SYSTEM AND METHOD FOR POWER CHARGING OR DISCHARGING

BACKGROUND

{6001} Embodiments of the disclosure relate generally to systems and methods
tor power charging or discharging, and more particularly relate to a system and a

method for charging or discharging an energy storage component such as a capacitor.

{0062} Less than one percent of water on the earth’s surface is suitable for direct
consumption in domestic or indusirial applications. With the limited sources of
natural drinking water, de-ionization of seawater or brackish water, commonly known
as desalination, is a way to produce fresh water. There are a number of desalination

techniques that are currently employed to de-ionize or desalt a water source.,

{6003] Capacitive deionization is one ot the desalination techniques. When
saline water passes through a high-surface-area electrode assembly, ions in the water,
such as dissolved salts, metals, and some organics, are atiracted to oppositely charged
electrodes. This concentrates the ions at the electrodes and reduces the concentration
of the ions in the water. When the electrode capacity is exhausted, the saline foed
water tlow is stopped, and the capacitor is discharged, optionally into a separate, more

concentrated solution.

{G004] Counventionally, a converter with or without energy recovery capability
is used to charge or discharge the electrode assembly. However, the converter

typically has low cfficiency.

{B00S5] It is desirable to provide a system: and method for charging or
discharging the energy storage device with improved efficiency to address the above-

pety

mentionad problems.



BRIEF DESCRIPTION

{0066] In accordance with one embodimaent disclosed herein, a system for de-
ionizing a liquid having charged species is provided. The system includes a plurality
of stacks capable of operating in a charging state and a discharging state. The system
firther includes a plurality of converters.  Each of the plurality of converters is
clectrically coupled to a corresponding one of the plurality of stacks, Each of the
plurality of converters is operable to charge the corresponding stack for adsorbing
ions in the liquid in the charging state, and to discharge the corresponding stack for
desorbing ions adsorbed by the corresponding stack in the discharging state, Fach of
the plurality of converters is capable of being operated in a first mode and a second
mode depending on a charging state or a discharging state of the corresponding stack.
When one of the plurality of stacks is charged or discharged at a first state, one of the
plurality of converiers associating with the stack operates in the fitst mode, and 15
configured to indirectly convert a first voltage to a sccond voltage at least by an
intermediate stage. When one of the plurality of stacks is charged or discharged at a
second state, one of the phurality of converters associating with the stack operates in
the second mode, and is configured to directly convert the first voltage to the second

voltage.

{0007] In accordance with another embodiment disclosed herein, a converter for
supplying electrical energy to charge a load or recovering electrical energy to
discharge the load is provided. The converter includes a first converting stage and a
second converting stage cascaded with the first converting stage. One of the first
converting stage and the second converting stage is operated to convert the clectrical

energy depending on a charging state or a discharging state of the load.

{0088 In accordance with yet another embodiment disclosed herein, a method
is provided for operating a converter to charge or discharge a stack. The method
includes at least following steps of detecting a charging state or a discharging state of
the stack, the stack configured to absorb ions in a liquid in the charging state and to

desorb tons in the discharging state; and configuring the converter to either operate in



a first mode or in a second mode depending on the detected charging state or the

detected discharging state of the stack,
DRAWINGS

{H08Y] These and other features, aspects, and advantages of the present
disclosure will become better understood when the following detailed description is
read with reference to the accompanying drawings in which like characters represent

like parts throughout the drawings, wherein:

{9018] FIG. 1 15 a schematic block diagrara of an exerplary system for power

charging or discharging in accordance with one embodiment of the present disclosure.

{0011} FIG. 2 is an exploded perspective view of a stack in accordance with one

embodiment of the present disclosure.

{8012} FIG. 3 is a perspective view of a desalination cell during a charging state

of operation in accordance with one embodiment of the present disclosure.

{8013] FIG. 4 15 a perspective view of a desalination cell during a discharging

state of operation i accordance with one erabodiment of the present disclosure,

10014] FIG. S is an exemplary topology of a bi-directional converter in
accordance with one embodiment of the present disclosure, and the bi-directional

converter operates in a first mode.

{BO15] FIG. 6 is the exemplary topology of a bi-directional converter shown in

FIG. 5, and the bi-directional converter operates in a second mode.

B8] FIG. 7 sllustrates transformation efficiency versus voltage across a stack

by operating the bi-directional converter in the first mode and the second mode.
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{0017} FIG, 8 is an eoxemplary topology of a bi-directional converter in
accordance with another embodiment of the present disciosure, and the bi-directional

converter operates in a first mode.

[ 8] FIG. 9 is the exemplary topology of a bi-directional converter shown in

FIG. 7, and the bi-directional converter operates in a second mode,

{1 9] FIG. 16 is a flowchart illustrating various steps of a method for charging

a stack in accordance with an exemplary embodiment of the present disclosure.

{B928] FIG. 11 1s a flowchart illustrating various steps of a method for
discharging a stack in accordance with an exemplary crobodiment of the present

disclosure.

DETAILED DESCRIPTION

{9021} One or more specific embodiments relating to power charging or
discharging will be described below. In an etfort to provide a concise description of
these embodiments, not all features of an actual implementation are deseribed in the
specification. It should be appreciated that in the development of any such actual
implementation, as in any engineering or design project, numerous implementation-
specific decisions must be made to achieve the developers” specific goals, such as
complhiance with systemi-related and business-related constraints, which may vary
from one implernentation to another, Moreover, if should be appreciated that such a
development effort might be complex and time consuming, but would nevertheless be
a routine undertaking of design, fabrication, and manuofacture for those of ordinary

skill having the benefit of this disclosure.

