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(57) Abstract: An energy transfer system is disclosed which has a controller, a first capacitor acting as a first electrode, a second
capacitor acting as a second electrode, a first inductor for storing energy received from the first capacitor, and transterring the stored
energy to the second capacitor, and a first plurality of electronic switches. The first plurality of electronic switches may be controlled by
the controller to control a transter of energy from the first capacitor to the first inductor, and from the first inductor to the first capacitor.
An additional energy transfer subsystem may be included which has a second inductor for receiving energy trom the first capacitor
while the first inductor is transferring the stored energy to the second capacitor.
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CAPACITIVE DEIONIZATION CHARGE TRANSFER FROM ONE CAPACITOR
SIMULTANEQUSLY TO MULTIPLE CAPACITORS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application clams prionty to WS Uldily Application No.
15/352,058, filed on November 15, 2016, The entire disclosure of the above application
is incorporated herein by reference.

STATEMENT OF GOVERNMENT RIGHTS
[0002] The United States Government has rights in this invention pursuant to
Contract No. DE-ACS52-07NA27344 between the U.S. Deparment of Energy and
Lawrence Livermore National Security, LLC, for the operation of Lawrence Livermore

National Laboratory.

FIELD
[0003] The present disclosure relates {o a system and method for transferring
energy from one capacitor simultaneously to two or more capacitors 1o significantly
reduce the fraction of capacitors that are nof charging. The sysiems and methods are
specifically applied in this disclosure {o deionization of a fluid containing ions, such as
salt, which may contain other chemicals such as nitrates, heavy metals, scalant, etc.,
using capacitive deionization, where it will improve the economics of a capacitive

deionization system.

BACKGROUND

[0004] This section provides background information related to the present
disclosure which is nof necessarily prior art.

[8085] There is a presently a strong mterest in improving the economics of a
capacitive deionization system which is used for water desalination. Water desalination
is expected fo continue growing in importance over the coming years as shortages of
fresh water continue to be experienced in various regions around the world, and
especially in those regions bordering bodies of salt water.

[0008] Capsotive deionization is one method of desalination which removes
salt from salt water by using electric fields. However, due 1o finite charge capacity, the
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capacitors used in such systems, which act as electrodes, have fo be charged and
discharged in a continuous coycle of desalination and regeneration. This is done
typically by transferring the charge betwesen two capacitors, and only adding additional
energy o the system as energy is resistively dissipated. In a typical capacitive
deionization system, the desalination {removal of ions from the water) takes place when
the capacitor is charging, and the regeneration (removal of salt from the capacitor}
takes place when the electrode is discharging. While there are capacitive desahlnation
systems in which the charge states are reversed, the charging step will be called the
desalination step, and the discharging step will be called the regenerafion step
throughout this document.

[0007]7 The conventional means of performing this transfer is by using a buck
boost converter. Such a circuit is shown in Figure 1. in this circuit capacitor C1 acts as
the first electrode {i.e., electrode 1) during the desalination operation o store charge as
salt water moves between s plates and ions are removed from the water. This resulls
in the builldup of a charge on electrode 1 {C1). When electrode 1 (C1) s fully charged,
the circuit then begins to transfer energy from electrode 1 {C1) to an inductor (L1}, and
then from the inductor 10 a8 second electrode (i.e., elecirode 2, labelled as C2). This
transfer is done in two steps, and current passes through each electrode only half the
time. Electrode 1 {(C1) discharges when switch 1 (swcl) is closed {conducting) and
switch 2 {(swc2) is open. Current flows into the inductor (L1) and the induclor begins
storing the energy from electrode 1 {C1) in its magnetic field. When the current through
the inductor (L1) reaches a predetermined maximum, then swilch 1 is opened and
switch 2 is closed. Al this point the inducior {L1) begins transferring its magnetic field
charge energy through swiich 2 to elecirode 2 {C2). When the cumrent flow in the
inductor {L1) reaches a predetermined minimum, switch 2 is opened and switch 1 1s
closed, and the above cycle repeats itself. it typically takes numerous cycles to transfer
all of the energy from electrode 1 (C1) o electrode 2 (C2). As such, each one of the
glectrodes 1 and 2 is only charging or discharging one half the time during any given
charging or discharging cycle. This means that it takes twice as long to fully charge an
electrode than it would if the charging process was continuous at the same average
current. it also means that i takes twice as long o fully discharge one of the elecirodes
than it would # the discharging process was continuous. One method to speed up the
transfer of charge from electrode 1 to the inductor, and then from the inductor to
glectrode 2, is to allow a greater current flow during the charge transfer process. Thus,
using a higher current flow will improve the throughput of the system, but increasing the
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magnitude of current flow will also increase the power dissipation losses due to the
intemal resistances of the electrodes and the cables. Accordingly, simply increasing
the current flow to reduce the time needed to compiete the regeneration step is not a
preferred option. i should also be noted that, under the current configuration of the
circuit, half the capacitor material will be desalinating water at any given time, whereas
the rest is regenerating, which means that half of the material 1s not contributing {o the
desalination operation under this configuration.

