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MULTIPLE PULSE CHARGE TRANSFER FOR
CAPACITIVE DEIONIZATION OF A FLUID

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to US. Utility Application No.
15/298.021, filed on October 20, 2016. The entire disclosure of the above application is
incorporated herein by reference.

STATEMENT OF GOVERNMENT RIGHTS
[6002] The United States Government has rights in this invention pursuant to
Contract No. DE-ACS2-07TNAZ7344 belween the U.S. Department of Energy and
Lawrence Livermore National Sscurity, LLC, for the operation of Lawrence Livermore

National Laboratory.

FIELD
[0003] The present disclosure relates to systems and methods for
deionization of fluids, and more particularly to a system and method for capacitive
deionization of a fluid containing ions, such as salt, which may contain other chemicals
such as nitrates, heavy metals, scalant, efc., using multiple inductors and electronic
switches to significantly improve the efficiency of the system.

BACKGROUND

[0004] This section provides background information related to the present
disclosure which is not necessarnly prior art.

[060058] There is a presently a strong interest in improving the economics of a
waler desalination system. Water desalination is expected {o continue growing in
importance over the coming years as shortages of fresh water continue o be
experienced in various regions around the world, and especially in those regions
bordering bodies of salt water.

[0008] Capacitive deionization s one method of desalination which removes
salt from water by using electric fields. However, dus to finite charge capacity, the
capacitors used in such systems have 10 be charged and discharged in a continuous
cycle of desalination and regeneration. This is done optimally by transferring the

charge betwesn two capacitors, and only adding additional energy to the system as
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gnergy is resistively dissipated. In a typical capacitive deionization system, the
desalingtion (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 desalination systems in which
the charge states are reversed, the charging step will be called the desalinalion step,
and the discharging step will be called the regeneration step throughout this document.

[0007} The conventional means of doing this transfer is by using a buck boost
converter. Such a circuit is shown in Figure 1. This circuit transfers energy from one
electrode {C1) o an inductor (L1), then from the induclor o another electrode (C2).
This transfer is dong in two steps, and current passes through each elecirode only half
the time. Electrode 1 (capacitor C1) discharges when electronically controlied switch
M3, in the form of a FET, is on {conducting) and electronically controlled switch M1,
also in the form of a FET, is off (non-conducting). 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 reaches a predetermined maximum, then
electronically controlled switch M3 s turned off and electronically controlled swifch M1
is furned on. At this point the inductor begins transferring ifs magnetic field energy
through electronicaily controlied switch M1 {o the electrode 2 (capacitor C2). When the
current flow in the inductor reaches a predetermined minimum, electronically controlied
switch M1 is turned off and electronically controlled switch M3 is tumed on, and the
above cycle repeats itself. it takes many cycles to transfer all of the energy from
capacitor C1 to capacitor C2. As such, each one of the electrodes 1 and 2 is only
charging or discharging one half the fime during any given charging or discharging
cycle. This means that it {akes twice as long to fully charge an electrode than it would if
the charging process was continuous at the same gverage current. {t also means that it
takes twice as long to fully discharge one of the electrodes than it would if the
discharging process was continuous. One method 1o speed up the transfer of charge
from electrode 1 to the inductor, and then from the inductor to electrode 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 magnitude of current
flow will also increase the power dissipation due to the intemal resisiances of the
electrodes and cables.

[06008] In view of the foregoing, any system or method that s able to
decrease the tfolal charge transfer time without increasing the power dissipation
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experienced by the system would significantly improve the efficiency of a capacitive
desalinization system.
SUMMARY

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

[6010] In one aspect the present disclosure relales o a capacitive
deionization system. The system may comprise a controller, a first capacitor acting 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 to
the second capacitor. A first pluralify of electronic switches may be included which are
gach controlied by the controller for controlling communication between the first
inductor and the first capacitor, and the first inductor and the second capacitor. An
additional energy transfer subsystem may be included which includes a second
inductor for receiving energy from the first capacitor while the first inductor is
transferring the energy to the second capacitor.

[@011] In another aspect the present disclosure relates to a capacitive
deionization system comprising a coniroller, a first capacitor acting as a first electrode,
a second capacitor acting as a second electrode, and a first inductor. The first inductor
stores energy received from the first capacitor, and transfers the stored energy to the
second capacitor. First and second electronic switches, confrolied by the controller, are
included for controlling a transfer of energy from the first capacitor to the first inductor,
and from the first inductor to the second capacifor. An additional energy transfer
subsystem includes third and Tfourth electronic switches controlled by the controller, and
a second inductor. The second inductor receives energy from the first capacitor while
the third electronic swilch is closed and the fourth electronic switch is opened, and
transfers the stored energy fo the second capacitor when the third electronic switch is
opened and the fourth electronic switch is closed. The controller is configured to
control the first, second, third and fourth electronic switches such that the second
inductor is receiving energy from the first capacitor while the first inductor is transferring
its energy stored therein o the second capacitor, and further such that the first inductor
is receiving energy from the first capacitor while the second inductor is transferring is
stored snergy 1o the second capacitor.

