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(57) Abstract

A method and apparatus for supplying contactless power. Electrical power is transferred from a power source (100) to a load
(500) through a primary energy converter that can be connected to the power source, through a primary inductive loop connected to the
magnetically coupled to the primary (200) inductive loop, and then to a secondary energy converter. The power factor for the transfer of

electrical energy is one. Multiple loads can receive power from the
between the loads can be prevented.

power source end, where the loads are located in zones, collisions
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Description

METHOD AND APPARATUS FOR SUPPLYING CONTACTLESS POWER

Technical Field

The present invention relates to electrical power
distribution systems, and more particularly, to methods and
apparatus for contactless transfer (especially magnetic
transfer) of electric power from primary electric conductors to

secondary pick-up coils.

Backaground of the Invention

In many applications, passenger and cargo transport systems
such as trains or monorails carry electric rotating or linear
motors to provide propulsion. The motors for such systems
generally have brushes for proper distribution of the electric
energy within the motors. The electric power is produced by
power supplies. In addition, the power supplies for these
transport systems usually use either on-board batteries or
pantographs that draw electric power to the transport system
from conductors that parallel the route of the transport
systems. The electric power can also be supplied by means of
busbars with sliding contact-type current collectors, flexible-
cable festoon systems, or cable reels, as well as other cable
handling devices.

Many applications impose extraordinarily strenuous
operating conditions. These include the need for higher speed
and/or acceleration, complex track configurations, and difficult
environmental conditions.

Battery life limits the utility of battery-powered
transport systems. Sparking, noise and high installation costs
limit the utility of pantographs and/or the motors. Wear and
tear and maintenance costs limit the utility of all of the
passenger transport systems described above because they are
unreliable and maintenance intensive.

The difficult environmental conditions make conventional
transport systems vulnerable to water, wind, snow and ice, as

well as explosive atmosphere, dirt and other possible ambient
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situations. In addition, conventional transport systems can be
hazardous in operation, producing, for example, arcing and
sparking, as well as being electrically charged and, therefore,
not touch-proof.

Contactless inductive power transfer offers an attractive
alternative to the transport systems described above because it
is free of sparking, wear and tear and hazardous operation. Such
power transfer is also safe, quiet and marked by a high
reliability. Further, contactless inductive power transfer
offers unlimited speed and acceleration. Prior art proposals of
contactless inductive power transfer systems have not resulted
in a wide usage of contactless power transfer because
satisfactory inductive transfer of electric power can only be
accomplished by taking additional factors into account.

In the prior art, a number of patents have issued
disclosing inductive electric power transfer to moving devices.
Generally all of these prior art patents describe the transfer
of small gquantities of electric power since a relatively high
quantity of apparent power is required as a consequence of the
large air gap in such prior art systems.

There have also been a number of patents describing motive
energy transfer (for example, Tesla, in U.S. Patent Number
514,972) . However, the historic patent that is the most relevant
to the present invention is that of Hutin, et al. (U.S. Patent
Number 527,857) which, in 1984, described the use of alternating
current induction at approximately 3 kHz. In 1974, Otto (in New
Zealand Patent Number 167,422) suggested a practical solution
for inductive power transfer using a series resonant secondary
winding operating in the range of 4 to 10 kHz for the inductive
power transfer to a moving vehicle.

In 1994 Boys and Green (U.S. Patent Number 5,293,308)
suggested another practical system for one-way inductive power
transfer, using the results of Otto with regard to the resonant
secondary winding and adding some devices to improve the
transfer characteristics. The Boys-Green system adds a capacitor
in parallel to the primary. This method reduces the required
apparent power but has at least two disadvantages. One
disadvantage is that the point of compensation varies with the
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secondary load. The power factor of this and other prior art
systems is load-dependent and never equals unity. The other
disadvantage of the Boys-Green system is that a large amount of
reactive power circulates in the primary, resulting in high
primary losses and lower efficiencies which are unfortunately
nearly independent of the transferred power. To reduce the
effects of these disadvantages, Boys, et al. suggest tuning a
primary parallel capacitor at a ringing frequency that depends
on, and is disturbed by, the secondary load conditions.
Consequently, only limited amounts of real power can be
transferred in these prior art systems, leading to their
marginal utility. Boys, et al. also suggest using Litz cable for
the primary in order to reduce the losses in the primary.
Further suggestions reflect the need for special design of
control and hardware components to achieve other and less
important power transfer characteristics. For example, complex
primary-secondary magnetic decoupling is required for multiple
secondaries, and complex primary segmenting and tuning design
results in system constraints.

In 1993 Nishino and Boys (New Zealand patent application
NZ93/00032) suggested forming the primary from a number of
modules that are pre-tuned primary segments connected in series.
Linking poles with the same polarity with a non-inductive cable
tends to constrain their system, limiting the possible resonant

frequencies.

Summary of the Invention

The present invention provides an improved system for the
inductive (magnetic) transfer of large quantities of electric
power due to its high efficiency, simple design and low
installation costs. It accomplishes this, in part, through its
novel pickup coil design, unique power factor compensation and
power transfer circuitry, and reverse power flow capability. The
invention is applicable to systems which include AC or DC
sources and one or more AC and/or DC, active and/or passive
secondary loads. The simplified design of the invention
accommodates the use of standard components and thereby reduces
the installed cost for typical applications.
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The inventive contactless power system (CPS) overcomes the
following limitations, among others: it provides forward and
reverse power transfer capability; it has a unity power factor
under all load conditions; it applies only real power to the
primary, leading to higher efficiency and greater power transfer
capability; the quantity of transferred power is limited only by
the primary capacity; primary-secondary magnetic decoupling is
not required for multiple secondaries; and it has a simple
primary geometry without any system constraints.

The inventive system has a large number of aspects. It is a
universal contactless power system which magnetically transfers
large quantities of in-phase (i.e., power factor = 1) electrical
power bidirectionally between an AC or DC primary source and one
or more AC and/or DC secondary loads which are active and/or
passive.

The inventive system has a distributed-winding pickup coil
that improves primary-secondary magnetic coupling, which
increases efficiency and permits greater power transfer. The
pickup coil has parallel compensation, and consists of either
fixed resonant parallel capacitors or parallel capacitors with
additional adaptive compensation. This additional adaptive
compensation transfers in-phase power to the load at a constant
voltage, regardless of the magnetic or state (i.e., consuming or
generating) of the load. In contrast to the prior art and as an
additional aspect, the present invention uses a new pickup coil
design that consists of two windings which are partly
magnetically coupled and partly magnetically not coupled. The
two windings are each distributed on the middle yoke and a
distinct one of the side yokes of a ferromagnetic core, leading
to significantly improved magnetic coupling and power transfer
efficiency between the primary inductive locp and the pickup
coil.

In another aspect of this invention, the two windings of
the pickup coil are each connected to a parallel resonant
capacitor and compensated to unity power factor.

In another aspect of the invention, the parallel capacitors
partly compensate the windings and additional components
adaptively compensate the collective windings to unity power
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factor and automatically supply in-phase power to the secondary
load at a constant voltage regardless of the magnitude of the
load.

The inventive system also offers series compensation of the
primary loop, which results in a constant unity power factor
under all load conditions and increases efficiency and permits
greater power transfer. This compensation is accomplished
through distributed series capacitors, or with concentrated
transformer-coupled capacitors.

In contrast to the prior art and as an additional aspect of
this invention, the primary inductive loop is compensated to
unity power factor with one or more series capacitors and
consequently the present invention does not require any reactive
power circulating in the primary loop; rather, the power applied
to the primary and magnetically transferred to the secondary is
always at unity power factor.

The reverse power control provided by the inventive system
allows reverse power from an active load to be transferred back
through the pickup coil to the primary and then fed back into
the line or to other intermediate consumers.

The pickup coils of the inventive system can be connected
in parallel at their DC output for greater power transfer.

The inventive system can also provide a primary constant
current control, which allows power transfer to multiple
secondaries without the need to magnetically decouple the
secondaries from the primary. This can be accomplished by pulse
control of the primary output inverter.

The inventive system can further provide primary constant
voltage control, which allows current to rise and fall with the
magnitude of the secondary load, and to fall to the
magnetization level when the load is zero. This increases
efficiency and permits greater power transfer.

In addition, the inventive system can have parallel primary
conductors, which increases the ampere-turns of the primary
inductive loop and thereby provides greater power transfer. This
can be accomplished through current balancing, which minimized
losses and increases efficiency.

The inventive system can also have a three-phase primary
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inductive loop and a secondary pickup coil for greater power
transfer. This can be accomplished through a three-phase primary
output inverter and a three-phase secondary input inverter.

The inventive system can also offer a branch secondary
configuration, in which applications involving additional motion
axes can be powered from a single primary system.

Additionally, the inventive system can provide multiple
primary zones, which are switchable between magnetically active
and magnetically neutral. This allows power transfer only when a
zone is magnetically active and, consequently, increases system
safety and efficiency. Zone control can allow only one load per
zone and consequently places all secondaries in parallel so that
all secondaries have a common constant voltage source and
additionally ensures that any one secondary cannot physically be
in contact with any other secondary. This is an anti-collision
system.

The inventive system can also provide multiple primary
output inverters with load-share switching to multiple primary
inductive loops, parallel primary inverter bridges for greater
power transfer, and a primary inductive loop made of non-Litz
standard industrial cable.

In one aspect, and in its most general form, the invention
is a contactless system to magnetically transfer in-phase
electric power between a primary source and a secondary load.
The system includes a primary energy converter, a primary energy
transfer network which is magnetically coupled to a secondary
energy transfer network, and a secondary energy converter.

In accordance with one aspect, the invention is a
contactless system to magnetically transfer electric power from
an input power source to a secondary load. the system includes a
primary energy converter, a primary inductive loop, a secondary
pickup coil, and a secondary energy converter. The primary
energy converter is connectable to the input power source and
includes an output inverter. The primary inductive loop is
connected to the output inverter and includes at least one turn
which is compensated to unity power factor. The secondary pickup
coil is magnetically coupled to the primary inductive loop and
compensated to unity power factor. The secondary energy
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converter is connected to the secondary pickup coil, includes an
input inverter, and is connectable to the secondary load.

In another aspect, the invention is a contactless magnetic
system to transfer in-phase electric power from a primary source
to multiple secondary loads.

In another aspect, the invention is a contactless magnetic
system to transfer in-phase electric power bidirectionally
between a primary source and one or more active secondary loads.

In another aspect of the invention, one or more identical
pickup coils are connected in parallel at their respective DC
outputs to increase the total output power.

In further aspects of the invention, the series
compensation of the primary inductive loop is accomplished
either by distributed series capacitors or by concentrated
transformer-coupled capacitors. The latter method eliminates
multiple compensation locations and eases compensation
adjustment.