{6022} Unless defined otherwise, technical and scientific terms used herein have
the same meaning as 15 coramonly undersiood by one of ordinary skill 1o the att to
which this disclosure belongs. The terms “first”, “second”, and the like, as used

herein do not denote any order, quantity, or importance, but rather are used to



distinguish one element from another. Also, the terms “a” and "an” do not denote a
limitation of quantity, but rather denote the presence of at least one of the referenced
items.  The use of “including”, “comprising”, or “having” and variations thereof
herein are meant to encompass the items listed thereafter and equivalents thereof as
well as additional ttems. The terms “connected” and “coupled” are not restricted to
physical or mechanical connections or couplings, and can include electrical

connections or couplings, whether direct or indirect.

{6023} As discussed in detatl below, embodiments of the present disclosure
generally relate to a system and method for charging or discharging an energy storage
device such as a supercapacitor for de-ionizing or desalting hiquid.  However, it is
understood that the embodiments may be applied to other applications, including, but

not limited to battery chargers or dischargers and uninterruptible power supplies.

{0024 A supercapacifor is an electrochemical capacitor that has a relatively
higher energy density when compared to a common capacitor.  As used herein,
“supercapacitor” is inclusive of other high performance capacitors, such as
ultracapacitors. A capacitor is an electrical device that can store encrgy in the clectric
field between a pair of closely spaced conductors {called ‘plates’). When voltage is
applied to the capacitor, electric charges of equal maguitude, but opposite polarity,

build up on cach plate.

{0025] FIG. 1 illustrates a systems 100 for charging or discharging one or more
stacks in accordance with an cxeraplary embodiment. Referring to FIG. 1, in one
implementation, the system 100 may include a feeding device 108. The feeding
device 108 is used for supplyving feed liquid to be purified by one or more stacks such
as the first stack 122 or second stack 124 of the {irst ling, or the firet stack 132 or the
second stack 134 of the second line. The feed ligquid may include for example
seawater, brackish water, cooling fower blowdown water, chemical process
wasiewater streams, brineg, lake waler, river water, reservoir water and combinations

thereof.
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{8026] Further referring to FIG. 1, in one implementation, the feed liguid from
the feeding device 108 may be split into one or more channels or lines. In one
implementation, the feed liquid is supplied via a first line 114 and a second line 116,
In other implementations, the feed hquid coming out from the feeding device 108 may
be supphied via a single line or more than two hnes. In the illusirated emabodiment, n
the first fine 114, the feed liquid passes through two stacks including a first stack 122
and a second stack 124. In other implementations, the feed liquid may pass through
more than two stacks. Still in other implementations, the feed liquid may repeatedly
pass through one or more stacks, As illustrated in FIG. 1, the first stack 122 and the
second stack 124 are serially connected. The first stack 122 and the second stack 124
are operated so as to control the salinity of the hiquid exiting from the second stack
124 such that i s different from the salinity of the feed Hquid entering the fivst stack
122, The differcnce in salinity can be higher or lower depending on whether the

stacks 122, 124 are in a charging state or a discharging state.

{6027] Further referring to FIG. 1, in one implementation, the first stack 122
and the second stack 124 are electrically coupled to a first converter 142 and a second
converter 144 respectively. The first converter 142 and the second converter 144 may
include bi-directional DC-DC converters.  As used hercin “bi-directional DC-DC
converter” may refer to a converter having the capability of supplying electrical
energy to an energy storage component or recovering electrical energy from the
cuergy storage component.  As illustrated by amrows 123, 125, the energy flow
between the stacks 122, 124 and the respective converters 142, 144 may be in either
direction. For example, the electrical energy may either flow from the first converter
142 to the first stack 122 in the charging state of the first stack 122, or the electrical
energy may flow trom the first stack 122 to the first converter 142 in the discharging
state of the first stack 122. In onc implementation, the clectrical energy recovered
from the first stack 122 or the second stack 124 may be supplied to other converters,
which in tumn sapply electrical energy to charge corresponding stacks working i the
charging state. In other mmplementations, the electrical energy recovered from the

first stack 122 or the second stack 124 may be fed to an electrical grid.



{0028] As will be described in more detatl below, the first converter 142 and the
second converter 144 may be configured to operate in at least two modes. In one
implementation, the first converter 142 and the second converter 144 may switch
between a first mode and a second mode either manually or automatically based on
one or more defined criteria. In the first mode, the first converter 142 or the second
converfer 144 may convert a first DC voltage to an intermediate voltage, and then
convert the intermediate DC voltage to a second voltage. In the second mode, the
tirst converter 142 or the second converter 144 may directly convert the fivst voltage
to the second voltage without any infermediate converting stages. In one
implementation, as a non-limiting example, a voltage difference between the DC
voltage at the input of either the first converter 142 or the second converter 144 and
the DC voltage at either the first stack 122 or the second stack 124 may be used for
determining the working modes. For example, when the voltage difference is
determined to be substantially greater than a threshold value, the first converter 142 or
the second converter 144 is configured in the first mode. When the voltage difference
is substantially smaller than the threshold value, the first converter 142 or the second
converter 144 is contigured in the sccond mode. In other implementations, charging
current or discharging current of the first stack 122 or the second stack 124 may be
used to determine the working modes of the first converter 142 or the second

converter 144 correspondingly.