[0008] From the above it will be appreciated that limitations and tradeofis
axist in speeding up the transfer of charge from one capacitor to another. Since the
desalination step cannot be initiated until the regeneration step is completed, any
feature or improvement that reduces the time needed {o perform the regeneration step
{i.e., remove the stored charge from the capacitor that performs the desalination step)
to another electrode, would improve the throughput of the system and thus ifs economic

performance as well.

SUMMARY

[0009] This section provides a general summary of the disclosure, and is not
a comprehensive disclosure of its full scope or all of its features.

[0010] In one aspect the present disclosure relates 10 an energy transfer
system comprising a controller, a first capacitor acling as a first electrode, a second
capacitor acting as a second electrode, and a first inductor for storing energy received
from the first capacitor, and transferring the stored energy o the second capacitor. A
first plurality of switches may also be included which are used to control a transfer of
gnergy from the first capacitor 10 the first inductor, and from the first inductor to the
second capacitor. An addifional energy transfer subsystem may be included which has
a second plurality of electronic switches controlled by the controller, a second inductor
for receiving energy from the first capacitor, and a third capacitor for receiving energy
from the second inductor. The second plurality of electronic switches may be controlled
by the controlier to simultaneously charge the second inductor while the first inductor is
charging, and to simullanecusly transfer energy from the second inductor {o the third
capacitor while energy is being transferred from the first inductor to the second
capacior.

[0011] In another aspect the present disclosure relates o an energy transfer
system. The system may include a controller and a first energy transfer subsystem.
The first energy transfer subsystem may include a first capacitor acting as a first



10

15

20

25

30

35

WO 2018/093525 PCT/US2017/057349

glectrode, a second capacitor acting as a second electrode, a first inductor for storing
energy received from the first capacitor, and transferring the stored energy to the
second capacitor. First and second electronic switches may be included which are
controlled by the controller to transfer energy from the first capacitor {o the first inductor,
and from the first inducior to the second capacitor. A second energy transfer
subsystem may be included which has a second inductor, a third capacitor, and third
and fourth electronic switches controlled by the controller for transfernng energy from
the first capacitor to the second inductor, and from the second inductor to the third
capacitor. A third energy transfer subsystem may be included which has a third
inductor, a fourth capacitor, and fifth and sixth electronic switches controlled by the
controller for transferring energy from the first capacitor to the third inductor, and from
the third inductor to the fourth capacifor. The electronic swilches may be controlled so
that the first, second and third inductors all receive energy from the first capacifor
simultaneocusly, and the first, second and third inductors all transfer energy
simultaneously to the second, third and fourth capacitors.

[0012] In still another aspect the present disclosure relates to a method for
performing energy transfer which helps {o remove ions from a flowing fluid containing
the ions. The method may comprise using a first capacitor to form a first electrode for
use in removing ions from a fluid containing the ions flowing through the first electrode.
The method may further involve using an induclor to recsive energy from the first
capacitor during a regenseration stage of operation, and also using g switching netwark
of glectronic switches controlled by a controller to control a transfer of charge from the
inductor during the regeneration stage of operation. The method may further involve
using the controller to control the electronic swifches to enable a simultansous transfer
of the charge from the inductor to each one of the plurality of additional capacitors
during the regensration stage of operation.

[0013] Further areas of applicability will become apparent from the
description provided herein. The description and specific examples in this summary are
intended for purposes of iflustration only and are not intended to limit the scope of the

present disclosure.
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DRAWINGS

[0014] The drawings described herein are for illustrative purposes only of
selected embodiments and not all possible implementations, and are not intended o
fimit the scope of the present disclosure.

[0015] Figure 1 is & schematic drawing of a prior ant slectronic circuit for
performing energy transfer, and more particularly capacitive desalination, which makes
use of one electrode {capacitor C1} for parforming the desalination step, along with an
inductor and a second capacifor {capacitor C2) for performing the regeneration
operation;

[00168] Figure 2 is a schematic drawing of one embodiment of a system for
performing energy transfer in which the system makes use of four distinct stages of
inductors and capacitors to significantly reduce the time needed to perform the
regeneration step; and

[0017] Figure 3 is a high level schematic diagram of ancther embodiment of
an energy transfer system of the present disclosure which forms an "any to any” charge
transfer system.

(0018} Corresponding reference numerals indicate corresponding parls
throughout the several views of the drawings.

DETAILED DESCRIPTION

[0019] Example embodiments will now be described more fully with reference
to the accompanying drawings.