In contrast to the prior art and as another aspect of this
invention, the secondary power controller includes reverse power
control which senses the state of the active load and controls
the flow of reverse power when the load is in a generating
state. The reverse power is transferred back to the primary
where it is fed back into the line or, alternatively, to other
intermediate consumers.

In contrast to the prior art and as a further aspect of
this invention, the primary power controller includes constant
current control which enables power transfer to multiple
secondary loads without the need to decouple the secondary
pickup coils from the primary inductive loop.

In another aspect of this invention, the primary constant
current control is accomplished via variable pulse control of
the primary output inverter.

In contrast to the prior art and as another aspect of this
invention, power is supplied to the primary inductive loop at a
constant voltage and unity power factor. The magnitude of the
primary current is determined by the magnitude of the load and

drops to the magnetization level when the load is zero.
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As another aspect of the invention, the primary inductive
loop is comprised of multiple parallel turns which are current-
balanced. The ampere-turns of the primary and thus the power
transfer is increased.

As additional aspects of the invention, the primary
inductive loop and secondary pickup coil magnetically couple
three-phase power and the primary output inverter and secondary
input inverter are three-phase bridges.

In yet another aspect of the invention, the secondary
energy converter feeds an auxiliary inductive loop which is
coupled to an auxiliary pickup coil and energy converter. This
arrangement allows power transfer to equipment operating in
multiple axes such as the bridge and trolley of an overhead
crane.

In another aspect of the invention, the primary inductive
loop is configured into multiple zones which can be switched
between magnetically active and magnetically neutral such that
power can be magnetically transferred to a secondary only when
the zone is magnetically active. In yet another aspect of the
invention, control means is included to permit only one load to
be located in any one zone, thereby placing all loads in
parallel and preventing the physical collision of one load with
another.

In another aspect of the invention, multiple primary energy
converters are connected to multiple primary inductive loops in
a manner which allows one primary energy converter to feed more
than one primary loop through a switching arrangement. By this
configuration a primary energy converter may be taken out of
service without disrupting power transfer to the overall system.

In another aspect of the invention, the primary energy
converter utilizes parallel output inverter bridges to increase
the primary power for greater power transfer.

In another aspect of the invention, the primary inductive
loop is made of conventional industrial cable (non-Litz) which
is made possible by the high efficiency of the invention.

The contactless transfer of electric power disclosed in the
application occurs over a large air gap whose separation is

measured in the range of centimeters. The physical principle of
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the disclosed invention is based on Maxwell's laws as they
relate to alternating magnetic fields.

Although only one or a few specific applications of this
invention will be disclosed in the application, the fields of
application generally involve the transfer of power to moving or
parked equipment such as commercial or industrial vehicles,
cranes, elevators, material handling systems, machine tools, and
other similar equipment.

In accordance with one aspect, the invention is a
contactless inductive system to transfer electric power to a
first load. The system includes a first pick-up coil, a primary,
a first AC-inverter, and a constant current controlled chopper.
The first pick-up coil is tuned at a ringing frequency. The
primary is formed as a loop. It is also connected with one or
more capacitors in series, and tuned at the ringing frequency.

The first AC-inverter is also tuned at the ringing
frequency. The first AC-inverter feeds the primary system with
constant voltage or constant current and maintains its power
factor equal to one, independent of the first load.

The constant current controlled chopper feeds the AC-
inverter, so that the electric power transferred to the first
locad has a unity power factor.

In accordance with a further aspect, the invention is a
contactless inductive system to transfer electric power from a
primary system to a first load. The contactless inductive system
includes a first pick-up coil, a primary, a first AC-inverter,
and a constant current power supply. The first pick-up coil
includes two windings which are partly magnetically coupled and
partly magnetically decoupled. Each of the two windings are
connected with a resonant capacitor in parallel, so that the
pick-up coil is tuned at a ringing frequency.

The primary is formed as a loop and connected with one or
more capacitors in series which are tuned at the ringing
frequency.

The first AC-inverter is tuned at the ringing frequency,
and feeds the primary system with constant voltage or constant
current. The first AC-inverter also maintains its power factor
equal to one, independent of the first load. The constant



10

o
o

30

35

WO 99/08359 PCT/US98/16566

current power supply feeds the AC-inverter with electric power.

In accordance with yet another aspect, the invention is a
contactless inductive system to transfer electric power between
a first system and a second system. The first system is
alternatively operable as a source of electric power and a
consumer of electric power. The contactless inductive system
includes a first coil and a second coil. The first and second
coils are tuned at a ringing frequency.

The system also includes a first control circuit connected
between the first coil and the first system, and a second
control circuit connected between the second coil and the second
system. The first and second control circuits are operable 1) to
supply electric power to the second system when the first system
is operable as a source of electric power and 2) to supply
electric power to the first system when the first system is
operable as a consumer of electric power.

In contrast to the prior art, the present invention uses a
new pick-up coil design that consists of two windings which are
partly magnetically coupled and partly magnetically decoupled,
where each winding is connected to a resonant capacitor. In
accordance with this invention, the two sides of the primary
have a self-symmetry because they carry identical currents, but
also allow different voltages along the pick-up coil. The total
output power is generated by two full bridge rectifiers, each of
which is assigned to a distinct one of the windings of the pick-
up coil. In further accordance with the present invention, it is
also possible to increase the DC-output power without connecting
the two pick-up coil windings directly in parallel. (Connecting
the two pick-up coil windings directly in parallel would lead to
an unacceptable increase of pick-up losses due to different
stray magnetic fields from the two windings of the pick-up
coil.) Attempting to increase the DC-output power by using a
larger cross-section cable has the disadvantage of increased
eddy current losses and geometric limitations.

In a further aspect of the invention, the DC-output of one
or more identical pick-up coils can be connected in parallel to
increase the output power.

In yet another aspect of the invention, distributing each

-10-
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of the two windings of an inventive pick-up coil both on the
middle yoke and a distinct one of the two side yokes leads to an
increase of the magnetic coupling between the primary coil and
the pick-up coil. This, in turn, means an increase of the
efficiency of the coupling.

The primary coil of the system is fed with a constant
current, thereby decoupling the various secondary loads which
generally constitute a transport system. As a new aspect of the
invention, a constant AC-current in the primary coil is
generated by a current control circuit which is connected to a
high frequency AC-output inverter. This arrangement keeps the
power factor of the primary coil always at one regardless of the
load, and leads to a minimum required voltage and minimal AC-
output inverter installation costs. Additionally, the required
current in the primary is minimized relative to the known prior
art. Therefore, the eddy current losses in the primary are
minimized so that no fine stranded Litz cable is required, but
rather standard industrial Litz cable can be used.

The contactless transfer of electric power disclosed in the
present application occurs over a large air gap whose separation
is measured in the range of centimeters. The physical principle
of the disclosed invention is based on Maxwell's laws as they
relate to alternating magnetic fields. Although only one or a
few specific applications of this invention will be disclosed in
this application, the fields of application are generally moving
or rotating power consumers, such as vehicles, cranes,
elevators, material handling systems, and machinery tools.

According to still another aspect, the invention comprises:

one or more pick-up coils that are 1) assigned to one or
more secondary capacitors connected in parallel with the
windings of the pick-up coils, 2) tuned to the ringing frequency
of the coil, and 3) connected to one or more bridge rectifiers
that are connected in parallel at the DC-output;

a buck converter which is assigned to each secondary power
consumer and used to kKeep the output voltage constant in case of
different loads on the secondary;

a primary cable which is formed as a loop and which

includes one or more turns;

..11_
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one or more series capacitors which are connected in series
to the primary and tuned at the ringing frequency;

a high frequency AC-inverter which feeds the primary system
with a constant voltage or a constant current; and

a constant current controller which is required as a
decoupling device in the case of multiple secondary power
consumers.

The separation of the pick-up coil winding into two
individual isolated windings which are partly magnetically
coupled on a middle yoke of an E-shaped iron core and partly
magnetically decoupled on the side yokes of the core leads to a
number of advantages. Asymmetric effects due to individual stray
fields do not lead to additional losses since the symmetry is
self-adjusted because of the individual magnetic coupling of
each pick-up coil winding with one side of the primary.

Brief Description of the Drawings

Figure 1 is a schematic drawing of the components and
subsystems of a preferred embodiment of the invention.

Figure 2 1s a cross-sectional view of a pick-up coil in
accordance with a preferred embodiment of the invention.

Figures 3A-C are comparisons between the inventive CPS
system and a prior art system.

Figure 4 is a schematic diagram of a preferred embodiment
of the invention.

Figure 5 is a graph of the response of a preferred
embodiment of the invention under a no load condition.

Figure 6 is a graph of the response of a preferred
embodiment of the invention under a loaded condition.

Figure 7 is a graph of the response of an improved
embodiment of the invention under a no load condition.

Figure 8 is a graph of the response of an improved
embodiment of the invention under a loaded condition.

Figure 9A is a diagram showing the flux lines around the
pole piece of the preferred embodiment of the inventive CPS
system, where the inventive CPS system is under a first test

condition.

Figure 9B is a graph of the flux density around the pole

-12-
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piece of the preferred embodiment of the inventive CPS system,
where the inventive CPS system is under a first test condition.

Figure 10A is a diagram showing the flux lines around the
pole piece of the preferred embodiment of the inventive CPS
system, where the inventive CPS system is under a second test
condition.

Figure 10B is a graph of the flux density around the pole
piece of the preferred embodiment of the inventive CPS system,
where the inventive CPS system is under a second test condition.

Figure 11 is ancother schematic diagram of a preferred
empbodiment of the invention.

Figures 12A-E are schematic diagrams of a preferred
embodiment of the invention having a multiple-zone primary
configuration.

Figures 13A-C are switching diagrams of a preferred
embodiment of the invention having a multiple-zone primary
configuration.

Figure 14 is a timing diagram illustrating the principle of
current control of a multiple vehicle power supply in accordance
with a preferred embodiment of the invention.

Figure 15 is a schematic diagram illustrating the principle
of current control of a multiple vehicle power supply in
accordance with a preferred embodiment of the invention.

Figure 16A is a schematic diagram explaining the operation
of an aspect of the present invention.

Figure 16B is a schematic diagram explaining the operation
of a practical implementation of the present invention.

Figure 17A is a schematic diagram explaining the invariant
real voltage and real current of the present invention.

Figure 17B is a timing diagram showing the phase
relationships of the various voltages and currents in a
preferred embodiment of the present invention.

Figures 18A-B are schematic diagrams showing the ability of
the present invention to operate in both forward power and
reverse power modes.
invariant real voltage and real current of the present
invention.

Figure 19 is a schematic diagram showing a practical

_13_
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implementation of a preferred embodiment of the present
invention.