{9029] Referring further to FIG. 1, the first converter 142 may be clectrically
coupled to a first rectifier 102 via a first common bus 141, and the second converter
144 may be electrically coupled to a second rectifier 104 via a second common bus
143, The first rectifier 102 s configured to receive and rectity single or multi-phase
alternating current (AC) power from an AC power source (not shown in FIG. 1), and
provide rectified direct current (DC) power to the first converter 142 via the first
common bus 141, The second rectifier 104 is contigured to receive and rectify single
or multi-phase AC power from the AC power source, and provide rectified DC power
to the second converter 144 via the second common bus 143, As will be described in
more detail to follow, the first rectifier 102 and the second rectifier 104 may further

provide rectified DC power to other converters in association with the second line 116,
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As a non-limiting example, the first rectifier 102 and the second rectifier 104 may
cach employ a full-wave bridge having four diodes to transform the AC power to

rectified DC power.

{B038] The system 100 may further include a controlier 106 that may be
electrically coupled to various components of the system 100, The controller may be
implemented i numerous  ways, such  as  hardware, software, firmware,

contigurable/programmabie logic, or combinations thereof,

HIRYY I one implementation, as shown i FIG. 1, the controller 106 is
clectrically coupled to the first converter 142, the second converter 144, the first stack
122, and the second stack 124, The controller 106 may be programmed io
automatically switch the working modes of the first converter 142 and the second
converier 144, In one implementation, the controller 106 may be configured to
monitor a voltage difference between the DO voltage at the mnput of cither the first
converter 142 or the second converter 144 and the DC voltage at either the first stack
122 or the second stack 124, The controller 106 may be further configured to
compare the voltage difference with a threshold voltage value. The threshold voltage
value may be stored in the controller 106 in advance. The controller 106 may be
further configured to send control signals to switch the working modes of the first

converter 142 and the second converter 144 based on the comparison results.

§6633] As further iltustrated in FIG. 1, the controller 106 may be further
electrically coupled to the first rectifier 102 and the second rectifier 104, The
controller 106 may be configured to determine whether one of the two rectifiers 102,
104 or both of the rectifiers 102, 104 should be enabled to operate. in one
implementation, the first rectifier 102 may be particularly cuabled to provide rectified
DC voltage, while the sccond rectifior 104 may be disabled.  In another
implementation, both the first rectifier 102 and the second rectifier 104 may be
enabled to provide rectified DC power to the first converter 142 and the second

converter 144 vespectively,  Although not particularly iHlustrated in FiG. 1, in other



implementations, the controller 106 may be further clectrically coupled to the feeding
device 108, In this case, the controller 106 may be configured to send control signals
to turn on or switch off the feeding device 108 either manually or automatically. For
example, the controller 106 may respond to a user input, and turm on the feeding

device 108 accordingly.

EHIRRY With contimumg reference to FIG. 1, in the second line 116, the feed
liquid from the feeding device 108 passes through a first stack 132 and a second stack

134, The stacks 132, 134 arranged in the second line 116 are similar to the stacks 122,
124 arranged in the first line 114, The stacks 132, 134 may be charged to adsorb ions
contained in the feed liquid or discharged to desorb ions adsorbed by the
corresponding stacks. The first stack 132 and the second stack 134 in the second line
116 are electrically coupled to a third converter 152 and a fourth converter 154,
respectively.  The third converter 152 and the fourth converter 154 are configured
similarly with respect to the first converter 142 and the second converter 144,
respectively. As shown in FIG. 1, the third converter 152 is electrically coupled to the
first common bus 141, In onc implementation, the third converter 152 may receive
rectified DC voltage from the first rectifier 102 via the first coramon bus 141, The
third converter 152 may also supply electrical encrgy to the first converter 142 via the
first common bus 141, Moreover, the stacks 132, 134 and corresponding converters
152, 154 in the second line 116 are electrically coupled io the controller 106. The
controller 106 is configured to change the working modes of the converters 152, 154
in a manner similar to that of the converters 142, 144 as described above. An
exemplary configuration of the stacks 122, 124, 132, 134 will be described below

with respect to FIG. 2.

{86034} Referring to FIG. 2, in one implementation, a stack 121 inchudes two
support plates 32, desalination cells 16, and current collectors 30, The desalination

cells 16 and current collectors 30 are disposed between the support plates 32, Eacl

ks

desalination cell 16 includes elecirodes 24 and 26 and insulating spacers 28, The

insulating  spacer

[£2]

28 may include electrically insulative polymers. Suitable

clectrically insulative polymers may include olefin-based material.  Suttable olefin-



based material may include polyethylene and polypropylene, which can be
halogenated. Other suitable clectrically insulative polymers can include, for example,
poly vinyl chloride, polytetratioroethylene, polysulfone, polyarylene ether, and nylon.
A plurality of holes or apertures 21 is defined i the support plates 32, the electrodes
24, 26, and the insulating spaces 28 for allowing the feed liquid to flow through. For
example, the feed liquid may be introduced into the stack 121 as indicated by
directional arrow 22 through aperture 21, flow through at least a portion of the stack
121 as indicated by directional arrow 23, and exit the stack 121 as indicated by

directional arrow 25.