[0020] The conventional means of transferring stored energy from an
giectrode of a capacitive desalination system is by transferring charge from the
electrode performing the regeneration operation to an electrode that performs the
desalination operation. The present system and method, however, transfers charge
from the regenerating electrode simullaneously to a pluralily of electrodes in a
corresponding plurality of desalination slages. Each desalination stage has an
glectronic switching component and an inductor. The timing of the electronic switching
component of each stage is conifrolled by an electronic controller {o oplimize the
transfer rate of energy from the regenerating electrode to the desalination electrodes.
The use of a plurality of stages o simultaneously receive energy from a first electrode
of the system, wherein each stage has its own inductor and capacitor, enables charging
multiple electrodes while regenerating an electrode, compared o only one electrode
with the current system. Thus, instead of having half of the matenal not contributing at
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a given time, the fraction drops to a third (for transferring from one to two electrodes) or
a guarter {for transfening from one to three electrodes), and proportionally reduces the
amount of electrode material that has to be used 1o sustain a given throughput rate.

[0021] Referring to Figure 2, one embodiment of an energy transfer system,
and more particularly a capacitive desalination system 10, in accordance with the
present disclosure is shown., The system 10 in this example includes a first capacitor
{C1) 12 which forms a first slectrode, a first resistor 14 representing the internal
resistance of the first capacitor 12, a first electronic switch 16 which in this example is a
FET, a first inductor (L1) 18, a cumrent sensing resistor 20, a comparator circuit 22
having its inpuls coupled across the current sensing resistor 20, a second slectronic
switch 24 formed by a FET, a second resistor 26 representing the resistance of the
second electronic switch 24, and a second capacitor {C2) 28 which forms a second
electrode. The comparator circuit 22 generates an output which is received by an
slectranic controller 30, which may be, for example, a microcontrolier. The electronic
controfler 30 controls the swilching of the first and second electronic switches 16 and
24 to implement the desalination and regeneration operations. The components 14, 186,
18, 24, 26 and 28 collectively represent a first desalination stage 32. The first
desalination stage 32 operates as described above for the circuit of Figure 1.

[0022] The system 10 provides a significant advance over the circuit of Figure
1 by providing & plurality of additional energy transfer subsystems that each form a
separate desalination stage that are operated concurrently {i.e., simultanecusly) with
the first desalination stage 32. In the example embodiment shown in Figure 2, second,
third and fourth energy transfer subsystems 34, 36 and 38, respectively, act as sscond,
third and fourth desalination stages which help to significantly expedile performing the
desalinating operation. Second energy transfer subsystem 34 includes a resistor 40
representing the resistance of the cabling, a third electronic switch 42 in the form of a
FET, a second inductor (L2} 44, a fourth electronic switch 46 in the form of a FET, a
resistor 48 and a third capacitor {C3) 50. The third capacitor 50 represents a third
glectrode and the resistor 48 represents the resistance of the third capacitor. The third
and fourth electronic switthes 42 and 46 are in communication with the electronic
controller 30 and swilched on and off in a controlled fashion by the electronic controller.

[0023] Third energy transfer subsystem 36 is similar in construction to the
second energy transfer subsystem 34 and includes a resistor 52 which represents the
internal resistance of the cabling, a fifth electronic swilch 54 which in this example is a
FET, a third inductor (L3) 56, a sixth electronic swiltch 58, a resistor 60 and a fourth
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capacitor {C4) 82, The fourth capacitor 62 represents a fourth electrode. The resistor
60 represents the resistance of the fourth capacitor 82. The fifth and sixth slectronic
switches 54 and 58 are both in communication with the electronic controller 30 and
switched on and off by the electronic controller in a controlied fashion.

[0024] Fourth energy transfer subsystem 38 includes a resistor 64
representing an internal resistance associated with cabling, a seventh slectronic swilch
66, a fourth inductor (L4) 88, an sighth electronic switch 70 which in this example s a
FET, a resistor 72 and g fifth capacitor 74. The fifth capacifor 74 represenis a fifth
glectrode and the resistor 72 represenis the intemnal resistance of the fifth capacitor.
The seventh and eighth electronic switches 66 and 70, respectively, are switched on
and off in a controlled fashion by the electronic controller 36, And while the electronic
switches 16, 24, 42, 46, 54, 38, 66 and 70 have been described as FETs, and will be
referenced in the following description of operation for convenience simply as “FETs", #
will be appreciated that any suitable electronically controllable switching element may
potentially be used, and thus the system 10 is not imited to use with only FETs as the
electronic switching elements.

[0025] In operation, the system 10 operates s¢ thai the timing of the first FET
16, the third FET 42, the fifth FET 54 and the seventh FET 66 are all turned on {i.e,,
conducting) at the same time at the start of a desalination operation. The second FET
28, the fourth FET 48, the sixth FET 58 and the eighth FET 70 will all be turned off {i.e,,
non-conducting) at the stad of the desalination operation.