Figure 20 is a schematic diagram of the general principle
of contactless power transfer between a primary power source and
a secondary power load.

Figure 21 is a schematic diagram of a first specific form
of contactless power transfer between a primary power source and
a secondary power load.

Figure 22 is a schematic diagram of a transformer
equivalent circuit for contactless power transfer using
magnetically coupled primary and secondary energy transfer
networks.

Figure 23 is a schematic diagram of a practical transformer
equivalent diagram of the contactless power transfer shown in
Figure 22.

Figure 24 is a further equivalent circuit diagram of a
portion of the present invention.

Figure 25 is a schematic diagram of an aspect of the
present invention, including primary and secondary energy
converters.

Figure 26 is a block diagram of the present invention.

Figure 27 is a schematic diagram of the primary inductive
loop of the present invention.

Figure 28 is a schematic diagram of an embodiment of the
present invention wherein the primary and secondary energy
transfer networks are three-phase systems.

Figure 29 is a schematic diagram of an embodiment of the
present invention showing a first pickup coil magnetically
coupled to a primary inductive loop.

Figure 30 is a detailed schematic diagram of a preferred
embodiment of the present invention.

Figures 31A-B are schematic diagrams of additional aspects
of the series compensation of the primary inductive loop of the
present invention.

Detailed Description of the Preferred Embodiment of the

Invention

Figure 20 is a schematic diagram of the general principle

_14_
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of contactless power transfer between a primary power source and
a secondary power load. The inventive system 2000 is a
contactless system which magnetically transfers electric power
between a primary power source 2002 and a secondary power load
2003. The system 2000 includes a primary energy transfer network
2004 and a secondary energy transfer network 2006, which is
magnetically connected to the network 2004 through magnetic
coupling indicated by reference numeral 2008.

Figure 21 is a schematic diagram of a first specific form
of contactless power transfer between a primary power source and
a secondary power load. Figure 21 shows that the primary energy
transfer network 2004 of the system 2000 includes a primary
inductive loop 2100 and primary power factor compensation
circuitry 2102. It also shows that the secondary energy transfer
network 2006 includes a secondary pickup coil 2104 and secondary
power factor compensation circuitry 2106. As an aspect of the
invention, the primary compensation is accomplished with a
capacitor 2108 in series with the primary inductive loop 2100
and the secondary main compensation is accomplished with
capacitance 2110 in parallel with the main coupled inductance.

Figure 22 is a schematic diagram of a transformer
equivalent circuit for contactless power transfer using
magnetically coupled primary and secondary energy transfer
networks. The reference numerals identify the elements of
Figures 20 and 21 which serve the same function.

Figure 23 is a schematic diagram of a practical transformer
equivalent diagram of the contactless power transfer shown in
Figure 22. Figure 23 shows the resistances 2300 and 2302 which
are present in both the primary inductive loop and the secondary
pickup coil in any actual physical application.

Figure 4 is a schematic diagram of a preferred embodiment
of a portion of the invention. As shown in the schematic
diagram, C, is an external capacitor which is calculated to
compensate the inductances L. and Lg of the primary. R, is the
primary resistance, which affects the primary losses. Ly, is the
main inductance of the pick-up coil 400. Lgs is the secondary
stray inductance of the pick-up coil. This inductance is

produced by the pick-up coil design and is compensated by the
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capacitor Cg,, which is calculated to be equal to Lg. Ry is the
resistance of the pick-up coil, which leads to secondary losses.
Cs; 18 a capacitor which is calculated to compensate the main
inductance L, (in other words, it generates the magnetizing
current for the magnetic field of the pick-up coil).

Figure 24 is a further equivalent circuit diagram of a
portion of the present invention. The portion of the present
invention operates with an input voltage V0 and current I0. V,
is the induced voltage on the pickup coil, V., is the voltage
across the load, and i,, 1i,, and i, are branch currents. C, is
the primary series capacitance which compensates the inductance
of the primary inductive loop L,, R, is the resistance of the
primary inductive loop, Cg; is the secondary series capacitance
which compensates the inductance of the secondary pickup coil
Ls, Ry is the resistance of the secondary pickup coil, L, is the
main coupled induction of the primary inductive loop with the
secondary pickup coil, Cg, 1s the parallel capacitance which
compensates Ly, and R, 1s the locad resistance.

The equivalent circuit of Figure 24, which is equivalent to
the circuit of Figure 4, reveals another aspect of the
invention, which is that the primary current will rise and fall
in accordance with the magnitude of the load. Under a zero load
condition, the primary current falls to a near zero level,
reflecting only the small resistive losses in the primary
inductive loop 2100 and secondary pickup coil 2104.

Advantages of the invention are the operation at unity
power factor under all load conditions, the high efficiency and
ability to transfer large quantities of power, and a stable
resonant frequency unaffected by load conditions.

Figure 7 is a graph of the response of an improved
embodiment of the invention under a no load condition. The
primary voltage and current are in phase. The primary voltage
waveform 620 is substantially rectangular, although it could be
sinusoidal if desired. The primary current waveform 622 has some
of the same harmonics as the primary voltage waveform 620. Both
the secondary voltage and current waveforms 624 and 626 are
substantially sinusoidal.

Figure 8 is a graph of the response of an improved
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embodiment of the invention under a loaded condition. The
primary voltage and current are in phase. The primary voltage
waveform 630 is substantially rectangular, although it could be
sinusoidal if desired. The primary current waveform 632 has some
of the same harmonics as the primary voltage waveform 630. Both
the secondary voltage and current waveforms 634 and 636 are
substantially sinusoidal.

Figure 5 is a graph of the response of a preferred
embodiment of the invention under a no load condition. The
primary voltage and current are in phase. It shows the primary
voltage waveform 600, the primary current waveform 602, the
secondary voltage waveform 604, and the secondary current
waveform 606. The primary voltage waveform 600 is substantially
a 20 kHz square wave which switches between a positive voltage
of 200 volts and a negative voltage of -200 volts. However, the
primary voltage waveform 600 could be a sinusoid if a properly-
designed inverter is used. The primary current waveform 602 is
quite low relative to the secondary current (being less than
about 10 A), but in phase with the primary voltage waveform 600.
The secondary voltage waveform 604 is substantially sinusoidal
and in phase with the primary voltage waveform 600. The
secondary current waveform 606 has a 180 degree phase shift
relative to the primary current waveform 602 and is equal to the
magnetizing current of the pick-up coil 400. The secondary
current waveform 606 also has minor transients (switching
commutations) at the time when the primary voltage waveform 600
switches.

Figure 6 is a graph of the response of a preferred
embodiment of the invention under a loaded condition. The
primary voltage and current are in phase. It shows the primary
voltage waveform 610, the primary current waveform 612, the
secondary voltage waveform 614, and the secondary current
waveform 616. The primary voltage waveform 610, like primary
voltage waveform 600, is substantially a square wave, although
it could also be a sinusoid if a properly-designed inverter is
used. The primary current waveform 612 is in phase with the
primary voltage and has a value equal to the load conditions, so
that the power factor is one. The secondary voltage waveform 614
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is substantially sinusoidal. The secondary current waveform 616
has minor transients both at and after the time when the primary
voltage waveform 600 switches.

Figure 25 is a schematic diagram of an aspect of the
present invention, including primary and secondary energy
converters. The system 2000 shown in Figure 25 includes a
primary energy converter 2502 and a secondary energy converter
2504. The energy converters 2502 and 2504 make possible the
universal application of the present invention to systems which
have AC sources and loads, active and passive loads, and single
and multiple loads.

The primary energy converter includes a primary input
inverter 2506, a primary power controller 2508, and a primary
output inverter 2510. The primary input inverter 2506 is
required only for AC sources, converting from AC to DC for
forward power flow and from DC to AC for reverse power flow. the
primary power controller 2508 supplies DC power to the primary
output inverter 2510 as a constant voltage for single loads or
as a constant current for multiple loads. The primary output
inverter 2510 converts the DC power to a single phase AC output
at a selected operating freqguency up to 30 kHz.

The secondary energy converter 2504 includes a secondary
input inverter 2512, a secondary power controller 2514, and a
secondary output inverter 2516. The secondary input inverter
2512 converts the high frequency voltage which is induced in the
pickup coil to DC. The secondary power controller 2514 supplies
DC power at a constant voltage to the secondary output inverter
2516 for single loads, and also controls the flow of reverse
power through the secondary input inverter 2512. The secondary
output inverter 2516 is required only for AC loads, converting
from DC to AC for forward power flow and from AC to DC for
reverse power flow.

Figure 26 is a block diagram of the present invention.

Figures 3A-C are comparisons between the inventive CPS
system and a prior art system. The inventive CPS system is a
contactless power supply (CPS) system that is described in the
foregoing and following. The prior art system is known as the

IPT system. As shown on the sheet carrying Figures 3A-C, some of
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the main characteristics of the inventive CPS system are that
the secondary portion of the inventive CPS system is equivalent
to a series resonant circuit including series secondary
capacitive, inductive and resistive elements in series with a
variable load. As shown in the upper left of the sheet carrying
Figures 3A-C, and as will be understood by those skilled in the
art, in the inventive CPS system the impedances of the secondary
capacitive and inductive elements cancel one another out at the
ringing frequency, regardless of whether there is any load or
the maximum rated load. The current through the system is
constant (at 86.4 A for the particular system studied). There is
no requirement for the ratio of the impedance of the secondary
impedance to the load resistance. The phase angle between the
voltage across the series combination and the current through
the series combination is independent of the load. Finally, the
power transferred to the secondary(ies) is limited to the design
of the power block.

In the comparison provided by Figure 3, the secondary load
has been referred to the primary and equivalent circuits with
corresponding vector diagrams for no load and maximum load
conditions.

The primary energy converter of the inventive design
supplies a constant current and consequently power can be
transferred to multiple loads of varying magnitude without one
load affecting the others. Using the compensation method
previously described, the system operates at unity power factor
under all load conditions and thus the efficiency is quite high.
Also, the resonant frequency of the system is stable and
unaffected by varying load conditions.

By way of contrast, the IPT system is a parallel resonant
circuit operating under constant voltage conditions. The
impedance of the secondary is at least 3 times the load
resistance. The pick-up of the IPT system is decoupled by the
reactance of the secondary system. The phase angle between the
(constant) voltage and the current through the IPT system
depends upon the load. Finally, the power transferred to the
secondary is limited by the fact that the system voltage is
limited and by the length of the zone in which the secondary
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operates. In summary, as shown in Figure 34, the present
inventive CPS system is approximately 97 percent efficient,
whereas the IPT system is approximately 88 percent efficient. As
shown in Figure 3B, the power transmitted by the present
inventive CPS system (under predetermined conditions) is about
40 kW, whereas the power transmitted by the IPT system (under
the same predetermined conditions) is 28 kW. Also, as shown in
Figure 3C, the cable losses of the present inventive CPS system
(under predetermined conditions) is about 900 W, whereas the
cable losses of the IPT system are greater than about 3.7 kW.