{0035] FIG. 3 illustrates a desalination cell 16 during a charging state.
Referring to FIG. 3, a feed liquid 34 comprising cations 36 and anions 3¥ is
introduced info the cell 16, The oppositely charged electrodes 24 and 26 atiract and
retain ions of opposite charge from the feed liuid 34 passing through the desalination
cell 16, The lquid leaving the desalination cell 16 contains less of the cations 36 and
anions 38 than the feed liquid 34 and is referred to in the figure as the “dilute higuid”
40, which represents a purified liquid. Typically, the clectrodes 24 and 26 define a
potential difference between about 1 and about 2 volts {divect current voltage). The
cations 36 and anions 38 will be adsorbed at the oppositely charged electrodes 24 and
26 until the surfaces are saturated at which point the feed liquid 34 will pass through
the desalination cell 16 without any change in the concentration of cations 36 and

anions 38,

{B9386] FIG. 4 illusirates a desalination cell 16 during a discharging state.
During the discharging state, the clectrodes 24 and 26 are short-circuited and the
cations 36 and anions 38 arc released trom the surfaces of electrodes 24 and 26. In
this example, the fluid entering the desalination cell 16 during the discharging state is
a saturated or supersaturated stream of ionic solute 47 that leaves a precipitation unit
46, The fluid exiting the cell 16 during the discharging state is referred to as the
“discharge liquid” 44 in the figure. The discharge stream 44 is transferred to the
precipitation unit 46 where some of the ionic solute separates from the discharge

strearn 44 as a sohid precipitate 48, The fhud in the precipitation umit after
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precipitation of the ionic solid remains saturated or supersaturated with the ionic
solute. However, this stream is less concentrated than discharge stream 44 because of

the precipitation of ionic species in the precipitation unit 46.

{0371 FIG. 5 illustrates an exemplary topology of a bi-directional converter
114 in accordance with one embodiment of the present disclosure. The bi-directional
converter 110 may apply to the four converters 142, 144, 152, and 154 shown in FIG.

L

{BO38] In the illustrated embodiment, the bi-directional converter 110 includes
two mput terminals 212, 214, The two mput terminals 212, 214 may be electrically
coupled to the first rectifier 102 (shown in FIG. 1} for receiving a rectified DC voltage
202 from the fivst rectitier 102 and transmitted via the first common bus 141, In one
iroplementation, the DC voltage 202 may be smoothed by a first capacitor 216, The
first capacitor 216 may be coupled imumediately atter the two input terminals 212, 214.

In other implementations, the first capacitor 216 may be omitted.

{139] Further referring to FIG. 5, the bi-directional converter 110 may further
include a first converting stage 210 and a second converting stage 220, The first
converting stage 210 1s electrically coupled to the two input terminal 212, 214, The
first converting stage 210 is configured to convert a first voltage to an intermediate
voltage. In one implementation, the first converting stage 210 may be configured to
convert the DC voltage 202 between the two input terminals 212, 214 or the DC
voltage smoothed by the first capacifor 216 to an intermediate DC voltage 204, In
one implementation, a second capacitor 232 may be coupled between the first
converting stage 210 and the second converting stage 220, The second capacitor 232
is configured to maintain the intermediate DC voltage 204 at a substantially fixed

{evel.

{9048] The second converting stage 220 is cascaded with or 1o serial connection

with the first converting stage 210, The second converting stage 220 has similar
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configurations with respect to the first converting stage 210, and 1s configured to
convert an intermediate voltage to g second voltage. In one implementation, the
second converting stage 220 is configured to convert the intermediate DT voltage 204
produced by the first converting stage 210 and maintained by the second capacitor
228 10 a DC voltage 206, The DC voltage 206 1s applied to the stack 260 tor charging
the stack 260. In one implementation, the stack 260 may be any one of the stacks 122,
124 arranged in the first line 114 or the stacks 132, 134 arranged in the second line

116 (see FIG. 1),

{0041} Further referring to FIG. §, the first converting stage 210 may include a
first switching element 218, a second switching clement 224, and a first inductor 228,
The first switching element 218 and the second switching element 224 are connected

in series between the two input terminals 212, 214, In one implementation, the first

ey

switching element 218 and the second switching element 224 are coupled in paralle
with two diodes 222, 226 respectively. The diodes 222, 226 are used for protecting
the corresponding switching clements 218, 224, In one implementation, the diode
222 has its cathode connected to the first input terminal 212, and its anode connected
to joint commection between the first switching element 218 and the second swiiching
element 224, The diodes 222, 226 connected with corresponding switching elemenis
218, 224 and any other diodes having similar connections described below may be

TS

referred to as “anti-parallel diode” or “reverse parallel diode”. Omne terminal of the
first inductor 228 is coupled to the joint connection between the first switching
clement 218 and the sccond switching element 224, The other terminal of the first

inductor 228 is clectrically coupled to one terminal of the second capacitor 232,

{0042} Further reterring to FIG. 5, the second converting stage 220 may inchide

a third switching element 238, a fourth switching element 244, and a second inductor

254, The third switching clement 238 and the fourth switching clement 244 are

electrically coupled in series between two terminals of the second capacitor 232, In

one¢ implementation, the third switching element 238 and the fourth switching element
-