[06012] In stili another aspect the present disclosure relates o a method for
performing capacitive deionization. The method may comprise using a first capaciior o

act ag a first electrode to receive a flow of a fluid containing tons through the first
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glectrode and 1o remove ions from the ionized fluid. The method may also comprise
using a second capacitor {0 act as a second electrode o help remove energy built up
on the first capacitor. The method may further involve using a first inductor to store
energy transferred from the first capacitor | and fransferring the stored energy on the
first inducior to the second capacitor. The method may further involve using a first
plurality of electronic swiltches controlled by a controller to control communication
between the first inductor and the first capacitor, and communication between the first
inductor and the second capacitor. The method may also involve using an additional
energy transfer subsystem including a second inductor for receiving energy from the
first capacitor while the first inductor is transferring the stored energy o the second
capacitor.

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

present disclosure.

DRAWINGS

[6014] The drawings described herein are for lustrative purposes only of
selected embodiments and not all possible implementations, and are not intended to
limit the scope of the present disclosure.

[0015] Figure 1 is a simplified schematic diagram of a prior art buck boost
converter circuit forming a capacitive deionization system;

[0018] Figure 2 is a schemalic of one embadiment of a capaciive
deionization system in accordance with the present disclosure which includes a buck
boost converter circuit that makes use of an additional energy {ransfer subsystem to
significantly improve the efficiency of the system;

[0017] Figure 3 is a timing diagram #llustrating the tum on and tum off cycles
of all of the FETs shown in Figure 2;

[0018] Figure 4 is a series of plurality of diagrams to #lusirate the timing of
energy transfer between capacitor C1 and inductors L1 and L2, as well as from
inductors L1 and L2 to capacitor C2, early in the transfer cycle; and

[0019] Figure § shows a series of plurality of timing diagrams for the same
energy transfer operations of Figure 4, but late in the transfer cycle (e, as C2 is is
approaching maximum ensrgy storage).
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[0020] Corresponding reference numerals indicate corresponding paris
throughout the several views of the drawings.

DETAILED DESCRIPTION

[0021] Example smbodiments will now be described more fully with referance
to the accompanying drawings.

[0022] The present disclosure involves a system and method for capacitive
deionization. The system and method may be used for deionizing any fluid containing
ions, and therefore for removing salt, which may include nitrates, heavy metals, scalant,
gte,, from an fluid contamning the ions. In one particular implementation the system and
method forms a desalination system for removing salt from salt water.  Accordingly,
whilte the following discussion will reference a desalination system as an example
implementation, it will be appreciated that the system and method of the present
disclosure is not limited to only desalination systems.

[0023] The present system and method which makes use of @ buck boost
circuit, but with an additional inductor and two additional switches incorporated info the
buck boost circuit to significantly reduce the time required {o transfer the charge from
one electrode to another electrode. In one embodiment the two additional swilches are
transistors. A first electrode charges a first inductor of the circuit through a first pulse,
and while the first inductor charges a second electrode, the first electrode charges a
second inductor through a second pulse. By providing two inductors between which the
two electrodes can alternate, the charge transfer rate is doubled without increasing the
I-R losses of the circuit.  To maintain high energy efficiency while increasing the
transfer rate, the conditions that are used o switch from a first inductor to a second
inductor have to be carefully chosen. A microcontrolier senses the current in various
parts of the circuif and controls the timing of the swilching action of the pair of
transistors to maximize the system throughput and efficiency. Choosing the proper
threshold for aperating the additional pair of switches is important to assure efficient
charge transfer.