In contrast with the present invention, the prior art uses
parallel capacitance to compensate the primary inductive loop
which results in a very high circulating current that is nearly
independent of the magnitude of the load. This high level of
reactive power is described as necessary in order to partially,
but not completely, offset the consequences of varying load
magnitude, but forces the system to always operate at less than
unity power factor and thus increases the losses and reduces the
power transfer. Additionally, the prior art describes the
necessity to decouple the secondaries in order to partially, but
not completely, overcome the power limiting effect of one
lightly loaded secondary on other secondaries. Finally, the
prior art describes how varying loads shif: the resonant
frequency and thus make necessary some form of tuning
adjustment.

Figure 9A is a diagram showing the flux lines around the
secondary core form of the preferred embodiment of the inventive
CPS system, where the inventive CPS system is under a first test
condition. The secondary core form has the middle yoke 421, and
the two side yokes 422 and 423. The core form is made from
conventional core iron and has a stray flux of about 48 percent
(that is, the ratio of the secondary flux to the primary flux is
1.48) . Figure 9B is a graph of the flux density around the
secondary core form of the preferred embodiment of the inventive
CPS system, where the inventive CPS system is under the first
test condition.

Figure 10A is a diagram showing the flux lines around the

previously-discussed pole piece of the preferred embodiment of
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the inventive CPS system, where the inventive CPS system is
under a second test condition. The secondary core form has the
middle yoke 421, and the two side yokes 422 and 423. The core
form is made from a new core iron and has a stray flux of only
about 8 percent (that is, the ratio of the secondary flux to the
primary flux is 1.08). Figure 10B is a graph of the flux density
around the pole piece of the preferred embodiment of the
inventive CPS system, where the inventive CPS system is under a
second test condition.

Figure 16A is a schematic diagram explaining the operation
of an aspect of the present invention, and Figure 16B is a
schematic diagram explaining the operation of a practical
implementation of the present invention. In both figures, the
coils 700A and 700B represent two halves of the distributed
inductance of the primary 200 (see Figure 1 and its discussion).
The coil 702 is one of the two windings of a pick-up coil (such
as first pick-up 300 and second pick-up 400). The coil 704 is
the other of the two windings of a pick-up coil (such as first
pick-up 300 and second pick-up 400). The coil 702 is coupled to
the coil 700A, and the coil 704 is coupled to the coil 700B. The
coil 700A has an inductive impedance of jX,, and the coil 700B
has an inductive impedance of jX;,. The ringing frequency of the
coil 702 is established by the capacitor 710, which has a
capacitive impedance of -jXC;, and the ringing frequency of the
coil 704 is established by the capacitor 712, which has a
capacitive impedance of -jXC,.. In Figure 16A, the load is
represented by the two resistances 706 and 708. In Figure 16B,
the load is represented by the resistance 806.

In operation, the circuit represented by the Figures 16A
and 16B is activated by an AC voltage V,, which induces a
current I,. Passage of the current I, through the coils 700A and
700B generates the respective voltages VP1 and VP2, which,
through the operation of the circuit of Figures 16A and 16B,
cause the respective voltages V,; and V;, to be generated in the
resistances 706 and 708. The capacitor 714 and the inductor 716
are selected so that their impedances (respectively, -jXs and
jXps) cancel each other out at the ringing frequency.

Figure 27 is a schematic diagram of the primary inductive
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loop of the present invention. The primary inductive loop 2100
includes multiple conductors 2700 connected in parallel. To
increase ampere-turns, the primary inductive loop 2100 can be
configured with multiple turns. The disadvantage is that the
primary output inverter voltage increases with each turn, and
this voltage is limited by component rating. By connecting
multiple conductors in parallel the ampere-turns of the primary
inductive loop 2100 is increased without increasing the inverter
voltage. The individual conductors 2700 are connected via
current balancing transformers 2702, as will be understood by
those skilled in the relevant arts. Each of the transformers
2702 compares two currents and adds a voltage to the conductor
2700 with the lower current and subtracts a voltage from the
conductor 2700 with the higher current thereby equalizing the
currents in the conductors 2700. This minimizes losses and
increases efficiency.

Figure 28 is a schematic diagram of an embodiment of the
present invention wherein the primary and secondary energy
transfer networks are three-phase systems. The primary output
inverter 2510 is designed as a three-phase inverter and the
primary inductive loop 2100 includes three parallel conductors
2800 instead of two. The pickup coil 2802 has a four-yoke
ferromagnetic core and distributed windings which are
magnetically coupled to the primary inductive loop 2100. This
allows greater power transfer.

Figure 29 is a schematic diagram of an embodiment of the
present invention showing a first pickup coil 2900 magnetically
coupled to a primary inductive loop 2902. The primary inductive
loop 2902 is compensated to unity power factor with a series
capacitor 2904. The first pickup coil 2900 is connected to a
first load 2906 via a first input inverter 2908. The first
pickup coil 2900 is also connected to a secondary inductive loop
2910 which is compensated to unity power factor with series
capacitance 2912. A second pickup coil 2914 is magnetically
coupled to the secondary inductive loop 2910, compensated to
unity power factor with parallel capacitance 2916, and connected
to a second load 2918 via a second input inverter 2920. More
than one pickup coil can be magnetically coupled to the primary
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inductive loop 2902 or the secondary inductive loop 2910, and
more than one secondary input inverter 2920 can be connected to
each pickup coil 2914. This allows power to be transferred from
a primary to one or more multiple-load secondaries in which the
loads are operating on different motion axes.

One example of such an application is an overhead crane
where the bridge is traveling longitudinally, the trolley is
traveling laterally, and the hoist is traveling vertically. More
than one crane can be traveling on the runway. This aspect of
the invention enables noncontact power to be transferred to all
of the crane drives from a single primary.

Figures 12A-E are schematic diagrams of a preferred
embodiment of the invention having a multiple-zone primary
configuration. As shown, each zone is either active (see Figure
12B) or passive (see Figure 12C), depending upon the position of
the switch(es) 650, as shown by the arrows indicating current
through the various lines.

When a zone is inactive, it is magnetically neutral and
cannot transmit power to the secondary. This allows zone control
for anti-collision of multiple vehicles. Since each zone is
restricted to one load, all loads are connected in parallel and
see the same voltage. Parallel connection of loads eliminates
the phenomenon of impedance reflection by the multiple series
loads. By properly switching the zones, there is a switching
configuration which allows the inverters to feed multiple power
zones in order to load-share an adjoining zone in the event of
an inverter failure.

Figure 12D is the equivalent circuit of the circuit shown
in Figure 12B, and Figure 12E is the equivalent circuit of the
circuit shown in Figure 12C.

The principle of primary constant current control involves
a high frequency AC-current I, at the inverter output which
flows through the primary. The AC-current I, is formed into a
ripple containing input DC-current I, at the inverter input. The
ripple containing input DC-current I, is formed into a smooth
and ripple-free DC-current I, of identical value by a small
smoothing capacitor which gives the variable DC-voltage U,,. The

DC current I, is measured by a current probe and fed to a
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current controller. This current controller gives a signal to
the transistor on the primary (buck-converter) which varies the
always constant DC-voltage U,, into a total secondary load
dependent variable DC-voltage U,; so that the amplitude of the
primary AC-current I, stays constant. Because of the smoothing
capacitor and smoothing inductance on the secondary the DC-
chopper (boost-converter) acts as a "buffer" with regard to
power variation on the secondary. Accordingly, only weak power
variations (at a frequency of less than 10 Hz) have to be
controlled by the primary current controller. So, the high
frequency components (30 kHz) of I, can easily be separated by
the smoothing capacitor U,,.

In summary, the secondaries can be decoupled by feeding the
primary with constant current instead of constant voltage.
Because of the electrical series connection of the secondaries
(as seen from the primary side) the primary current will not
change even if the individual loads on the secondary change
because the primary current is controlled by a primary current
controller. Also, a boost converter (described in connection
with Figure 1) on each secondary converts the constant primary
current (which is transformed on each secondary side by the
pick-up coil) into a constant output voltage on the secondary
output.

As shown in Figures 12D and 12E, the constant voltage U0 is
fed to the left input side of the active section. This voltage
will be transmitted to the right side of the section in order to
supply the next (not shown) section with the power U0 I0. The
input current on the left input side is equal to the output
current (I0) plus the section current (I1), which is the
equivalent of the vehicle power inside the active section. The
output spare transformers are small because of the applied high
frequency. Inside the switch box 652 are constant compensation
capacitors (not shown), spare transformers (up to 20 kW), and a
mechanical or semiconductor switch. The advantages of this
configuration are that: no tuning device depending on variable
loads is required, there is a constant voltage for all sections,
there are simple power and control units for ground and vehicle

power supplies, and there is no coupling between different
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vehicles depending on variable loads. In contrast, in the prior
art for multiple secondary loads, the pick-up coil must be
decoupled in order to minimize the effect of one or more lightly
loaded pickup coils.

Figures 13A-C are switching diagrams of a preferred
embodiment of the invention having a multiple-zone primary
configuration. Figure 13A shows the default condition, where a
first inverter 660 drives a first zone 662 in accordance with
the positions of the switch 663, and a second inverter 664
drives a second zone 666 in accordance with the positions of the
switch 668. Figure 13B shows a first failure condition, where
the first inverter 660 fails and the second inverter 664 drives
the first zone 662 and the second zone 666. The first inverter
660 is switched out in accordance with the switch 663, which
also connected the first zone 662 to the second inverter 664.
Figure 13C shows a second failure condition, where the second
inverter 664 fails and the first inverter 660 drives the first
zone 662 and the second zone 666. The second inverter 664 is
switched out in accordance with the switch 668, which also
connected the second zone 666 to the first inverter 660.

Figure 1 is a schematic drawing of the components and
subsystems of a preferred embodiment of the invention. The
contactless power transfer system 90 includes a power supply
100, a primary 200, a first pick-up 300, a second pick-up 400, a
and a load element 500. As will be clearly understood by those
skilled in the art, additional pick-ups, identical to first and
second pick-ups 300 and 400, can be added to the contactless
power transfer system 90 without affecting the following
description. The power supply 100 includes a constant current
controlled chopper that includes a transistor switch 104, an
inductance 103, a sensor 102, a constant current control 101 and
a rectifier 106. The transistor switch 104 controls the current
that passes through the inductance 103 and the sensor 102 in
response to a control signal produced by the constant current
control 101. The control signal produced by the constant current
control 101 is determined by a sensor signal that is produced by
the sensor 102. A DC-input capacitor 105 smoothens reflections
to the DC-input voltage. A capacitor 107 smoothens the voltage
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output of the constant current controlled chopper. The power
supply 100 also includes a high frequency inverter that includes
the transistor switches 108, 109, 110, and 111. Each of the
transistor switches 108-111 includes the parallel combination of
a diode with a transistor that is controlled by a conventional
controller (not shown). The controller switches the transistor
switches 108-111 at the ringing frequency of the primary 200 and
first and second pick-ups 300 and 400. The ringing frequency is
usually in the range of 10 kHz to 20 kHz.