244 are coupled with anti-parallel diodes 242, 246 respectively. The diodes 242, 246

are used for protecting the corresponding switching clements 238, 244, Oune terroinal



of the second mductor 254 is coupled to a joint conmection between the third
switching element 238 and the fourth switching element 244, The other terminal of

the second inductor 254 is coupled to one terminal of the stack 260,

{0043] As shown in FIG. 5, the bi-directional converter 110 may further include
a fifth switching element 234 and a sixth switching element 248, The fifth switching
slement 234 15 coupled between the first converting stage 210 and the second
converting stage 220. More specifically, the fifth switching element 234 is coupled
between the first inductor 228 and the third swiiching clement 238, The sixth
switching element 248 i3 coupled between the first input terminal 212 and a joint
conmection between the third switching clement 238 and the fourth switching element
244, In one implementation, the fifth switching element 234 is coupled with an anti-
parallel dicde 234, and the sixth switching element 248 is couple with an anti-parallel
diode 252, The diodes 234, 252 are used for protecting the cotresponding switching

clements 234, 248,

§0044] The switching clements 218, 224, 234, 238, 244, and 248 described
above may be any suttable forma of switches operable via clectrical countrol signals
from the controller 106 (shown in FIG. 1} to switch between an “on” or conducting
state and an “off” or non-conducting state. In one implementation, the switching
clements 218, 224, 234, 238, 244, and 248 may mclude MOSFETs. In other
implementations, thyristors, IGBTs, BJTs, or any other semiconductor-based
switching components may be used. In certain embodiments, each of the switching
clements 218, 224, 234, 238, 244, and 248 may inchide a combination of switching
components. For example, the switching clements 218, 224, 234, 238, 244, and 248
may individually include two or more semiconductor-based switches connected in
series or paraliel for operation to selectively transition between on and off states

according fo corresponding control signals from the controlier 106,

10045] During the charging process, the bi-directional converter 110 may switch

between a first mode and a second mode for charging the corresponding stack 260. In



one implementation, the first mode and the second mode are buck mode.  As used
herein, “buck mode” refers to when a DC voltage is converted down to 3 lower
voltage. The controller 106 (shown in FIG. 1) may send control signals to the {ifth
switching element 236 and the sixth swiiching clement 248 to o oft the two
switching cleraents 236, 248, whereby current is not able to flow through the
switching clements 236, 248, Because the two switching clements 236, 248 are
turned off, both the first converting stage 210 and the second converting stage 220 are

enabled to operate.

{0046] For the first converting stage 210 operating in the buck mode, the second
switching element 224 is turned off by control signals sent from the controlier 106,
and the first switching clement 218 operates in a pulse width modulation (PWM)}
mode.  As used herein, “PWM mode” refers to a control strategy by which a
switching element may be alternately turned on and off in response to pulse signals,
whereby a duty cycle of the pulse signals may be varied for adjusting a level of the
output voltage, When the first switching element 218 is tumed on to conduct current,
the rectified DC voltage 202 is applied to the first inductor 228, With current flowing
through the first inductor 228, energy is temporarily stored i the first inductor 228,
When the first switching element 218 is turned off, the first inductor 22¥ relcases the
stored energy, which causes current to flow through the diode 226, The energy stored
in the first inductor 228 is released to charge the second capacitor 232, By varying
the duty cycle of the control signals sent from the controller 106 to the first switching
clement 21§, the level of intermediate DC voltage 204 converted by the first
converting stage 210 can be adpusted. In one implementation, the duty cycle is about
0.5, and the intermediate DC voltage 204 can be controlled at about a half of the
rectified DC voltage 202, Because the duty cycle of the first switching element 218 is

about 0.5, the transformation efficiency of the first converting stage 210 is high.

{0471 For the second converting stage 220 operating in the buck maode, the
fourth switching clement 244 is turned off by conirol signal sent from the controller
106, and the third switching element 238 operates in a pulse width modulation (PWM)

mode. When the third switching element 238 is tuwned on, the intermediate DC

14



voltage 204 is applied to the second nductor 254, With current flowing through the
second inductor 254, energy is temporarily stored in the sccond inductor 254, When
the third switching element 238 is turned off, the second imductor 254 releases the
stored energy, which causes current to flow through the diede 246, The energy stored
in the second inductor 254 1s released to charge the stack 260. The voltage of the
stack 260 increases and the duty cycle of the control signals sent from the controlier
106 to the third switching element 238 is changed continuously. Because the voltage
difference between the ntermediate DC voltage 204 and the DC voltage 206 is lower,
the transformation efficiency of the sccond converting stage 220 is high. As a result,

the overall transtormation efficiency of the bi-directional converter 110 is high.

{D048] In other implementations, the current tlowing through of the second
inductor 254 may be provided as a feedback to the controller 106, and the controller
106 in turn controls the charging current according to the feedback current signals.

Thus, the bi-directional converter 110 may operate in a constant current maode.

{B049] In one implementation, during the charging process of the bi-directional
converter 110, the controlier 106 may monitor a voltage difference between the
rectified DC voliage 202 and the DC voltage 206, When the controller 106
determines that the voltage difference is substantially greater than a threshold value,
the bi-directional converter 110 operates in the first mode. The fitth swiiching
element 236 and the sixth switching element 24¥ are continually turned off to enable

both the first converting stage 210 and the second converting stage 220 to operate.

{0058 Once the coniroller 106 determines that the voltage difference is
substantially smailer than the threshold value, the controller 106 switches the bi-
directional converter 110 from the first mode to the second mode. The controller 106
sends control signals to tum off the third switching eloment 238, Because the third
switching element 238 is turned off, the energy stored in the second capacitor 232
cannot transfer to the second converting stage 220. Referring to FIG. 6, the fourth

switching clement 244, the sixth switching element 248, and the second mductor 254
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forms a third converting stage 230, For the third converting stage 230 operating in the
buck mode, the fourth switching eloment 244 is turned off and the sixth switching
clement 248 operates in the PWM mode. The rectified DC voltage 202 is directly
converted to the DC voltage 206, Because the DC voltage 206 at the stack 260 1s high
and the voltage difference between the rectitied DC voltage 202 and the DC voltage

206 is low, the transformation efficiency of the bi-directional converter 110 is high.