[0026] The first inductor 18 (L1}, second inductor 44 (L2), third inductor 56
(L3} and the fourth inductor 68 (L4) will all begin charging simultaneously as they
receive the energy stored by the first capacitor 12 {C1). Each of the inductors 18, 44,
56 and 68 will receive about 0.25% of the flow from the first capacitor 12 {C1). The
electronic controfier 30 monitors the current flow through the inductor 18 via the sensed
voltage drop across resistor 20 (R3), and when the current flow reaches a
predetermined maximum level, it turns off the first FET 16, the second FET 42, the fifth
FET 54 and the seventh FET 66, and then turns on the second FET 24, the fourth FET
46, the sixth FET 38 and the eighth FET 70. This enables current to current to begin
flowing through the FETS 24, 46, 58 and 70 into the capacitors 28, 50, 62 and 74
Thus, the charging of all of the capacitors 28, 50, 62 and 74 begins simultaneously.
When the electronic controller 30 detects a minimum current flow via & minimum
voltage drop across second resistor 20 (R3), hen # again turns on FETs 16, 42, 54 and
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68, and tns off FETs 24, 46, 58 and 70, and the process of re-charging the inductors
18, 44, 56 and 68 begins again.

[0027] Thus, the swilching action of the FETs 16, 24, 42, 46, 54, 58, 66 and
70 is controlled so that FETs 16, 42, 54 and 68 are always on while FETs 24, 46, 58
and 70 are always off, and vice versa. The polential drawback with an excessive powsr
loss because of the increased current flow out from first capacitor 12 (C1) 18 avoided
because the resistance of first resistor 14 (R1, the intermnal resistance of the electrode
represented by capacitor 12 (C1)) decreases as the first capacitor 12 {C1) discharges,
because salt is releasad from the electrode surface into the pores in the hquid during
the discharge, increasing local ion concentration and reducing the resistance. With
reference to Figwre 3, an energy transfer system is shown which forms a capacitive
desalination system 100 in accordance with another embodiment of the present
disclosure. The system 100 also makes use of a first capacitor 102 (C1), a first
glectronic switch 104 (Q1) which in this example is an FET, an inductor 106 (L1}, a
current sensing resistor 108 {R1), an operational amplifier configured as a comparator
110 having an output fed to the controller 30, a second electronic switch 114 (Q2)
which in this example is a FET, a second capacitor 116, a third electronic switch 118
{Q3) which in this example is a FET, a third capacitor 120 (C3), a fourth electronic
switch 122 ((34) which in this example is a FET, a fourth capacitor 124 {C4), a fifth
electronic switch 126 (Q8) which in this example is a FET, and a fifth capacitor 128
{C5). The first FET 104 and the first inductor 106 form a first energy transfer
subsystem 107, the second FET 114 and the second capacitor 116 (C2) form a second
anerqgy transfer subsystem 117, the third FET 118 and the third capacitor 120 {C3) form
a third energy transfer subsystem 121, the fourth FET 122 and the fourth capacitor 124
form a fourth energy transfer subsystem 125, and the fifth FET 126 and the fifth
capacitor 128 form a fifth energy transfer subsystem 129, The energy transfer
subsystems 107, 117, 121,125 and 129 each form portions of a desalination stage or
subsystem for carrying out a desalination step of operation. The gate of each of the
FETs 104, 114, 118, 122 and 126 has is gate in communication with the controller 30
and can be switched on and off by the controller.

[0028] In operation, when the first capacitor 102 needs o be discharged, the
controfter 30 tums on the first FET 104 and the first capacitor begins transfermning iis
gnergy the inductor 106. When the comparator 110 detects that a maximum
predetermined current is flowing through the inductor 106 via the voltage drop across
the current sensing resistor 108, the comparator generates an output signal to the
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controfler 30, The controller 30 tums off the first FET 104 and tums on FETs 114, 118,
122 and 128. Capacitors 116, 120, 124 and 128 will simultaneously begin receiving the
stored energy from the inducter 108, Once the oulput from the comparafor 110
indicates that the current through the inductor 106 has dropped o a predetermined
minimum value, then the controlier 30 s off the FETs 114, 118, 122 and 126 and
again Wurns on the first FET 104 o again start charging the inductor 106, This process
is repeated typically a plurality of times until the voltage across the first capacitor 102 1s
reduced to a predetermined minimum value, for example 02V, and then the
desalination operation can be repeated {0 re-charge the first capacitor 102 (C1}.
Allowing the first capacitor {0 regensrate involves the controller turning off the first FET
104 for a predetermined time interval.