The primary 200 is formed as a loop having two legs 200a
and 200b, and includes a number of turns. The primary 200 is
inductively coupled to one or more of the first and second pick-
ups 200 and 300. The primary 200 is also connected to the power
supply 100 through series capacitors 201 and 202. The series
capacitors 201 and 202 are tuned to the same ringing frequency
as the first and second pick-ups 300 and 400. Accordingly, the
power factor of the contactless power transfer system 90 is
always set to one regardless of the actual output power.

The first and second pick-ups 300 and 400 are identical.
Accordingly, only the second pick-up 400 will be described in
the following. The second pick-up 400 is also shown in Figure 2,
which is a cross-sectional view of a pick-up coil in accordance
with a preferred embodiment of the invention. The second pick-up
400 includes an E-shaped ferrite iron core 410 having a middle
yoke 421 and two side yokes 422 and 423. The second pickup 400
also includes a first winding 412 and a second winding 414. The
first winding 412 includes the winding 401 (which is wound
around the side yoke 422) and the winding 402 (which is wound
around the middle yoke 421). The second winding 414 includes the
winding 404 (which is wound around the side yoke 423) and the
winding 403 (which is wound around the middle yoke 421). The leg
200a of the primary 200 passes between the middle yoke 421 and
the side yoke 422. The leg 200b of the primary 200 passes
between the middle yoke 421 and the side yoke 423. The first
winding 412 is connected in parallel with a capacitor 405 to
form a first resonant circuit. The second winding 414 is
connected in parallel with a capacitor 406 to form a second

resonant circuit. Each of the first and second resonant circuits
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is tuned to the ringing frequency. The first and second resonant
circuits are connected to portions of a bridge rectifier 407
connected in parallel at the DC-output of the first and second
pick-ups 300 and 400.

The DC-outputs of the first and second pick-ups 300 and 400
are connected together in parallel on a secondary loop 490 along
with the load element 500. The load element 500 includes an
inductance 501, a capacitor 502, and a load 503. The load
element 500 can also include a boost-converter 504. The DC-
output voltage from the first and second pick-ups 300 and 400 is
smoothened by the inductance 501 and the capacitor 502. In case
there are several pick-ups such as first pick-ups 300 and 400
connected to the secondary, the boost-converter 504 can be
included in the load element 500 to keep a constant output
voltage at the load 503. This compensates for the effect of
individual loads.

Figure 30 is a detailed schematic diagram of a preferred
embodiment of the present invention. On the primary side the
primary energy converter includes the controlled input inverter,
the intermediate power controller, and the controlled output
inverter.

The input inverter is required only if the primary power
source is AC. If rectifies the incoming power and through the
filter capacitor and inductor establish a smooth and constant
intermediate DC voltage link. Depending on whether the secondary
system has one or multiple loads, the intermediate output
controller supplies the output inverter with constant voltage or
constant current. The controlled output inverter converts the
intermediate DC power to a high frequency output at up to 30 kHz
and applies it to the primary inductive loop.

The primary loop is shown as four parallel conductors with
current balancing transformers, as described in another Figure.
the loop is compensated to unity power, in this case by
concentrated transformer-coupled capacitors as described
previously.

The first secondary system has an active AC load so the
secondary energy converter will consist of a controlled input

inverter, an intermediate power controller, and an output
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inverter. The pickup coil is adaptively compensated to unity
power factor and supplies constant voltage in-phase power to the
input inverter where it is rectified and smocothed and sent to
the output inverter for delivery to the load. When the load
becomes active the rectifier section of the output inverter
converts the AC to DC and the reverse power control of the
intermediate power controller manages reverse power flow back to
the primary as previously described.

The second secondary system has an active DC load so the
secondary energy converter does not include an output inverter.
Another important aspect of the invention is shown; that is, two
pickup coils are connected in parallel at the DC output in order
to increase power transfer. The reverse power control is
essentially the same as for the AC load.

Figure 11 is another schematic diagram of a preferred
embodiment of the invention. The components are given the same
reference numbers as they are given in Figures 1 and 2.

Figure 14 is a timing diagram illustrating the principle of
current control of a multiple vehicle power supply in accordance
with a preferred embodiment of the invention, as shown in
Figures 12A-E and Figures 13A-C.

Figure 15 is a schematic diagram illustrating the principle
of current control of a multiple vehicle power supply in
accordance with a preferred embodiment of the invention. Where
appropriate, components are given the same reference numbers as
they have in Figures 1 and 2. The transistors 104,-104, are
driven by the waveforms respectively labeled as T,-T, in Figure
14. Otherwise, the components shown in Figure 15 will be
understood by those skilled in the art.

Figure 17A is a schematic diagram explaining the invariant
real voltage and real current of the present invention. Figure
17A shows four vector diagrams, which relate to increasing
loads. The no-load condition is shown on the left hand side of
Figure 17A while a large load is shown in the right hand side of
Figure 17A. Intermediate levels of load are shown in the middle
of Figure 17A. Under the conditions shown in the circuit of
Figures 16A and 16B, the vectors represent voltages and currents
shown in Figures 16A and 16B. The most significant point
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illustrated by Figure 17A is that, even though the voltage
induced across either of the coils 702 and 704 may vary in both
magnitude and phase angle, the real component of this voltage
(i.e., its projection on the vertical axis) is invariant.
Likewise, the real component of the currents through the coils
702 and 704 (i.e., their projection on the horizontal axis) are
invariant.

Figure 17B is a timing diagram showing the phase
relationships of the various voltages and currents in a
preferred embodiment of the present invention. The voltage VO
and the current I0 are in phase, because the circuit shown in
Figures 16A and 16B presents a real (i.e., non-inductive and
non-capacitive) impedance. The voltages V,,, Vp,, Vg, and Vg,
have various phases.

Figures 31A-B are schematic diagrams of additional aspects
of the series compensation of the primary inductive loop of the
present invention. Figure 31A shows a two-turn primary loop
which is compensated with capacitors which are distributed along
the loop. Figure 31B shows the same two-turn primary loop in
which the compensation is accomplished by a concentrated group
of parallel capacitors which can be switched in and out of the
circult to increase or decrease the total capacitance. The
capacitor group is transformer-coupled to each of the loop legs
and tuning is facilitated by simply adjusting the number of
windings of each of the transformer coils.

Figures 18A-B are schematic diagrams showing the ability of
the present invention to operate in both forward power and
reverse power modes. This is well understood by those skilled in
the relevant arts, because control of a primary inverter 900
including a current source 902 and control transistors 904
generates electrical power which passes through a primary coil
906 that is coupled to a pickup (secondary) coil 908. The
magnetic field induced in the primary coil 906 induces a voltage
across the pickup coil 908, which is then rectified by the diode
bridge including the diodes 910, and the resulting DC power is
passed to the load 912. By symmetry, power can be transferred in
the reverse direction, since the circuit shown in the lower

portion of Figure 18 is configured to be a mirror image of that
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shown in the upper portion of Figure 18. In the lower portion of
Figure 18, the current source 902 is controlled by the control
transistors 904 to generate electrical power which passes
through the pickup coil 908 to the primary coil 906 where it is
rectified by the diode bridge including the diodes 910. The
resulting DC power is passed to the load 912 (which may be the
line, or another consumer, such as a load in another zone).

Figure 19 is a schematic diagram showing a practical
implementation of a preferred embodiment of the present
invention. The circuit 1000 shows a controlled load 1002 that is
being driven by the circuit shown in Figure 16B (which is
equivalent to the circuit shown in Figure 16A). On the other
hand, as will be understood by those skilled in the relevant
arts, the controlled load 1002 can be seen to incorporate both
of the circuits (i.e., forward and reverse power) shown in
Figure 18. In other words, depending upon how the reverse power
control circuit 1004 activates the transistors T1, T2, T3 and
T4, one of two possible situations exists. In one situation,
power flows from the line to which the coil circuit 1006 is
connected to the load 1002 because diodes D1, D2, D3 and D4
rectify the power received (I.e., the transistors T1, T2, T3 and
T4 are turned off). In the other situation, power flows from the
load 1002 to the line to which the circuit 1006 is connected
because diodes D1, D2, D3 and D4 are shorted out by turning on
the transistors T1l, T2, T3 and T4. If another controlled load
like controlled load 1002 is connected to the primary circuit
carrying the voltage V,, that controlled load can be configured
to receive power from the circuit 1000. Otherwise, the power
flowing from the circuit 1000 is transferred back to the power
source supplying the voltage V, and the current I,.

While the foregoing is a detailed description of the
preferred embodiment of the invention, there are many
alternative embodiments of the invention that would occur to
those skilled in the art and which are within the scope of the
present invention. Accordingly, the present invention is to be
determined by the following claims.
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Claims

1. A contactless system to magnetically transfer electric
power from an input power source to a secondary load,
comprising:

a primary energy converter connectable to the input power
source and including an output inverter;

a primary inductive loop connected to the output inverter,
the loop including at least one turn which is compensated to
unity power factor;

a secondary pickup coil magnetically coupled to the primary
inductive loop and compensated to unity power factor; and

a secondary energy converter connected to the secondary
pickup coil, the secondary energy converter including an input

inverter and being connectable to the secondary load.

2. The system of claim 1, wherein the pickup coil includes a
ferromagnetic core and at least two windings which are each
distributed on the ferromagnetic core such that they are partly
magnetically coupled and partly magnetically not coupled.

3. The system of claim 2, wherein the two windings are each
compensated to unity power factor with one or more capacitors
connected in parallel with the windings.

4. The system of claim 2, wherein the two windings are each
partly compensated with a parallel capacitor, the system further
comprising compensation circuitry that adaptively compensates
the two windings to unity power factor and passively supplies
in-phase power at a constant voltage to a load regardless of the

magnitude of the secondary load.
5. The system of claim 1, wherein the primary inductive loop
is compensated to unity power factor with one or more capacitors

connected in series with the inductive loop.

6. The system of claim 5, wherein the series capacitors are
distributed along the primary inductive loop.
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7. The system of claim 5, wherein the series capacitors are
concentrated and transformer-coupled to the primary inductive

loop.