{051} Retferrng to FIG. 7, in one implementation, the voltage across the stack
260 and the transformation efficiency of the converter 110 is illustrated. As shown in
FIG. 7, V' is a variable in the horizontal axis representing the voltage across the stack
260, and # is a vaniable in the vertical axis representing the transformation efficiency
of the converter 110, A first curve 272 shown in FIG. 7 illustrates the converter 110
having both the first converting stage 210 and the second converting stage 220
operating to charge the stack 260. A second curve 274 shown in FIG, 7 illustrates the
converter 110 having the third converting stage 230 operating to charge the stack 260,
In operation, when the voltage across the stack 260 is determined to be smaller than a
threshold value Vy, the converter 110 1s switched to operate in a first arca 276, where
the converter 110 has relatively higher transformation efficiency with two converting
stages 210, 220 operating. When the voltage across the stack 260 is determined to be
greater than the threshold value Vi, the converter 110 is switched to operate in a
sccond area 278, where the converter 110 has relatively higher transformation
etficiency with one converting stage 230 operating. Therefore, a high transformation
ctficiency of the converter 110 can be achieved by swiiching the working modes of

the converter 110 according to the charging state of the stack 260,

{8952] Referning further to FIGS. 5 and 6, during the discharging process, the
bi-directional converter 110 can also switch between a first mode and a second mode
for discharging the stack 260. In one implementation, the first mode and the second
mode are boost modes.  As used herein, “boost mode” reters to when the DC voltage
is converted up to a higher voltage. In the discharging process, mitially, the DC

voltage af the stack 260 is high. When the controller 106 determincs that the voltage
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difference between the rectified DC voltage 202 and the DC voltage 206 is smaller
than a threshold value, the controller 106 controls the bi-directional converter 110 to
operate in the first mode. In the first mode, the controlier 106 sends control signal to
turn off the third switching element 238, For the third converting stage 230 operating
in the bhoost mode, the sixth switching clement 248 is turned off and the fourth
switching clement 244 operates in the PWM mode. The DC voltage 206 is directly
converted to the rectified DC voltage 202, Because the DC voltage 206 at the stack
260 is high and the voltage ditfercnce between the rectified DC voltage 202 and the
DC voltage 206 is low, the transformation efficiency of the bi-directional converter

114 s high.

LEIRES When the controller 106 determines that the voltage difference between
the rectified DC voltage 202 and the DC voltage 206 is substantially greater than the
threshold value, the controller 106 switches the bi-directional converier 110 from the
first mode {o the second mode. In the second mode, the conirolier 106 may send
control signals to the fifth switching element 236 and the sixth switching eloment 248
to turn off the two switching elements 236, 248, and enable both the first converting
stage 210 and the second converting stage 220 to operate. The second converting
stage 220 converts the DC voltage 206 to mtermediate DC voltage 204, and the first
converting stage 210 converts the intermediate DC voltage 204 is to the rectified DC

voltage 202.

{54] For the second converting stage 220 operating in the boost mode, the
third switching element 238 is tamed off, and the fourth switching clement 244
operates in the PWM mode. For the first converting stage 210 operating in the boost
mode, the first switching clement 218 is turned off, and the second switching element
224 operates in the PWM mode. The encrgy stored in the stack 260 is transferred to
the second capacitor 232, and then the cnergy stored in the second capacitor 232 is

transferred to the first capacitor 216,



{BO55] In one implermentation, during the discharging process of the fivst stack
122 in the first line 114, one or more stacks in the second line 116 may operate in the
charging process. For example, the first stack 132 in the second line 116 may operate
in the charging process. Tu this case, the energy recovered from the first stack 122
the first line 114 may be used to charge the first stack 132 in the second line 116 via

the third converter 152 (see FIG. 1}

{D036] FIG. R illustrates an exemplary topology of a bi-directional converter
120 in accordance with another embodiment of the present disclosure. Referring fo
FIG. B, the bi-directional converter 120 may include two input terminals 312, 314 for
receiving rectified DC voltage 302 from the first rectifier 102 (shown in FIG. 1),
During the charging process, the bi-directional converter 120 may switch between g
first mode and a second mode for converting the rectified DC voltage 302 cither
directly or indirectly to the DC voltage 306, As used herein, “indirectly” reters to the
bi-directional converter having the capability of converting the mput DC voltage o
one or more intermediate voltages, and converting the once or more intermediate
voltages to cuiput DC voitage. During the discharging process, the bi-directional
converter 120 may also swiich between a first mode and a sccond mode for

recovering energy from: a corresponding stack 390

{8057] As tlustrated in FIG. 8, i one implementation, the bi-directiomal
converter 120 includes a first converting stage 310, a second converting stage 320, a
third converting stage 330, and a fourth converting stage 340. The first converting

]

stage 310 and the second converting stage 320 are coupled in an interleaved manner,

coupled in an intericaved manner. As used herein, “interleaved” refers to when two
converting stages are substantially coupled in paraliel. The first converting stage 310
and the second converting stage 320 arc configured similar to the first converting
stage 210 as describe above in connection with FIG. 5. The inductor 342 of the first
converting stage 310 and the inductor 338 of the second converting stage 320 are
commonly connected to the capacitor 344, The third converting stage 330 and the

fourth converting stage 340 are configured similarly to the second converting stage
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220 as deseribed above in comnection with FIG, 5. The mductor 384 of the third
converting stage 330 and the inductor 382 of the fourth converting stage 340 are

commonly connected to the stack 390.