[0029] The above described system 100 allows essentially an “any 1o any’
charge transfer to be accomplished. Another charging sequence that could be
implemented using the system 100, and which may even further increase the efficiency
of the system, may involve always starting the charge transfer from the inductor 106 to
the capacitor {i.e., one of capacitors 114, 118, 122 or 128) that has the highest voltage,
but is lower than the voltage of the first capacitor 102 (C1). The system 100 works best
in the buck mode, so by starting to transfer energy to the capacitor that happens to be
at the highest voltage, and working sequentially down {0 other ones of the capacitors as
the voltages of the capacitors (116, 120, 124 and 128) become equal, the sysiem 100
will be fransferring energy in the buck mode more of the time. So for example, i the
first capacitor 102 {C1) initially had a voltage of 1.0V, and at a given time the second
capacitor 116 {(C2} had a voltage of 0.8V, the third capacitor 120 (C3) had a voltage of
0.6V, the fourth capacitor 124 (C4) had a voltage of 0.4V, and the fifth capaciior 128
{C5) had a voltage of 0.2V, then the second FET 114 would be furmed on initially when
the fust FET 104 is turned off. As soon as the second capacitor 116 {C2) is charged to
a predetermined maximum v/alue, then the second FET 114 would be tumed off and
the third FET 118 turned on to begin charging the third capacitor 120 (C3). As soon as
the third capacitor 120 (C3) is fully charged then the third FET 118 would be tumed off
and the fourth FET 122 would be tumed on to begin charging the fourth capacitor 124
{C4Y/, and so forth.

[0030] It will also be appreciated that while four capacitors 116, 120, 124 and
128 are shown being used in the system 100, that a greater or lesser plurality of
capacitors could be incorporated instead, and that the system 100 is therefore not
fimited 1o use with only four capacitors in the desalination portion of the system.
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Further, the final circuit may include additional current sensing resistors to better control
and oplimize the process. The various described ambodiments all enable a capacitive
desalination system to be provided which enables a significantly Taster transfer of
charge from one electrode {0 one or more other electrodes.

[0031] The foregoing description of the embodiments has been provided for
purposes of illustration and description. 1t is not intended {o be exhaustive or to fimit the
disclosure. Individual elements or features of a particular embodiment are generally not
imited to that particular embodiment, but, where applicable, are inferchangeable and
can be used in a selected embodiment, even if not specifically shown or described.
The same may also be varied in many ways. Such variations are not to be regarded as
a departure from the disclosure, and all such modifications are intended to be included
within the scope of the disclosure.

[0032] Example embodimenis are provided so that this disclosure will be
tharough, and will fully convey the scope to those who are skilled in the art. Numerous
specific details are set forth such as examples of specific components, devices, and
methods, to provide a thorough understanding of embodiments of the present
disclosure. i will be apparent to those skilled in the art that specific details need not be
employed, that example embodiments may be embodied in many different forms and
that neither should be construed o limit the scope of the disclosure. In some example
embodiments, well-known processes, well-known device structures, and well-known
technologies are not described in detail.

[0033] The terminology used herein is for the purpose of describing particular
axample embodiments only and is not intended 1o be limiting. As used hersin, the
singutar forms “a,” "an,” and “the” may be intended to include the plural forms as weli,
uniess the context clearly indicates otherwise. The terms “comprises,” “comprising,”
“including,” and “having,” are inclusive and therefore specify the presence of stated
fealures, integers, steps, operations, elements, and/or components, but do not preclude
the presence or addition of one or more cther features, inlegers, steps, operations,
glements, components, and/or groups thereof. The method steps, processes, and
operations described herein are not to be construed as necessarily requiring their
performance in the particular order discussed or Hlustrated, unless specifically identified
as an order of performance. [t is also to be undersiood that additional or alternative

steps may be employed.

10
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[6034] When an element or layer is referred to as being "on,” “engaged to.”
‘connected 10,7 or “coupled 10" ancther element or layer, it may be directly on, engaged,
connected or coupled to the other element or layer, or intervening elements or layers
may be present. In contrast, when an element is referred o as being “directly on/”

el

‘directly engaged {0, "directly connected to0,” or “directly coupled 10" another element or
layer, there may be no infervening elements or layers present. Other words used {o
describe the relationship between elemaents should be interpretad in a like fashion (e.g,,
"between” versus “direclly between,” “adjacent” versus “directly adjaceni,” etc.). As
used herein, the term “andfor” includes any and all combinations of one or more of the
associated listed items.

[0035] Although the terms first, second, third, etc. may be used herein to
describe various elements, components, regions, layers andfor seclions, these
elements, components, regions, layers and/or sections should not be limited by these
terms. These terms may be only used fo distinguish one element, component, region,
laver or section from another region, layer or section. Terms such as "first,” "second,”
and other numerical terms when used herein do not imply a sequence or order unless
clearly indicated by the context. Thus, a first element, component, region, layer or
section discussed below could be termed a second element, component, region, layer
or section without departing from the teachings of the example embodiments.