8. The system of claim 1, wherein a plurality of pickup coils

are connected in parallel to increase the power transfer.

9. The system of claim 1, wherein the secondary energy
converter includes a reverse power controller so that the power
generated by a load can be magnetically transferred back to the

primary through the pickup coil.

10. The same as claim 1, wherein the primary energy converter
includes a constant current control so that the power supplied

to the primary inductive loop is always at a constant current.

11. The system of claim 10, wherein the constant current
control is accomplished by variable pulse control of the output

inverter.

12. The system of claim 1, wherein the primary energy converter

supplies constant voltage to the output inverter.

13. The system of claim 12, wherein the magnitude of the
primary current is load-dependent and falls to the magnetization

level when the secondary load is zero.

14. The system of claim 1, wherein the primary inductive loop
includes multiple conductors connected in parallel to increase

the total ampere-turns.
15. The system of claim 14, wherein the multiple conductors of
the primary inductive loop are connected via current balancing

transformers.

16. The system of claim 1, wherein the primary energy converter
includes an input inverter to accommodate an AC source.
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17. The system of claim 1, wherein the secondary energy

converter includes an output inverter to accommodate an AC load.

18. The system of claim 1, wherein the primary inductive loop

and secondary pickup coil operate with 3-phase power.

19. The system of claim 18, wherein the primary output inverter

and secondary input inverter operate as 3-phase bridges.

20. The system of claim 1, wherein a secondary inductive loop
is connected to the first secondary pickup coil via a series
compensation capacitance, and wherein the secondary inductive
loop is magnetically coupled to a second secondary pickup coil,
the second secondary pickup coil being compensated with parallel
capacitors so that the second secondary pickup coil transfers
power to a second secondary load via a second secondary energy

converter.

21. The system of claim 1, wherein the primary inductive loop
is divided into multiple zones, and wherein each of the multiple
zones can be switched between magnetically active and
magnetically neutral, each of the multiple zones being able to
transmit power only when it is magnetically active, each of the
multiple zones being connected in parallel to the primary output

inverter.

22. The system of claim 21, wherein the multiple zones are
controlled such that only one secondary load is permitted to
occupy any one zone.

23. The system of claim 1, wherein the primary energy converter
includes a plurality of primary output inverters, each primary
output inverter being connected to one of a plurality of primary

inductive loops.
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24. The system of claim 23, wherein any one of the primary
output inverters supplies power to two or more of the primary

inductive loops.

25. The system of claim 1, wherein the primary energy converter
includes a plurality of output inverter bridges connected in

parallel.

26. The system of claim 1, wherein the primary inductive loop
is made of a standard industrial (non-Litz) multiple-conductor

cable.

27. A contactless inductive system to transfer electric power
to a moving device consisting of:

a pick-up coil with two windings which are partly
magnetically coupled and partly magnetically decoupled, each of
them connected with a resonant capacitor in parallel which is
tuned at the ringing frequency;

a primary which is formed as a loop and connected with one
or more capacitors in series which are tuned at the same ringing
frequency as the secondary pick-up coil;

a high frequency AC-inverter which is tuned at the ringing
frequency as described which feeds the primary system with
constant voltage or constant current, always setting the power
factor to one independent of the actual load; and

a constant current controlled chopper which feeds the AC-

inverter.

28. The inductive power transfer system of claim 27, consisting
of a pick-up coil with additional windings but no capacitors

which are connected in parallel.
29. The inductive power transfer system of claim 27, wherein a
number of pick-up coils are connected in parallel at the DC-

output.

30. A pickup coil design which can be connected in parallel for
increased power output.
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31. A primary constant current control design and secondary
constant voltage control design for multiple loads.

32. A circuit design which results in primary and secondary

power which is always at a unity power factor.

33. A circuit design which results in a primary current level
which is determined by secondary load, wherein there being no
load on the secondary allowing the primary current to fall to

the magnetization level.

34. A circuit design which results in only real power applied
to the primary and which consequently improves efficiency and
allows use of conventional non-Litz primary cables.

35. An alternative primary configuration with multiple power
zones in which each zone can independently and automatically be
switched from active to inactive, such that when inactive a zone
is magnetically neutral and cannot transmit power to the
secondary thus allowing zone control for anti-collision of
multiple vehicles, and so that since each zone is restricted to
one load, all loads are connected in parallel and see the same
voltage, thereby eliminating the multiple series load reflected
impedance phenomenon.

36. A switching configuration which allows the inverters
feeding multiple power zones to load-share an adjoining zone in
the event of an inverter failure.

37. A contactless inductive system to transfer electric power
to a first load, comprising:

a first pick-up coil tuned at a ringing frequency;

a primary which is formed as a loop and connected with one
Oor more capacitors in series, the primary being tuned at the
ringing frequency;

a first AC-inverter which is tuned at the ringing
frequency, the first AC-inverter feeding the primary system with
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constant voltage or constant current and maintaining its power
factor equal to one, independent of the first load; and

a constant current controlled chopper which feeds the AC-
inverter, wherein the electric power transferred to the first

load has a unity power factor.

38. The contactless inductive system of claim 37, wherein the
primary carries a primary current that is determined by the
first load.

39. The contactless inductive system of claim 38, wherein the
primary current falls to a magnetization level of the first
pick-up coil when the first load falls to zero.

40. The contactless inductive system of claim 37, wherein the

primary is made from at least one non-Litz cable.

41. The contactless inductive system of claim 37, the first AC-
inverter including a current control circuit for producing

constant current.

42. A contactless inductive system to transfer electric power
from a primary system to a first load, comprising:

a first pick-up coil including two windings which are
partly magnetically coupled and partly magnetically decoupled,
each of the two windings being connected with a resonant
capacitor in parallel, so that the pick-up coil is tuned at a
ringing frequency;

a primary which is formed as a loop and connected with one
or more capacitors in series which are tuned at the ringing
frequency;

a first AC-inverter which is tuned at the ringing
frequency, the first AC-inverter feeding the primary system with
constant voltage or constant current and maintaining its power
factor equal to one, independent of the first load; and

a constant current power supply feeding the AC-inverter.

43. The contactless inductive system of claim 42, the first
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pick-up coil further including at least one additional winding.

44. The contactless inductive system of claim 42, further
including a plurality of pick-up coils connected in parallel
with the first pick-up coil.

45. The contactless inductive system of claim 42, wherein the
first pickup coil is connected in parallel for increased power

output.

46. The contactless inductive system of claim 42, wherein the
electric power transferred to the first load has a unity power
factor.

47. The contactless inductive system of claim 42, wherein the
primary system carries a primary current that is determined by
the first load.

48. The contactless inductive system of claim 47, wherein the
primary current falls to a magnetization level of the first

pick-up coil when the first load falls to zero.

49. The contactless inductive system of claim 42, wherein the
primary is made from at least one non-Litz cable.

50. The contactless inductive system of claim 42, wherein the

system transfers electric power to at least one additional load,
the primary being separated into at least two power zones, each
of the loads being located in a separate power zone, each of the
power zones being independently and automatically switchable
from an active mode to an inactive mode, such that each inactive
zone is magnetically neutral and is incapable of transferring
electric power to any load in that inactive zone, all loads

thereby being connected in parallel and see the same voltage and
eliminating the multiple series load reflected impedances.

51. The contactless inductive system of claim 50, further
including at least one additional at least one additional AC-
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inverter and a switching system, the switching system allowing
an AC-inverter feeding a power zone to load-share an adjoining
power zone in the event one of the AC-inverter fails.

52. The contactless inductive system of claim 50, wherein at
least one of the loads includes a voltage control circuit for

maintaining a constant voltage at at least one of the loads.

53. The contactless inductive system of claim 42, the first AC-
inverter including a current control circuit for producing

constant current.

54. A contactless inductive system to transfer electric power
from a primary system to a first load, comprising:

first pick-up coil means for receiving magnetic energy, the
first pick-up coil means being tuned at a ringing frequency;

primary means for carrying the magnetic energy at the
ringing frequency, the primary means including a loop, the loop
being connected with one or more capacitors in series;

first AC-inverter means for feeding the primary means with
constant voltage or constant current, the first AC-invert means
maintaining its power factor equal to one, independent of the
first load; and

constant current means for producing electric power for the
first AC-inverter, wherein the electric power transferred to the

first load has a unity power factor.

55. A method for transferring electric power from a primary
system to a first load through a contactless inductive system,
the method comprising the steps of:

a) supplying a first pick-up coil to receive magnetic
energy, the first pick-up coil being tuned at a ringing
frequency;

b) supplying a primary to carry the magnetic energy at the
ringing frequency, the primary including a loop that is
connected with one or more capacitors in series;

c) supplying a first AC-inverter to feed the primary with
constant voltage or constant current, the first AC-invert
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maintaining its power factor equal to one, independent of the
first load; and

d) supplying a constant current device to produce electric
power for the first AC-inverter, wherein the electric power

transferred to the first load has a unity power factor.

56. A contactless inductive system to transfer electric power
between a first system and a second system, the first system
being alternatively operable as a source of electric power and a
consumer of electric power, the contactless inductive system
comprising:

a first coil tuned at a ringing frequency;

a second coil tuned at the ringing frequency, the first and
second coils being magnetically coupled;

a first control circuit connected between the first coil
and the first system; and

a second control circuit connected between the second coil
and the second system, the first and second control circuits
being operable to supply electric power to the second system
when the first system is operable as a source of electric power
and to supply electric power to the first system when the first

system is operable as a consumer of electric power.

57. A method for transferring electric power between a first
system and a second system through a contactless inductive
system, the first system being alternatively operable as a
source of electric power and a consumer of electric power, the
method comprising the steps of:

a) supplying a first coil, the first coil being tuned at a
ringing frequency;

b) supplying a second coil, the second coil being tuned at
the ringing frequency;

c) magnetically coupling the first and second coils;

d) connecting a first control circuit between the first
coil and the first system, ;

e) connecting a second control circuit between the second
coil and the second system; and

f) operating the first and second control circuits to
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supply electric power to the second system when the first system
is operable as a source of electric power and to supply electric
power to the first system when the first system is operable as a
consumer of electric power.