{B058] The bi-directional converter 120 may further include a first switching
clement 346, a second switching clement 356, and a third switching element 372. The
first swiiching clerment 346 is coupled between the second converting stage 320 and
the third converting stage 330, The sccond switching clement 356 is coupled between
the first input termunal 312 and a joint connection between the two switching clements
352, 354 of the third converting stage 330. The third switching clement 372 i3
coupled between the first input forminal 312 and a joint connection between the two

switching clements 362, 364 of the fourth converting stage 340.

{0059] In operation, the bi-directional converter 120 may operate to charge the
stack 390. When the controller 106 determines that a voltage difference between the
rectified DC voltage 302 and the DC voltage 306 is substantially greater than a
threshold value, the controller 106 controls the bi-directional converter 120 to operate
in the first mode. In the first mode, the controller 106 sends control signals to turn on
the first switching element 346, and turn off the second switching element 356 and the
third switching element 372, Each of the first converting stage 310 and the second
converting stage 320 operates o a manner sirnilar to the first converting stage 210 as
described above with regard to FIG. 5. Each of the third converting stage 330 and the
fourth converting stage 340 operates in a manner similar to the second converting

stage 220 as described above with regard to FIG. 5.

LR In the first mode of the charging process, the switching element 322 in
the first converting stage 310 is turned off, and the switching element 318 n the first
converting stage 320 operates in the PWM mode., Moreover, the switching element
332 in the second converting stage 320 is turned off, and the switching element 328 in
the second converting stage 320 operates 1n the PWM mode. In one implementation,

the PWM mode conirol signals sent to the switching clement 318 and the switching
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element 328 are in phase. In other implementations, the PWM mode control signals
sent to the switching element 318 and the switching element 328 are out of phase.
For example, the control signals for the switching element 318 may lead or lag the

control signals for the switching elemeunt 328 by /}'/3 , thereby reducing DC voltage

ripples across the capacitor 344,

{B061] Similarly, in the first mode of the charging process, the switching
clement 354 in the third converting stage 330 is tumed off, and the switching clement
352 in the third converting stage 330 operates in the PWM mode. Moreover, the
switching clermment 364 in the fourth converting stage 340 is turned off, and the
switching clement 362 in the fourth converting stage 340 operates in the PWM mode,
In one tmplementation, the control signals sent to the switching element 352 and the
switching clement 362 are in phase. In other implementations, the conirol signals sent
to the switching clement 352 and the switching clement 362 are out of phase. For
exaraple, the control signals for the switching element 352 may lead or lag the control

signals for the switching element 362 by f/g/é , thereby reducing DC voltage ripples

across the stack 390,

{6862] When the controller 186 determines that the voltage difference between
the rectitied DC voltage 302 and the DC voltage 306 is substantially smaller than the
threshold value, the controller 106 controls the bi-directional converter 120 to operate
in the second maode. The controller 106 sends control signals to turn on the second

switching clement 356 and the third switching clement 372,

{08063] In the second mode of the charging process, the switching clement 352
and the switching element 362 are turned off in response to conirol signals sent from
the controller 106, The two switching elements 354, 356 and the inductor 384 form a
fitth converting stage 350, and the two switching clements 364, 372 and the inductor
382 form a sixth converting stage 360 as shown in FIG. 9. For the fifth converting

stage 350 operating in the buck mode, the switching element 354 s turned off and the



switching elerent 356 operates in the PWM mode. The rectified DC voltage 302 is
directly converted to the DC voltage 306, Because the DC voltage 306 at the stack
354 1s high and the voltage difference between the rectified DC voltage 302 and the
DC voltage 306 is low, the transformation efficiency of the bi-directional converter

120 is high

{064} With continuing reference to FIGS. ® and 9, the bi-directional converter
120 may operate to discharge the stack 390, During the discharging process, the bi-
directional converter 120 shown in FIGS. 8 and 9 may operate in a manner similar o

the bi-directional converter 110 as described above in conpection with FIGS. S and 6.

{B8065] FIG. 10 illustrates a flowchart of 8 method 200 for operating the system
160 shown m FIG. | {o charge one or more stacks in accordance with one

erabodiment of the present disclosure,

{8866] In the llustrated embodiment, the method 200 begins at block 2002, At
block 2002, one ore more converters are configured in a first mode to charge one or
more stacks. In one implementation, either the bi-directional converter 110 shown in
FIG. 3 or the bi-directional converter 120 shown in FIG. 8 may be operated to charge
one or more stacks. For example, the bi-directional converter 110 shown in FIG. S 15
operated to convert the rectificd DC voltage 202 to the DC voltage 206, so as o
charge the stack 260. More specifically, in the first mode, the first converting stage
210 operates to convert the rectified DC voltage 202 to the intermediate DC voltage
204, and the second converting stage 220 operaies to convert the intermediate DC

voltage 204 to the DC voltage 206.