[00368] Spatially relative terms, such as “inner,” “outer.” “beneath,” *helow,”
“ower,” “above,” “upper,” and the ke, may be used herein for ease of description to
describe one element or feature's relationship to another element{s) or fealure(s) as
fllustrated in the figures. Spatially relative terms may be intended to encompass
different orientations of the device in use or operation in addition {o the orientation
depicted in the figures. For example, if the device in the figures is turmned over,
elements described as “below” or “beneath” other elements or features would then be
oriented “above” the other elements or features. Thus, the example term “below” can
encompass both an orientation of above and below. The device may be otherwise
oriented (rotated 80 degrees or at other orienfations) and the spatially relative

descriptors used herein interpreted accordingly.
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CLAIMS

YWhat is claimed is:

1. An energy transfer system comprising:

a controiler,

a first capaciior acting as a first electrode;

a second capacitor acting as a second electrode;

a first inductor for sloring energy received from the first capacitor, and
transferring the stored energy 1o the second capacitor;

a first plurality of electronic switches controlled by the controlier for controlling a
transfer of energy from the first capacitor to the first inductor and from the first inductor
to the second capacitor; and

an additional energy transfer subsystem including:

a second plurality of electronic switches controfled by the controlier;

a second inductor for receiving energy from the first capacitor; and

a third capacitor for receiving energy from the second inductor;

the second plurality of elecltronic switches being controlled by the
controfler o simultaneously charge the second inductor while the first inductor is
charging, and to simulianeously transfer energy from the second inductor to the third
capacilor while energy is being transferred from the first inductor o the second

capacitor.

2. The systemn of claim 1, further comprising another energy transfer
subsystem having a third plurality of electronic switches, a third inductor and a fourth
capacitor, the third plurality of electionic switches being controlied by the controller to
charge the third inductor simultaneously with charging of the first and second inductors,
and to transfer energy from the third inductor to the fourth capacitor simultaneously with
the transfer of energy from the first inductor to the second capacitor.

3. The system of claim 2, further comprising & final energy transfer subsystem
having a fourth plurality of electronic switches, a fourth inductor and a fifth capacior,
and wheremn the controller controls the fourth pluralily of electronic swiltches so that
energy is transferrad from the first capacitor to the fourth inductor simultaneously while
gnergy is being transferred from the first capacitor to the first inductor, and further such
that energy is transferred from the fourth inductor to the fifth capacifor simultaneously
while energy is being transferred from the first inductor to the second capacitor.

12
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4. The system of claim 3, wherein:

the first plurality of electronic switches, the first inductor and the second
capacitor form a first regeneration stage;

the additional energy transfer subsystem forms a second regeneration stage;
and

the another energy transfer subsystem forms a third regenseration stage; and;

the final energy transfer subsystem forms a fourth regeneration stage.

5. The system of claim 1, wherein the system forms at least one of:
a desalination system for removing salt from salt water; or
a deionization system for removing ions from an fluid containing the ions..

8. The system of claim 1, wherein the first plurality of electronic switches
comprises a pair of first field effect transistors (FETs), and wherein the second plurality

of electronic swiiches comprises a second pair of field effect transistors.

7. The system of claim 1, wherein the system further includes a current
sensing resistor and a comparator coupled across the current sensing resistor for
monitoring a magnitude of a current flow through the first induclor, and wherein an

output of the comparator is coupled o the controlier.

8. The system of claim 1, wherein the first plurality of electronic swilches
comprise first and second field effect transistors (FETs), and wherein the second

plurality of electronic switches comprises third and fourth FETs.

8. The system of claim 2, wherein the third plurality of electronic switches
comprises fifth and sixth field effect transistors (FETs).

10,  The system of claim 3, wherein the fourth plurality of electronic switches

comprises seventh and eighth field effect transistors (FETs).
11, An energy transfer system comprising:
a controfler;

a first energy transfer subsystem having:

13
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a first capacitor acting as a first electrode;

a second capacitor acling as a second electrode;

a first inductor for storing energy received from the first capacitor, and
transferring the stored energy 1o the second capacitor;

first and second electronic swiiches controlled by the controller for
controfling a fransfer of energy from the first capacitor to the first inductor, and from the
first inductor to the second capacitor;

a second energy transfer subsystem including:

a second nductor;

a third capacitor;

third and fowrth electronic switches controlled by the controiler
for transferring energy from the first capacitor o the second inductor, and from the
second inductor to the third capacitor,

a third energy transfer subsystem including:

a third inductor;

a fourth capacaitor,

fifth and sixth electronic swilches controlled by the controller for
transferring energy from the first capacitor to the third inductor, and from the third
inductor to the fourth capacitor; and

the electronic switches being controlled so that the first, second and third
inductors all receive energy from the first capacitor simultanecusly, and the first, second
and third inductors all transfer energy simultaneously o the second, third and fourth
capacitors.