[0024] Referring to Figure 2, a capacitive deionization system, which in this
example forms a desalination circuit 10 in accordance with one embodiment of the
present disclosure is shown. The systern 10 includes a confroller 12, a first capacitor
{C1) 14, a first resistance (R1) 16, a first electronic switch in the form of a FET 18, an
first inductor {L1) 20, a current sensing resistor (R3) 22, a voltage detection circuit 24

coupled across the current sensing resistor 22, a second electronic switch 26 in the
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form of a FET, a second resistance 28 and a second capacitor 30. First resistance 18
and second resistance 28 each represent a series resistance associated with the
conductars coupled to the first capacitor 14 and the second capacitor 30, respectively.
First capacitor 14 forms a first electrode that is used during a desalination ¢ycle in
which ons are removed from salt water flowing through the electrode formed by the first
capacitor when the first capacitor is fully charged. This operation desalinates the water
flowing through the first electrode formed by the first capacitor 14, The second
capacitor 30 is used to receive energy from the inductor 20 during a regeneration cycle
in which 1ons are removed from the first capacitor 14, and to store the energy removed
from the first capacitor for use during the following desalination cycle in which the first
capacitor 14 is charged and again used during the purification ¢cycle. The controlier 12
controls the two FETs 18 and 26, alternatively tumning one on while the other is turned
off, to enable the energy transfer from the first capacitor 14 {0 the first inductor 20, and
then from the first inductor to the second capacitor 30. The energy stored in the second
capacitor 30 may be transferred to ancther auxiliary storage device, or back to first
capacitor 14 (C1) for the following desalination cycle. This operation repeats until the
voltage on the first capacitor 14 reaches 3 predefined minimum. This operation is
essentially the same as that described for the prior ant circuit shown in Figure 1.

[0025] The system 10 differs from the prior art circuit of Figure 1 by the
incorporation of an additional energy transfer subsystem 32 which enables a new pulse
to be generated, which enables a new cycle of energy transfer from the first capacitor
14 {o be initiated while the first inductor 20 is discharging its sfored energy to the
second capacitor 30, In other words, there is no need to wait for the first inductor 20 to
finish transferring its energy 1o the second capacitor 30 before starting a new energy
transfer cycle to remove additional stored energy from the first capacitor 14.

[6028] The additional energy transfer subsystem 32 incorporates a third
series resistance 34, a third electronic switch 36 in the form of a FET, a second inductor
38, a fourth series resistance 40, a fourth electronic switch 42 in the form of a FET, and
a filth series resistance 44. Series resistances 34 and 44 represent the internal
resistances of the desalination electrodes (i.e., capacitors C1 and C2). The third and
fourth FETs 38 and 42 are also in communication with the controller 12.

[0027] During operation the controlier 12 monitors the voltage across the
current sensing resistor 22 and when this current reaches a predetermined maximum
current, first FET 18 is turned off and the second FET 26 is turmed on {o sllow energy
transfer {0 begin from the charged first inductor 20 to the second capacitor 30. During
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the time that the first inductor 20 is receiving energy from the first capacitor 14, the third
FET 36 is tumed off and the fourth FET 42 is tumed on. But when the first FET 18 is
turned off and the second FET 26 is tumed on to allow the first inductor 20 to begin
transferring s stored energy to the second capacitor 30, the controller 12 will turn on
the third FET 36 and turn off the fourth FET 42, This allows additional energy storad in
the first capacitor 14 to begin being transferred through the third FET 36 to the second
inductor 38, When the first FET 18 is agamn switched on and the second FET 20 18
switched off to initiate another charging of the first inductor 20, the third FET 36 is
switched off and the fourth FET 44 is switched on to initiate a transfer of the energy
stored in the second inductor 38 o the second capacitor 30. it will be appreciated then
that energy transfer from the first capacitor 14 to the second inductor 38 thus beging as
soon as the energy transfer to the first inductor 20 stops, and energy transfer from the
second inductor 38 {0 the second capacitor 30 begins as soon as the energy transfer
from the first inductor 20 to the second capacitar 30 stops.

[0028] Referring briefly to Figure 3, the On and OFF states of the FETs 18,
28, 36 and 42 can be seen juxtaposed next to one another to #lustrate the state of each
FET (i.e., On or Off) relative o the others. Fust FET 18 is always on when second FET
26 is off, and third FET 36 is tumed on when the first FET 18 is turned off. The fourth
FET 42 is turnad off when the third FET 36 is turned on, and the fourth FET 42 is turned
on when the first FET 18 is turned on. In practice, the period belwesan successive tum
on pulses for each of the FETs 18, 26, 36 and 42 will lengthen over time due to
resistive losses and other factors, but this has been ignored to simplify the illustration of
the twrn-on and turm-off iming of the FETs in Figure 3.