-40-



PCT/US98/16566

WO 99/08359

129

Zz b4

12 ‘B4

0z ‘b4

¢00c

821nos
& Jamod
Aewnd

c00¢

a321IN0S
Jamod
Aewnd

co0e 9002 € nmoyj 1omod 002
/ /. Buiidnoo onaubeuw \
1omod V L ooz vole % T golz 201z
\]1544 N,
foepuooas el 000000, 1
uonesuaduwiod 1109 dooj uonjesuadwoo
000¢ — 1010e} famod dnxoid SAlONpul ioyoej tamod
Aiepuooas fepuooss  Arewnd Aewnd
€002 < Mmojj 1amod —P
9002 ¥00¢
/‘ Buidnoo anaubeu
N N gooz—a 0" /
peoy T
1omod N PPo <] T AR YN mToo& golz 2ol &
Aiepuooass Otle” T “ “ 2% /__ “ “
uonesuadwos o3 © dooy vonesuaduod
0002 —> 10308} Jamod dmyord aAloNpul 10108§ 1amod
Aiepuooas Aiepuooss  Aiewnd Arewnd
£00¢ J8jsuel) Jamod
900¢ N 800¢ /A SS9)19BU0D > 002
peoj AN CIIONG oLt -]
Jamod SIITIIIIIIIIIIIIIIIIIIT
Aiepuoodes CIIITIIIIIIIIIIIIIII I
Buydnoo
0007 ——> 3}IoM]au 1ajsuel} onoubew }lomiau sajsuely

200¢

22IN0S
ramod

AB1aua Auepuoodas

ABsous Arewnd

Lewnd

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

2/29

vz "By

€z ‘b14

oi

<— moy} 1amod —Pp

0]

— 900¢ coge 0ogc yaoe
// /. | buiidnoo onaubetu \ .\
peo|
1amod W o:N\F A\@SN\X:/N N\% 0012 Boiz ot A
Aiepuooas 1 oy M——QQQ), 000 —AMW 1
uonesuadwod jtod doo| uonesuadwod
000¢ — 1010} Jamod dnyoid aAljonpul J010B) 19mod
Aiepuodas Aepuooss  Aewnd Arewnd

100 dnyjoid Alepuooas

JO 3due)sisal JO 3JuejsiIsal

doo| angonpui Arewnd

c00¢

20In0S
18mod
Arewnd

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

SNOILO3S 40 ¥IAWNN TVLOL & U
avol : 1y o °
JONVLOVIYH NIVIN 40 "dWOD A¥VANODIS S 0
JONVLIOVIY AVHLS 40 "dWOD AMVANODIS (1S
FONVLOVIH AVHLS AYYANODIS :SST]
1 1 --ZS |
UIWHOASNYAL 40 FONVLOVIY NIVI © U n * A : Am_ T 0 AN_ n * -j Ar *oz
JONVLOVIY AVHLIS AUV :dST]
JONVLSISIY AMVANODIS : Sy I o oy Nty e 2 L
JONVISISTY AYVIIMG | dy ot — |} |} }—|l—0
JONVLIOVIY AVHLS 40 "dWOD A¥YWIYND © 1D - ) BN o Ty A4S a3y ¥y o]
x uonesuadwod UO0103S BAIOR SUoI}08s
S peoj Aiepuooas 1Buojsuel) JO @oueoeal 19paay (L-u) uonesuadwos
O
0
n * : s | =8D un + -,_._ on
+ o8] * n +
h {1
——— ——
1S sy ss7 S| dsT] vS vy as(1-u) d¥(-u) ¥ Of

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

4/29

00l

[s1]

A E]

72

0S

o714

N

\ o’

\E

jJuaind Alepuooas -

Jualnno Alewnd \\

\

/

abejjon Aiepuooas —

N\

abejjon Aiewnd /

0001~

06.-

00S-

0G¢-

08¢

00S

0S4

(A]'[v]
0004

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

5129

001

[s11] G2

g b1y

e

[\

Jusuno Alepuooass d

abeyjon Auepuooss — |

waund Alewnd

wmm:0> \CmE:Q

]
]
\

0001~

0G4~

00G-

0G¢-

06¢

00G

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

6/29

0G1-

001L-

0S-

SdINV 0

0S

0ot

0G1

G ‘Bi4

[sv] amwil
\. -\ /T N
\ 091 1 N
LD T e =

/

/

4 Jusuno Atewnd

°| JuauNo Alepuooas

00¢-

00¢-

00L-

0 S110A

00l

00¢

00¢

‘A abejjon Aiewnd

SN abeyjjon Liepuodas g1/|

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

9 ‘614

WO 99/08359

7129

051- 001 06 08 0L 09 o MM/__F ov (0] 0¢ ol 0 00¢-
0oL T S 002-
A y
0S- AL oo1-
SdAlY O \)W\\\%/lﬁf \\N\ 0 S110A
N \\/ \ ?\
/ /& ol N ]
oGl \ \ /Nww L« / 00¢

/

4 Juauno Arewnd

1 Juauno Aiepuodas

\

“n abeyjjon Aewnd

A abejjon Aiepuooss g1/1

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

8/29

Gz ‘B4

lspeAul  19)|01U0D  JSUSAUI

19uBAUl 13]|0Ju0d J9UaAUL
indino 1omod ndui indino 1emod indui
Aepuooas Alepuodss Aiepuodas Arewnd Aewud Arewnd
91527 \pisz” \ NAYr4 orse” / /momm\/oomm
£00¢ 2002 18jsuey} sjemod 002 200¢
- b0SC |\ ¢ SSBloRIU0D > | ¢0S¢
PEQ| e I / 92IN0S
lamod il lamod
fiepuooss | i Arewnd
JOUBAUO0D Yiomjau Buydnoo ylom}au JOUBAUOD
AbBiaus 19ysuey) onaubew 19ysuel ABroua
000¢ — Aiepuooas ABiaua ABisua Aewud
800¢ :
Aiepuodas Kewnud

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

9/29

o¢ by

$3SS0131gv0 (0
1dl

SdO

ojdox[- ojdoxl-
off' ofx( 2_ oja x|
OJHX = OA
avol WNIXYIN dvOT10ON
A 8| ?\A
dy  ax[ doxl-

SdO

g¢ "bi4

43IMOd QI LLINSNYYL (q

SdO

1dl

0€

ov

0§

3

. oA
Wy e
avoil NNINIXYIN

|

ve b1

AON3IOI443 (e
SdO

1di

080
— ¥8°0

880

¢60

960

:

.:.

dvO10ON

OA

00’}

AON3IOI443

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359
10/29
o
(@)
v
< N o)
= N
AN <t
RN \
R IHD)
Ee
(e}
o
N \
AN
[ | ]
(42]
© —
Al N
§
Vi
I rr rmm_ i i i iT™™I ™IS
R
S \
18
< o N
(@) o
oN \ <t
N BR
(]
A ot
v
\ -
o
<t N
N
\ g
QAN

VN NN NN

SUBSTITUTE SHEET (RULE 26)

Fig. 2



PCT/US98/16566

WO 99/08359

11/29

g6 ‘b1

[ww] 30NVYLSI

vé ‘B4

8y'L = Mdcpy 93y

SpUOI8S-J|oA (0} X €E€0 = _mae
SPU023S-}|OA 0L X 640 = omme

(ease 1addoo jo ped 1addn) suiny-asadwe Q| = )

08l 2 d) 801 z. 9¢ 0
0
"o .
00 k,
800
— rAN0)
910
020
eisal [g]l ALISN3A XN14

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

12129

08l

g0} "614

[ww] 30NvViSIQ

144° 801

4

9¢

volL 614

80°L = _mamv\omm@

SPUOD3S-}IOA 0L X €E0 = Eae
SPU0J8s-}IOA 0L X GE'0 = omwe

(noo Jauur uo woNoq e aoceds ou) suinj-aledwe gOg X ¢ = @)

iy

-\'\l

v0'0

80°0

clo

-91°0

ejsa) [g] ALISNIA XN14

020

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

13/29

g91 b4

vol Bi4

9L sx|

xdddddﬂ R
cLL OLL
[ o \
moo.\.lm:m+$>ﬂﬂ = E>* W:W
zdox|- —— IS
eax| ‘N raX[
P47
]
3
soxl-
1274 c0L
* i~
oA
804 904
cls 0LZ
[ b
80027 m— _m $Na> “edoxl- i »W W+ A rdox - E>* W. ‘m
zayl i s vayl
9L ~viL
b 000 - |$¢ _||| -
sxI sox(-
v0. c0L
b
——

—V00.

—Vv00.

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

14/29

(000 0)

(e® e 0)

0oic

1T ‘B4

004¢

S1GJoNpuood |a)jesed ¢ jo bupsisuoo doo| aanonpur Arewnd

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

15/29

gz ‘Bi4

2082 /

oo dnyoid Atepuooas aseyd-¢ 008¢

) 9

el
A

doo| aanonpur Aiewnd aseyd-¢

b ¥ |

\. Jaueaul Indino Aewnd aseyd-¢ 3ul| abeyjon Qg
0LGe

d31H43ANOD ADHINI AHVINIHC

00L¢e

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

16/29

fepuooss pug _

816¢ /

Alepuodas js|

9062 ~

¢06¢ \

6¢ B14

Japaaul induy vi6c
=) Atepuodss pug

916C —_|_

oz6z -

uonesuadwod 10d dnyoid puz

(100 dnyjoid Asepuooas pug

1auaaurl Indul g
peoj Aepuooas js|

z162

oLec

—

—— doo| aaljonpul Aiepucoas

uonesuadwod doo)
annonpul Alepuodss

uonesuadwod 0o dnyoid 15|

1102 dnyoid Aiepuooass js|

806¢

doo| aanonpur Arewnd

doo| aagonpur Asewisd

uonesuadwoo _—"

Japaaul Indino
Arewnd

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

17/29

SAMS

Lm o o

gzl big

PasO|2 |S - UOI}D3S dAljo.
1O 1IN0 JusjeAinba

oz by

uado | g - uonoas anissed
JO IND1ID Jusjeainbs

CaMS LGMS .
[l T e it 7950
A A e S - A= == —°l
4 ! H== 4 i e
uoloss | 1 LS uoloas uonpoas ! _/¢"l" ! uonoas
Xauo} J“I }sejwol}  Xau o0} | il ml.—w H }se| woyy
0G9 \ = 059 1 IR AR
O —-— : WMMH - O] O] —-— ' 7S mﬁMH ~a— 9
T = T °lG0
vzl By
PAMS £AMS _ ZaMS _ LAMS _ _ el _
JAILOY AAILOV AAISSVYd dAILOV JAISSVYd
GS ¥S £S Zs IS
</ — —
€ FT1DIHIA ¢ A1DIHAA L F1DIHAA