12. The system of claim 11, further comprising:

a current sensing resistor configured in series with the first inductor for sensing a
current flow through the first inductor, and

a comparator in communication with the current sensing resistor for detecting a
voltage drop across the current sensing resistor, an oufput of the comparalor being

received by the controller.

13. The system of claim 11, wherein each of the first, second, third, fourth,

fifth and sixth electronic switches comprise a field effect transistor (FET).
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14, A method for performing energy transfer, comprising:

using a first capacitor to act as a first electrode o receive a flow of a fluid
containing ions through the first electrode and to remove the ions from the fluid,

using a second capacitor to act as a second electrode to help remove energy
stored by the first capaciior;

using a first inductor to store energy received from the first capacitor, and
transferning the stored energy from the first inductor {o the second capacitor;

using a first plurality of electronic switches conirolled by a controller o control
communication between the first inductor and the first capacitor, and between the first
inductor and the second capacitor; and

using an additional energy fransfer subsystem having a second plurality of
electronic switches, a second inductor and a third capacitor, simullaneously with the
energy transfer subsystem, o simultaneously transfer energy from the first capacitor to
the first and second inductors, and to simultansously transfer energy form the first and

second inductors to the second and third capacitors.

15, The method of claim 14, wherein:

using a first plurality of slectronic switches comprises using first and second field
effect transistors (FETs}; and

using a second plurality of electronic switches comprises using third and fourth
field effect fransistors {(FETs).

16. The method of claim 14, further comprising using a current sensing
system 1o sense a current flow through the inductor and providing a signal in

accordance therewith {o the slectronic controller.

17. The method of claim 16, wherein using a cumrent sensing system
comprises using a curreni sensing resistor in series with the first inductor, and a
comparator having its inputs coupled across the current sensing resistor, and an oulput

in communication with the electronic controller.
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18. A method for performing energy transfer to remove ions from a flowing
fluid containing the ions, the method comprising:

a controller;

using & first capacitor to form a first electrode for use in removing ions from a
fluid containing the ions flowing through the first elecirode;

using an inductor to receive energy from the first capacitor during a regeneration
stage of operation;

using a switching network of electronic switches controlled by the controller to
control a transfer of charge from the inductor dunng the regeneration stage of
operation; and

using the controller 1o controf the electronic swilches to enable 8 simultaneous
transfer of the charge from the inductor to each one of the plurality of additional

capacitors during the regeneration stage of operation,
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AMENDED CLAIMS
received by the International Bureau on 29 March 2018 (29.03.2018)

1. An energy transfer system comprising:

a controller;

a first capacitor acting as a first electrode;

a second capacitor acting as a second electrode;

a first inductor for storing energy received from the first capacitor, and
transferring the stored energy to the second capacitor;

a first plurality of electronic switches controlled by the controller for controlling a
transfer of energy from the first capacitor to the first inductor and from the first inductor
to the second capacitor; and

an additional energy transfer subsystem including:

a second plurality of electronic switches controlled by the controller;

a second inductor for receiving energy from the first capacitor; and

a third capacitor for receiving energy from the second inductor;

at least a first switch from each of the first and second pluralities of
electronic switches being controlled by the controller to simultaneously charge the
second inductor while the first inductor is charging, thus splitting energy received from
the first capacitor, and at least a second switch from each one of the first and second
pluralities of switches being controlled to simultaneously transfer energy from the
second inductor to the third capacitor while energy is being transferred from the first

inductor to the second capacitor.

2. The system of claim 1, further comprising another energy transfer
subsystem having a third plurality of electronic switches, a third inductor and a fourth
capacitor, the third plurality of electronic switches being controlled by the controller to
charge the third inductor simultaneously with charging of the first and second inductors,
and to transfer energy from the third inductor to the fourth capacitor simultaneously with

the transfer of energy from the first inductor to the second capacitor.

3. The system of claim 2, further comprising a final energy transfer
subsystem having a fourth plurality of electronic switches, a fourth inductor and a fifth
capacitor, and wherein the controller controls the fourth plurality of electronic switches
so that energy is transferred from the first capacitor to the fourth inductor

simultaneously while energy is being transferred from the first capacitor to the first
17
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inductor, and further such that energy is transferred from the fourth inductor to the fifth
capacitor simultaneously while energy is being transferred from the first inductor to the

second capacitor.

4. The system of claim 3, wherein:

the first plurality of electronic switches, the first inductor and the second
capacitor form a first regeneration stage;

the additional energy transfer subsystem forms a second regeneration stage;
and

the another energy transfer subsystem forms a third regeneration stage; and,

the final energy transfer subsystem forms a fourth regeneration stage.