[0029] The use of the additional energy transfer subsystem 32 allows the first
and second inductors 20 and 38, respectively, to altemately be storing energy and
transferring stored energy. A significant advantage of this operation is that the amount
of energy removed from the first capacitor 14 in any given time period can be virtually
doubled without increasing the current flow in the system 10. This 8 achieved by the
controfler 12 operating to begin the energy transfer {0 the second inductor 38 only after
the current flow to the first inductor 20 has been stopped, and vice versa. In this
manner the fotal current does not exceed the maximum predetermined current of a
conventional single puise circuit, such as shown in Figure 1. This keeps the resistive
losses of the system 10 essentially the same as that of the prior art circuit of Figure 1,
but while providing a significant reduction in the time that it takes to fully discharge the

first capacitor 14, This reduction in time can be up to about 50%.
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[0030] Figure 4 shows a plurality of diagrams to iflustrate the timing of energy
transfer between the first capacitor 14 (C1) and the first and second inductors 20 and
38 (L1 and L2}, as well as from inductors 20 and 38 {o second capacitor 30 (C2), early
in the transfer cycle. Figure 5 shows a plurality of timing diagrams for the same energy
transter operations of Figure 4, but instead occuming late in the transter cycle, that is,
as second capacitor 30 (C2) is approaching its maximum energy storage. One will note
that the time interval required for each of the first inductor (L 1) and the second inductor
{L.2} to fully transfer their stored energy to C2 significantly lengthens towards the end of
the charge transfer cycle.

[0031] While the system 10 has been described in connection with twe
inductors, it will be appreciated that three of more inductors may potentially be
incorporated in the system 10 to further reduce the transfer time for the energy in the
first capacitor 14 1o be transferred to the second capacitor 30 or o optimize
performance of the process.

[0032] The system 10 achieves the above-described significant reduction in
discharge time for the first capacifor 14 with the use of only a few gdditional component
parts {(.e., components 36, 38 and 42) that form the additional charge transfer
subsystem 32.

[0033] And while the system 10 has been described as forming a part of a
desalination system, it will be appreciated that the system 10 could be used with litlle or
no modifications in virtually any other application where stored energy needs to be
transferred from one capacitor to an inductor, and then from the inductor o another
capacior.

[0034] The foregoing description of the embodiments has been provided for
purposes of illustration and description. it is not intended to be exhaustive or to limit the
disclosure. Individual elements or features of a particular embodiment are generally not
fimited to that particular embodiment, butl, where applicable, are interchangeable and
can be used in a selected embodiment, even if not specifically shown or described.
The same may also be vared in many ways. Such variations are not to be regarded as
a departure from the disclosure, and all such madifications are intended to be included
within the scope of the disclosure.

[0035] Example embodiments are provided so that this disclosure will be
thorough, and will fully convey the scope 1o those who are skilled in the art. Numerous
specific details are set forth such as examples of specific components, devices, and
methods, fo provide a thorough understanding of embodiments of the present
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disclosure. it will be apparent {o 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 to 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.

[0036] The terminoclogy used herein is for the purpose of descenbing particular
example embodiments only and is not infended 1o be limiting. As used herein, the
singular forms "a.” “an.” and “the” may be infended to include the plural forms as well,
unless the context clearly indicates otherwise. The terms “comprises,” “comprising,”
“including,” and “having,” are inclusive and therefore specify the presence of slated
features, integers, steps, operations, elements, and/or components, but do not preciude
the presence or addition of one or more other fealures, integers, steps, operations,
elements, components, and/or groups thereof. The method steps, processes, and
operations described herain are not o be construed as necessarily requiring their
performance in the particular order discussed or illustrated, unless specifically identified
as an oarder of performance. 1t is also {0 be understood that additional or alternative
steps may be emplovyed.

[0037] When an element or layer is referred o as being “on,” “engaged t0,”
“‘connectad {0,” or “coupled to” another element or layer, it may be directly on, engagsd,
connected or coupled to the other element or layer, or intervening elements or lavers
may be present. In contrast, when an element is referred to as being “directly on,”
“directly engaged to,” “directly connected {0,” or “directly coupled {0” another element or
layer, there may be no intervening slements or layers present. Other words usad to
describe the relationship between elements should be interpreted in g like fashion {e.g..
‘between” versus “directly between,” "adjacent” versus “directly adjacent,” etc). As
used herein, the term "and/or” includes any and all combinations of one or more of the
associated listed items.