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

18/29

OA

azi ‘b4

UOI}03S SAIJOE JO }INDIID Pajie}ap

¢G9%
2aMs \ S on-
0] —= A O A\ T ®
! ® =
U3
=~ ®

uoloas
1Xau 0}

0|

uoljoas
1sej wouy OA

321 by

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

19/29

o¢lL by

440 C 43 1LH3ANI

¢ % |1 SdO01SAd334 | Y31LH3IANI

ga¢l by

¢ 81 Sd001Sd334 ¢ 431H43ANI

440 | 43 LHd3ANI

Z 4001 | 40O
3IALLONANI 3AILONANI
AHVININA ALVINIE

999 299
7 ] 899 €99 | 1T

I DO V4 o o i SO
: P
Y RIS I

L Y3LH3INANI

1Ndino

AdVWIHd
99 099

vel Big

¢ 400150334 ¢ 431H3INANI

L 4OOTSd334 | d31d43ANI

Z 4001 | dOO1
JAILONANI IALLONANI
AUV AHVINRI

999 299
~ | gog cog [ 7
\1 ..ﬁ.. . .aa./ '
N U S | IS AL A B
Z HALHY3IAANI L ¥31LH3NANI
1NdinNno 1Nd1NoO
AUV AUV

2 400 L OO
JAILONAN] JAILONAN]
AYVYNIEd AYVNIEd
999 299
" ] gg9 g9 | 1

...... [ o -—\ | .
“ B

N (O PO (1L
¢ d31H3ANANI

1NdLNo

AdVYNIYd

99 099

N $99 099

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

20/29

1 "By

R - m
Lo ¥ L i90p ¥ SOp !
' ' ! " " 1
R A 1
A i PPN S il b
0G| | izc0gl i 107 «++« " “ "
sI“x\\uL \I “ w. ' i Yo ! viv m * @ m_v
¥0S 105~ i P S Pt m
--w ............... - ! Lo -1 | ! LMool !
“ e F—0—tt—0 L0L| 90L [SOl !
005 " 14002, I“.L _ /o N g M
" L E0r T | 20z | T ¥ 70
H - —eov | L / “
“ T - ! —esort 8 A TIORNGS! _
" 1E00Z, ' / T "
o J oo oy o/ voz % @ L INViSNOD | i
) ]
4%% ! \rm.izl 0
] 20l €0 voL |
00¢g 00¥ 002 i--l-li--!\. ................ _
001
06

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

21/29

H3LHIANI LNdNI

HHOMULIN NOILYSNIdWOD —
AYVYANOO3S ._,

SHOLONANOD
1371vdvd A30NVIvE

HIATIOHINOD H3IMOdJ
J1VIA3WHILNI

AOM_ZOJ HIMO 3SHINIY

HILH3IANI
1nd1no

T

og ‘B4

avot

{ Ov

O I

'

1t

1 JOULNOD i
RNEIREATE

= _
0D dNXOId AUVANOD3S

~AINFHAND H1IM JOOT

IAILLONANI AYVYWING

Elite)

1NdLNO D 3HL LV
131IvMvd NI S0 dNXOld -

avonl

oa
IAILOV

H:31T1091INOD ¥3MOd

HILH3IANI 1Nd1NO J1VIAIWH3INI HILH3IANI LNdNI
AHOMIIN
NOILVSNIdWOD AYYWIYG \IO F
L ObL / S0k _soL
1 *;E> Kon>*n,_
M M 601 801
HH % 1C> ﬁ hAuW 2oL €01
|
Ty —
Avunad) e i il LOL
_IL FOHINGD r._ seeee N
{YILHIANL JoEzoo 14018
: : : H3IMOd

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

22/29

[¥ITIONINOD |
i 39VITOA |
..Andino
Z SPIYaA L BPIYaA *
— L : 31 oanoos
&N * T %v * T abeyjjon indino
«\\ + _— _— Pt
J0b 1addoyd nQq
00t
Sov abeyjjon 0Q abejjon DQ
0 / Japaau indjno aljqelea juejsuod Jayoal
1401 %
L P i Y - @ @
g W00 dn>oid \1 w00 dn¥old__€0Y $ W *
20y ~ ~10¥ LlL oLl L0} 901 SOt

/

\
b y on}
— 1——160L 80! n}
EmE:a_ )
1
102 1]
-

........................ 0j Alddns auy
r J0UINOD L vol

P
\. |onuod /
06 é _ JUS1IND JUB}SUOD (oo]}

39U} SNSIBA SWIOjBAEM JUBLIND

1
1T

e
-
©
>

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

v1 614

(yuauno juejsuod pue abeyjon ybiy) peoj ybiy (yuaund juejsuod pue abejjoa moj) peoj moj
_llllmmmu_o> ndino ¢4,001 - 0S I abejjoa Indino ¢4,06 - 0 —
_lanooo_ I %08 - %09 ——— %08S I %0¢ T %01 —
NG NG NG TN TN NG 0
N—" ~— ~—" N~—" ~— AUVIIS]
04 — 9 | | N N 0
W | | — 1 b A
m m i 0
o)) ' : . 9L
& o
~N : : ' 0
: : “ 51
: : 0
— —] — — — & v
: i _. i _ _m _m i i T 0
' : . . : : U €1
i m . w 0
— : : A._ : ey
— 1 u " . . Po

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

24/29

51 "By

TO™INOD 3SINd JILHIANI 18VIMVA A8 INFHHND LNDLNO LNVISNOD SNONNILNOD

. Japaaul indino abejjon D ajgeuen abeyjjon D JueISuod
1)’
/ , POl
[0J}U0D JUBHLIND JUBJSUOD
vl L 9 =
: o1 ................................ : 01
vOl — J - /
<>* vL ‘l ¥ITIOHNINOD %>* =
{ Sh0] — @ £l —a—  INNNO ﬁ
Arewnd| ] -
L mw g oL Lo Al\ ...........................
20l
\ N\ _VO_‘ 0L /
01 —— —— I
0} Pl

00t

W} SNSIBA SWIOJSAEM JUBLIND

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

25/29

a2l ‘b4

OA
0|
bA
PIIA

ZWA

ZdA\

vii By
AvO1 ONISYIYHON| = avoil ON
LdO/Ld| h
Eo:a_
LdOrLd|
bdj LdOrid] ‘tdj
SO < < SOA SOA — ' <
y _ LT
LN
A 4
L)
% y \ 4 A 4
LA LIEA LdA LA LA LA LdA

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

26/29

WO 99/08359

VOA
— AL
€OA 8IS/ IR
— <<Nm>
8ISA 821\
ZOA —
oy
LOA
— <<—‘w>
ZON gISA LA
B <<Nw>/mo>
 52SA azIA
YA —

‘

wT aouejoeded pajdnoo-1swiojSUBL} PUB PaJBIIUSTIUOD YA

Mqll doo| saponpul Aewnd Jo uojesuadwos sauas
YZSA VZIA
~—— -
~——y— ——
VISA YLIA S \ qu

i i i - ._. H
+- i *- “ *- “ *-o ...FO._.NO._. ?>
EOA
SISA gLIA
— - — . )
2 = -
vig ‘B4

SO

—— souejoeded pajnquisip yiim dooj aaonpuy

S1 Arewd jo uonesuadwoo ssuss
VZSA VZIA
g -
- - *
VISA VA

VoA +\u ] No>¢\" ""/*
20) 40

gISA LA
— ——
— —— Ala
82SA azIn

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

27129

agl ‘b4

vgl "bi4

304N0S

v06
/\

06

hl[eze)
dNXOld

R

d31H43ANI AYVANOD3IS

806

[

: AdVINIEd

|

906

IS

0lL6

h 4

[4%5)
/

0L6

d3MOd ISH3IATA

W avol
/

455}

0oL6
>

Yy Y

016

N

Rl[e}e]
dNXold

Yy Y

431411034 AHVANOD3S

o
[
|

906

N

Yy Y

(3aNIT 10 YINNSNOD)

avol

d3131103d >m<5:m&/

006

¥06 | ‘

/\
206
/

AdVINIAd

¥06

d3IMOd AHVMHOS

N

(

D

H3LHIANI >m<_z_mn_/

006

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

28/29

61 "Bid

9001

TOHLINOD HIMOd 3ISHIAIY

yooL -~
vl vd €d el
) 4 \ 4
b
cL «NQ FD« (8
. . 00000
P
syl
QIR
et =13
zdoy([- 1doxf-
zax| vax[
\

T

OA

soxl-

bon
R

/89

SUBSTITUTE SHEET (RULE 26)



PCT/US98/16566

WO 99/08359

29/29

£00¢

L TAM B

1

ylomiau
lajsuel)
916¢ vise clse ABlous
Aepuooas - 9002
Japanul 18|jo1u0d Jauanul
Sﬂ::o. ___wz,wa uwa:_ ' oz \co:mm:anoo Kiepuooas
KAiepuooss] | Aiepuooss|_|Aiepuodas 105 dnsjord Asepuooas
1401 %4
/  18usauos Abisus Kiepuooes Budnoo e \ 0152 8052 9052
e opeubew | IHE | * j |
8007 ——>iiit _ Japeaul H sajjonuoo (H ispeaur
[ indino 1omod indur K
o0LLZ \\ dooj snonpul | Aewud || fewnd | Aewud
\ Arewnd \ it y
000z — HIoMau Jajsuen / 1apanuod Abssus Arewnd
002 ABisua Arewnd 2062
uonesuadwod
Arewnnd

colLe

c¢00e

aoinos
Jamod
Arewd

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/TS98/16566

A.  CLASSIFICATION OF SUBJECT MATTER
IPC(6) : HO02J 3/36
US'CL :307/44, 45, 64, 82, 85-87; 363/35
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification svmbols)

U.S. :  307/44, 45, 64, 82, 85-87; 363/35

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
N/A

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
U.S. PTO APS

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 3,275,838 A (ALMSTROM) 27 September 1966 (27.09.66), see | 30-36
col. 2 line 62 et seq.

A US 4,967,096 A (DIEMER ET AL) 30 October 1990 (30.10.90),| 1-57
see entire document.

D Further documents are listed in the continuation of Box C. D See patent family annex.

* Special categories of cited documents: T later document published after the international filing date or priority
wpn . - . date and not in conflict with the application but cited to understand the
A document defining the general state of the art which is not considered principle or *heary underlying the invention
to be of particular relevance
: ; ; ; " "X document of particular relevance; the claimed invention cannot be
carlier document published on or afier the international filing date considered novel or cannot be considered to involve an inventive step
document which may throw doubts on priority claim(s) or which is when the document is taken alone
cited to establish the publication date of another citation or other . . . .
special reason (as specified) Y document of particular relevance; the claimed invention cannot be
considered 1o involve an inventive step when the document is
‘0" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
“p" document published prior to the international filing date but later than ~ »g* document member of the same patent family
the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report

03 NOVEMBER 1998 2 %JANAQ%

4
Name and mailing address of the ISA/US Authorized officef | '/} ,,} :
Commissioner of Patents and Trademarks : »fe\’) V’

Box PCT
Washington, D.C. 20231 SHAWN RILE
Facsimile No.  (703) 305-3230 Telephone No.  (703) 308-178

Form PCT/ISA/210 (second sheet)(July 1992)*



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

