the defined operational primary to
secondary misalignment region) in the self-inductance of each
BPP coil (Ly; =11.04to 11.28 pH and
Ly, =11.07to 11.28 uH) is less than +1.5% with the
maximum coupling between the two BPP coils (ky;_5, =
3.7 to 5.4%) reaching 5.4%. Both these values are small
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enough for the two coils to be independently tuned and
operated.

The results also show that the maximum variation in the
self-inductance of a primary pad (Lppp, = 81.7 to 85.3 uH)
occurs when the secondary pad is centrally aligned with it, in
which case its self-inductance is increased by around 4.3%.
The maximum coupling (around 1.8%) between two adjacent
pads occurs when the secondary pad is positioned right in the
middle of these two pads, with the overall range of variation
being kppp,-ppp,,, = 0.56 to 1.77%. Again these values
show that the variation in the inductance values is minimal,
which means that these pads can be easily driven by a resonant
power supply and the power coupled from an energized pad to
an adjacent non-energized pad is also insignificant.

VII. OPERATIONAL DETAILS AND FEATURES

Figure 8 shows the S, and I, values for each BPP coil,
when the secondary BPP is laterally aligned with the primary
track (i.e., zero y-displacement) under two different
conditions. First, when only one primary pad (DDP3) is
energized while in the second case, two adjacent primary pads
(DDP2 and DDP3) are energized. This highlights that
depending on the position of the secondary BPP with respect
to the track, the system can be controlled and operated in
different ways to deliver the rated power efficiently.

For instance, between the points A and B the required rated
power of 15kW can be delivered to the load by energizing
only one primary pad (DDP3), thereby avoiding the losses that
will occur by energizing DDP2 as well. Furthermore, within
the x-displacement range between points C and D, one of the
two BPP coils may also be turned off (i.e., short circuited
using S3-S6) while the other supports the load on its own.
This helps dampen the spike in power that occurs between
these two points, reducing the stress on the components
connected between the output of the secondary rectifiers and
the load. Consequently, the maximum design value of I, for
these components reduces from 90A to around 55A. Turning
one of the secondary BPP coils off, where possible, has also
been shown to reduce the losses and improve overall system
efficiency in [28], however the work presented in this paper is
limited to highlighting the reduced stress on the secondary
components.
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Fig. 7. (a) L (ie., sea1| + |se22]) and (b) S, (i-e., Syoq + Suzz) for the prototype pad designs; here the secondary pad is swept through the x-direction with

fixed y-direction displacements of 0, 50, 100, 150 and 200mm
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Fig. 8. (a) Secondary short circuit current magnitudes and (b) Uncompensated output power for the prototype pad designs; here the secondary pad is swept

through the x-direction with y-displacement=0mm

This discussion highlights the significance of detecting the
position of the secondary pad, as well as, monitoring the
amount of current delivered by individual secondary BPP coils
to the load. The details of the detection and primary side
control mechanism are beyond the scope of this publication
but are discussed in [41].

As discussed in section II, under the assumption of ideal
components and tuning there is no limit on the operating Qs of
the secondary coils and the power delivered to the load after
regulation by the secondary boost controller is given by (4).
However if it is assumed that the switch S is permanently open
circuited i.e., Dy = 0, the secondary boost controller will
behave as a simple low pass filter and all the power available
at the input of the controller
(Pout_avaitavte = lacVour = Poyue/(1 = Dy)) will be delivered
to the load without regulation. The variation in the value of
this Pyt avaitapie Should, ideally, be minimum to reduce the
ratings of the components used in the regulator circuit. The
case, where the decoupling switches S3-S6 are not used (i.e.,
permanently open circuited) and both coils are employed to
deliver power to the load irrespective of the position of the
secondary relative to the primary track, is referred here as
“Ctrl1” operation. Under Ctrll operation, the plots showing
the Poyt avaitapie Will be identical in shape to the Iy -plots
shown in Fig. 7(a) (see Eq. (3) and (4)) with rapid peaks in
power occurring when the secondary pad aligns with one of
the energized primary pads (DDP2 and 3 in this case). This
results in a ratio of almost 2.5 between the minimum and
maximum coupling power points within crucial x-
displacement range of £500mm. The plots shown in Fig. 9,
highlight that how this maximum to minimum variation ratio
in coupled power can be reduced to around 1.8 by using
decoupling switches S3-S6 to selectively isolate one of the
secondary coils, referred here as “Ctrl2” operation. Figure
9(a), shows the Pyy¢ qpaiapie Vvalues as a function of x-
displacement with various lateral offsets, under Ctrl2. Figure.
9(b) further highlights this variation reduction process by
comparing the plots with (Ctrl2) and without the usage of
decoupling switches (Ctrll) for the lateral/y-displacement of
200mm.
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Fig. 9. Poyt avaitabie s a function of x-displacement (a) under Ctrl2 operation
for various lateral displacements and (b) comparison of Ctrll and Ctrl2
operation for lateral displacement of 200mm along with corresponding
operating Q values of individual secondary coils