[0038] Although the terms first, second, third, efc. may be used herein to
describe various elements, components, regions, fayers and/or sections, these
elements, compaonents, regions, layers and/or sections should not be limited by these
terms. These terms may be only used {o distinguish one element, component, region,
layer or section from another region, fayer 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
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section discussed below could be termed a second slement, component, region, layer
or section without departing from the teachings of the example embodiments.
[0038] Spatially relative terms, such as “inner,” “owter,” “beneath,” ‘below”

B

“fower,” “above,” "upper,” and the like, may be used herein for ease of description o
describe one element or feature's relationship to another element{s) or feature(s) as
lustrated in the figures. Spatially relative terms may be intended to encompass
different onentations of the device in use or operation in addifion {o the orientation
depicted in the figures, For example, if the device in the figures is tumed over,
elements described as "below” or "beneath” other elements or features would then be
oriented “above” the ofher elements or features. Thus, the example term “below” can
encompass both an orientation of above and below. The device may be otherwise
oriented (rolated 80 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

10
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CLAIMS
¥hat is claimed is:

1. A capacitive deionization system comprising:

a controliar;

a first capacitor acting as a first electrode;

a second capacitor acting as a second slectrode;

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

a first plurality of electronic swiiches controlled by the controlter for controliing
communication hetween the first inductor and the first capacitor, and the first inductor
and the second capacitor; and

an additional energy transfer subsystem including a second inductor for
receiving energy from the first capacitor while the first inductor is transferring the stored

energy to the second capacitor.

2. The system of claim 1, wherein the additional energy transfer subsystem
is configured to transfer energy stored in the second inductor to the second capacitor

while the first inductor is receiving energy from the first capacitor.

3. The systemn of claim 2, wherein the additional energy transfer subsystem
is configured to transfer energy from the first capacitor to the second inductor when the
first inductor is transferring the stored energy o the second capacitor.

4. The system of claim 1, wherein the additional energy transfer subsystem
is controlied by the controller.

5. The system of claim 4, wherein the addifional energy transfer subsystem

includes a second plurality of electronic switches controlied by the controller.
6. The system of claim 1, wherein the system comprises at one of.

a desalination system for removing sait from salt water; or
a deionization system for remaoving fons from an fluid containing the ions..

11
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7. The system of claim 5, 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.

8. The system of claim 5, further comprising 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.

8. The system of claim 8, wherein an oufput of the comparator is coupled to
the controller.

10. The system of claim 5, wherein the first plurality of electronic swilches
comprise first and second field effect transistors (FETs), and wherein the second

plurality of electronic switches comprise third and fourth FETs.

11. The system of claim 10, wherein:

the controller is configured fo turn off the third FET and turn off the fourth FET
when the first FET is turned on and the second FET is turned off; and

the controller is further configured to tum on the third FET and tum off the fourth
FET when the first FET is turned off and the second FET is tumed on,

12. A capacitive deionization system comprising:
a controllar;
a first capacitor acting as a fust electrodes;
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 sscond electronic switches controlied by the controller for controlling a
transfer of energy from the first capacitor to the first inductor, and from the first inductor
ta the second capacitor;
an additional energy transfer subsystem including:
third and fourth electronic switchas controlied by the controller;
a second inductor for receiving a energy from the first capacitor while the
third electronic switch is closed and the fourth electronic switch is opened, and for
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transferring a energy stored in the second inductor to the second capacitor when the
third electronic switch is opened and the fourth electronic switch is closed; and

the controller configured to control the first, second, third and fourth
electronic switches such that the second inductor is receiving energy from the first
capacitor while the first inductor s transferring stored energy therain to the second
capacitor, and further such that the first inductor is being receiving energy from the first
capacitor while the second mductor is transferring energy stored therein to the second
capacitor,

13.  The system of claim 12, further comprising a current sensing resistor
configured in series with the first inductor for sensing a current flow through the first
mnductor.

14. The system of claim 12, further comprising & comparator in
communication with the current sensing resistor for detecting a voltage drop across the

current sensing resistor.

15. The system of claim 14, wherein the controller is configured o use
information from the comparator to determine how to control the first, second, third and

fourth slectronic switches,

16. The system of claim 12, wherein each of the first, second, third and fourth
slectronic switches comprises a field effect fransistor (FET).

17. A method for performing capacitive deionization, 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 {o act as a second electrode {0 help remove energy
stored by the first capacitor;

using a frst inductor to store energy received from the first capacior, and
transferring the stored energy from the first inductor to the second capacior,;

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

13
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using an additional energy transfer subsystem including a second inductor for
receiving electrical energy from the first capacitor while the first inductor is transferring

stored energy to the second capacifor.

18.  The method of claim 17, further comprising using the additional energy
transfer subsystem to transfer electrical energy built up in the second inductor {o the
second capaciior while the first inductor 1s receiving energy from the first capacitor
during a purge cycle.

18. The method of claim 18, wherein:

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

wherein using the additional energy transfer subsysiem comprises using a pair
of electronic swilches to selectively couple the second inductor sither to the first

capacitor or to the second capacitor.
20.  The method of claim 19, wherein using the pair of electronic switches of

the additional energy subsystem comprises using third and fourth FETs controfled by

the contraller.

14
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