. The system of claim 1, wherein the system forms at least one of:
a desalination system for removing salt from salt water; or

a deionization system for removing ions from an fluid containing the ions.

6. The system of claim 1, wherein the first plurality of electronic switches
comprises a pair of first field effect transistors (FETs), and wherein the second plurality

of electronic switches comprises a second pair of field effect transistors.

7. The system of claim 1, wherein the system further includes a current
sensing resistor and a comparator coupled across the current sensing resistor for
monitoring a magnitude of a current flow through the first inductor, and wherein an

output of the comparator is coupled to the controller.

8. The system of claim 1, wherein the first plurality of electronic switches
comprise first and second field effect transistors (FETs), and wherein the second

plurality of electronic switches comprises third and fourth FETs.

9. The system of claim 2, wherein the third plurality of electronic switches

comprises fifth and sixth field effect transistors (FETs).

10. The system of claim 3, wherein the fourth plurality of electronic switches

comprises seventh and eighth field effect transistors (FETSs).

18
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11.  An energy transfer system comprising:
a controller;
a first energy transfer subsystem having:
a first capacitor acting as a first electrode;
a second capacitor acting as a second electrode;
a first inductor for storing energy received from the first capacitor, and
transferring the stored energy to the second capacitor;
first and second electronic switches controlled by the controller for
controlling a transfer of energy from the first capacitor to the first inductor, and from the
first inductor to the second capacitor;
a second energy transfer subsystem including:
a second inductor;
a third capacitor;
third and fourth electronic switches controlled by the controller
for transferring energy from the first capacitor to the second inductor, and from the
second inductor to the third capacitor,
a third energy transfer subsystem including:
a third inductor;
a fourth capacitor;
fifth and sixth electronic switches controlled by the controller for
transferring energy from the first capacitor to the third inductor, and from the third
inductor to the fourth capacitor; and
the electronic switches being controlled so that the, first, third and fifth
electronic switches are simultaneously turned on so that the first, second and third
inductors all receive energy from the first capacitor simultaneously, and the second,
fourth and sixth electronic switches are simultaneously turned on so that the first,
second and third inductors all transfer energy simultaneously to the second, third and

fourth capacitors.

12.  The system of claim 11, further comprising:

a current sensing resistor configured in series with the first inductor for sensing a
current flow through the first inductor; and

a comparator in communication with the current sensing resistor for detecting a
voltage drop across the current sensing resistor, an output of the comparator being

received by the controller.
19
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13.  The system of claim 11, wherein each of the first, second, third, fourth,

fifth and sixth electronic switches each comprise a field effect transistor (FET).

14. A method for performing energy transfer, comprising:

using a first capacitor to act as a first electrode to receive a flow of a fluid
containing ions through the first electrode and to remove the ions from the fluid;

using a second capacitor to act as a second electrode to help remove energy
stored by the first capacitor,

using a first inductor to store energy received from the first capacitor, and
transferring the stored energy from the first inductor to the second capacitor,

using a first plurality of electronic switches controlled by a controller to control
communication between the first inductor and the first capacitor, and between the first
inductor and the second capacitor; and

using an additional energy transfer subsystem having a second plurality of
electronic switches, a second inductor and a third capacitor, and simultaneously
controlling first electronic switches from each of the first and second pluralities of
electronic switches to simultaneously transfer energy from the first capacitor to the first
and second inductors, and controlling a second switch from each of the first and second
pluralities of switches to simultaneously transfer energy form the first and second

inductors to the second and third capacitors.

15. The method of claim 14, wherein:

using a first plurality of electronic switches comprises using first and second field
effect transistors (FETs); and

using a second plurality of electronic switches comprises using third and fourth

field effect transistors (FETSs).

16. The method of claim 14, further comprising using a current sensing
system to sense a current flow through the inductor and providing a signal in

accordance therewith to the electronic controller.

17. The method of claim 16, wherein using a current sensing system

comprises using a current sensing resistor in series with the first inductor, and a

20
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comparator having its inputs coupled across the current sensing resistor, and an output

in communication with the electronic controller.

18. A method for performing energy transfer to remove ions from a flowing
fluid containing the ions, the method comprising:

a controller;

using a first capacitor to form a first electrode for use in removing ions from a
fluid containing the ions flowing through the first electrode;

using an inductor to receive energy from the first capacitor during a regeneration
stage of operation;

using a switching network of electronic switches controlled by the controller to
control a transfer of charge from the inductor during the regeneration stage of
operation; and

using the controller to control the electronic switches to enable a simultaneous
transfer of the charge from the inductor to each one of a plurality of additional

capacitors during the regeneration stage of operation.

21
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