VIII. EXPERIMENTAL VERIFICATION

The prototype models were built using the pad design
parameters given in Table II, to experimentally verify the
simulated results. All the experimental measurements were
conducted for a coil to coil distance of 240mm instead of
200mm, due to the height of the available platform used to
conduct the experiments. Therefore, in order to validate the
accuracy of the simulations, the system was re-simulated for a
coil to coil distance of 240mm and then compared with the
experimental results.
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Fig. 10. Photograph of the prototype system used for experimental verification (a) primary track and secondary pad with controller (b) the construction of the
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Fig. 11. Comparison between the simulated and measured values of the (a)
Secondary open circuit voltage and (b) short circuit current magnitudes

Figure 10 shows a picture of the prototype system, with the
results of open and short circuit secondary tests shown in Fig.
11; along with the simulated results for comparison. The
construction of the prototype of the secondary BPP is also
shown here in Fig. 10(b).

Figure 11 shows the open circuit voltages and short circuit
currents for individual secondary BPP coils, as it is swept
along the x-direction, for each of the y-displacements of 0,

100 and 200mm. These results are presented for the case when
both DDP2 and DDP3 are energized in phase with a current of
100A at 85kHz. As shown, the simulated and measured values
are in good agreement and verify the ability of the pads to
deliver the voltage and current levels required to drive the
load. Note however that these results were calculated using the
formulae for V,. and I, values given in section II; after
measuring the relevant self and mutual-inductance values of
the pads as a function of primary to secondary x and y-
displacements assuming I, = 1004 and
w = 2m(85000) rad/sec.

Figure 12(a) shows the simulated and measured values of
inductances of each of the BPP coils (L,; and L,,), as the
secondary is swept along the x-direction (with y-
displacement=0mm). In order to validate the effective mutual
decoupling of the two BPP coils; the impact of shorting one of
these coils (BPP coill (L,;) in this case) on the inductance of
the other coil (BPP coil2 (L,,)) is also shown here. As
expected the simulated and measured results are in good
agreement and show that for a primary to secondary coil
distance of 240mm, the variation in inductance is further
reduced to be less than 1% (as compared to £1.5% for the
distance of 200mm, as reported in section VI), and the two
BPP coils are effectively mutually decoupled as the impact of
the primary pads on their inductance is quite minimal.

Similarly, in order to assess the mutual coupling between
the adjacent primary DDPs (DDP2 and DDP3), their in phase
(Lpppz + Lppps + 2Mpppy_3) and out of phase inductance
(Lppp2 + Lpppz — 2Mppp,_3) values were measured w.r.t. the
position of the secondary pad as it is swept in x-direction (with
y-displacement=0mm). These two values were then used to
separate the value of the mutual inductance between DDP2
and DDP3 (Mppp,_3) and the sum of their self-inductances
(Lpppz + Lpppz). All of these four values, along with the
corresponding simulated values are shown in Fig. 12(b) as a
function of secondary pad’s x-displacement.

The variation in the self-inductance of the individual DDPs
due to the secondary pad is also reduced further due to the
increase in primary to secondary coil to coil distance and is
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now just around half a per cent. The coupling between
adjacent primary pads DDP2 and DDP3 has also shown a
marginal reduction (with the peak coupling co-efficient
kpppa_z being around 1.5%). These results verify the
predictions made on the basis of the simulated results
presented in section VI.

All the inductance measurements, presented here, were
performed using Agilent’s E4980A Precision LCR Meter.
Note that only the x-direction sweeps for y-
displacement=0mm are shown here in Fig. 12, to save space,
as the variation in inductance is maximum when the pads are
laterally aligned.

The ability of the system to turn one of the secondary BPP
coils off, under suitable conditions (i.e., Ctrl2; as described in
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section VII) to help reduce the stress on the secondary
components, is also demonstrated here experimentally. This
was achieved by operating the prototype test rig with the
secondary moving slowly across the primary pads in x-
direction (with y-displacement=0mm) to check the handover
of each primary system and the control action of the secondary
electronics. Given the complete backbone system electronics
(for the DCS system architecture) are still being developed, a
Chroma power supply was used to supply the various primary
inverters for this test, but this limited the power transfer
capability due to its sensitivity to various transient changes.
Consequently the validation was conducted with the secondary
regulating 5kW to the output load at an output voltage of
300VDC.
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Fig. 12. Comparison between the simulated and measured values of the (a) secondary BPP coil inductances and (b) the inductance values of the primary DDPs
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The primary pads DDP 2 and 3 were energized in-phase
w.r.t. each other with a current of 50A at 85kHz. The resultant
values of secondary resonant voltages, currents and operating
@s along with the duty cycle (Dy) of the regulating switch S
were recorded at discrete intervals along the secondary pads
movement in x direction and are shown in Fig. 13 and 14.
Here the calculated values for a system that is perfectly tuned
and consists of ideal lossless components; are also shown for
comparison. The equations given in [28] were used for these
calculations, along with the simulated V,, and I;. values
attained using 3D FEA tools. The results are shown with and
without selective secondary coil decoupling (i.e., Ctrl2 and
Ctrll operation respectively).

The results shown in Fig. 13 are for the secondary controller
when it is operated under Ctrll mechanism (i.e., S3-S6
permanently open circuited), whereas, Fig. 14 shows the
results Ctrl2 operation (i.e., S3-S6 used to selective decouple
one of the BPP coils). The calculated and measured values
show reasonably good agreement. The differences in these
values can be attributed chiefly to the assumption of perfect
tuning and ideal component characteristics for the calculated
results. In addition the effects of imperfections of the built
models and the imperfect alignment of the primary pads,
minor differences in the actual and simulated relative positions
of the primary and secondary pads, errors in self and mutual
inductance values, and tolerances of measuring devices; are all
compounded in the measured results presented here.

A comprehensive comparison of a BPP secondary used in a
material handling application which also investigated Ctrll
and Ctrl2 control strategies, was given in [28]. The scope of
the work presented in this paper is limited only to highlighting
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the fact that by implementing Ctrl2 scheme; the stress on the
secondary regulator components can be reduced. However, for
the results presented here, there are some operating points of
particular interest which should be noted; including where
there appears to be some larger discrepancies between
simulation and practice.

As shown in Fig. 13 around x-displacement values of 120
and 610mm the BPP coil L,, fails to resonate up to the
required Q value, whereas the BPP coil L, fails to resonate up
to the required value around x-displacement of 365mm. This
is because around these points, the induced power in the
respective secondary coils is too low (almost zero) to
overcome the losses and effects of imperfect tuning of their
resonant tanks; and hence fail to achieve their corresponding
ideal calculated values of operating Qs required for power
transfer. In Fig. 14, at x-displacement of around 245mm the
BPP coil L,, is ideally able to support the load on its own, but
as per the measured values both coils have to be employed in
order to support the load at this position. This is because the
ideal expressions which assume a perfectly tuned and lossless
system show that the available power is only just sufficient for
the load requirements as indicated by a very low D of around
7% in Fig. 14(d). In the practical system, the dimensional
inaccuracies of the built models, component losses and
imperfect tuning reduce the available power so that a single
coil cannot support the load on its own. Consequently, when
both coils operate to support the load, the additional power
must be regulated, requiring an actual Dy of around 37% at
this position. This condition is similar to that shown in Fig.
13(d) at the x-displacement of 245mm.
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In practice the measured D, values are on average less than
the calculated values for both control options, this is because
the measured I, values are slightly lower than that simulated,
with the available current to the rest of the system further
reduced due to non-ideal tuning and losses in various
components of the system (this further reduction is referred as
I5 in [28]).

Figure 15 shows the value of P,,; as a function of x-
displacement under both control options. The power available
at the input of the secondary regulator calculated using
Pout avaitable = Pout/(1 — Dg) is also shown here. This
validates that when the secondary coils are selectively turned
off in an appropriate manner as in Ctrl2 operation, the ratings
of the circuit components need not be as high for a given
output load requirement. This is an important consideration as
it helps reduce the cost of the secondary electronics.

To further highlight the impact of the controller actions,
oscilloscope captures are provided in Fig.16 when the
secondary is positioned at the x-displacement=487.5mm
(highlighted as point A in Fig.15). Here the BPP secondary is
centrally aligned with the primary DDP3 and both the BPP
coils can each provide the P,,, = 5kW required. Fig. 16
shows the waveforms for V, Iy, Viesz1 and Vg, at this
position. As shown, if both coils are employed to support the
load (i.e., Ctrll; with S3-S6 all open circuited) D, = 52.73%,
whereas when only one of the two coils is employed (i.e.,
Ctrl2) Dy = 9.33% and 8.27% respectively. Here a switching
frequency of 100kHz is used for switch S.

IX. CONCLUSION

This paper detailed the magnetic design of a system capable
of delivering 15kW of power to a moving vehicle
continuously along the length of the track, while allowing a
lateral misalignment of £200mm from the centre of the track.
The choice of primary and secondary pad topologies was
made based on present options for stationary systems but
focused on minimizing the cost of the in ground system by
using a simple primary track topology. The use of a multicoil
secondary enabled continuous power transfer while also
demonstrating how such a system can help avoid rapid power
pulses as the vehicle moves across the track.

The sizes of the primary and secondary pads proposed in
this paper are suitable for an average car. The secondary
(0.35m x 0.7m) is small enough to be installed underneath the
car. In addition, the system is designed to deliver the power
along the whole length of the track by energizing only one or
maximum two adjacent primary pads at any given time. As the
width of the primary pads is almost 1/3rd the width of an
average car body. Whereas the combined length of two
adjacent primary pads (including the gap between them i.e.,
((0.775m x 2) + 0.2m) = 1.75m) is less than half the length of
an average car. This means that under all operating conditions
the energized primary pads are totally covered by the car
body, which naturally lowers the exposure to leakage fields by
providing a shielding effect.

The secondary side control action taken to help manage the
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power flow to the load as the vehicle moves along the track is
also demonstrated, while briefly highlighting the significance
of detecting the position of the secondary pad for an effective
primary side control.
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