{08067] At block 2004, the method 200 continues to detect a voltage across the
one or more stacks and an input voltage to the one or more converters. In one
implementation, the controller 106 (shown in FIG. 1) may detect the BC voltage 206
across the stack 260, The controller 106 may further detect the rectified DC voltage

202 applied to the bi-directional converter 110,



{(063] At block 2006, the method 200 confinues to determine whether a voltage
difference between the detected voltage across the one or more stacks and the mput
voltage to the one or more converters is smaller than a threshold value. In one
implementation, the controller 106 shown m FIG. | may perform the action of block
2006, If the voltage difference is determined to be smaller than the threshold value,
the method 2000 proceeds to block 2008, If the voltage difference is determined to be
greater than the threshold value, the method 2000 returns to the block 2002, where the

converiers are configured fo remain in the first mode.

[8069] At block 2008, the method 2006 continues to configure the one ore more
converiers in a secoud mode, s0 as o charge the oune ore or more stacks. In one
implementation, the controller 106 switches the bi-directional converter 110 from the
first mode to the second mode. In the second meode, the converting stage 230 (shown
in FIG. 6) operates to divectly convert the rectified DC voltage 202 to the DC voltage

2006,

{B8978] At block 2010, the method 200 continues to receive electrical power
from at least one stack that is operating in a discharging state. In one implomentation,
the electrical power recetved by the bi-directional converter 142 may be recovered
from the first stack 132 n the second line 116 working in the discharging state. In
one mplementation, the clectrical power received by the bi-divectional converter 142

may be provided from the first rectifier 102 (shown in FIG. 1},

10071} FIG. 11 llustrates a flowchart of a mcthod 300 for operating the system
100 shown i FIG. | to discharge onc or more stacks in accordance with one

embodiment of the present disclosure,

{0072] In the illustrated embodiment, the method 300 begins at block 3002, at
which one or more converters are configured in a first mode for recovering electrical
energy discharged from one ore more stacks.  In one uwplementation, the bi-

directional converter 142 shown in FIG. 1 may be operated to recover the electrical



energy from the first stack 122, In the first mode, because the voltage across the stack
260 is high, the bi-directional converter 110 has the converting stage 230 (shown in
FIG. 6) operating to boost the DC voltage 206 of the first stack 122 up to the DC

voltage 202 at the two first input terminals 212, 214,

{73 At block 3004, the method 300 contimies o detect the voitage across the
one ore more stacks and the voltage at the puot terminals of the one or more
converters. In one implementation, the controller 106 (shown in FIG. 1) detects the
DC voltage 206 across the stack 260 and the DC voltage 202 at the two input

ferminals 212, 214,

{6074} At block 3006, the method 300 continues to determine whether the
voltage difference between the detected voltage across the one or more stacks and the
voltage at the input termunals of the one or more converters is smaller than a threshold
value. In one implementation, the controller 106 performs the action of block 3006.
It the voliage difference is determined to be smaller than the threshold value, the
method proceeds to block 3008, If the voltage difference is determined to be greater

than the threshold value, the procedure returns to block 3002,

{0075} At block 3008, the method 300 continues to configure the one or more
converters in a second mode for recovering electrical energy discharged from the one
or more stacks. In one implementation, the controlier 106 swiiches the bi-directional

converter 110 from the first mode o the second mode.

{8076] At block 3010, the method 300 continues to supply clectrical power to at
least one stack that is operating in a charging state. Tn one implementation, the
electrical energy recovered with the bi-directional converter 142 operating in the first
mode and the second mode may be supplied to the first stack 132 in the second line

116 working in the charging state.
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{0877} The methods 200 and 300 described above may be programmed with
instructions stored in a computer-readable medium, which when executed by a
processor, perform various steps of the methods 200 and 300. The computer-readable
medivm may include volatile and nonvolatile, removable and non-removable media
implemented in any method or technology. The computer-readable medium includes,
but is not lmited to, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic casseties, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information and

which can accessed by an instruction execution system.

{(078] The operations described in the methods 200 and 300 do not necessarily
have to be performed in the order set forth in FIGS. 10 and 11, but instead may be
performed in any suitable order. Additionally, in certain ermbodiments of the present
disclosure, moote or less than all of the elements or operations set forth in FIG. 9 and

16 may be performed.

{0079] 1t is to be understood that not necessarity all such objects or advantages
described above may be achieved in accordance with any particular embodiment.
Thus, for example, those skilled i the art will recognixe that the sysiems and
techniques described herein may be embodied or carried out in @ manner that achieves
or optimizes one advaniage or group of advantages as taught herein without
necessarily achieving other objects or advantages as may be taught or suggested

herein.

{0O88] Furthermore, a person skilled in the art will recognize the
interchangeability of various features from different embodiments. The various
features described, as well as other known equivalents for each feature, can be mixed
and matched by one of ordinary skill in this art to construct additional systoms and

techniques in accordance with principles of this disclosure.



CLAIMS:

L. A system for de-ionizing a ligquid having charged species, the system

comprising:

a plurality of stacks capabic of operating in a charging state and a discharging

state; and

a plurality of converters, each of the plurality of converters electrically
coupled to a corresponding one of the phurality of stacks, cach of the plurality of
converters operable to charge the corresponding stack for adsorbing ions in the liguid
in the charging state, and to discharge the corresponding stack for desorbing ions

adsorbed by the corresponding stack i the discharging state;

wherein cach of the plurality of converters is capable of being operated n a
tirst mode and a second mode dopending on a charging state or a discharging state of

the corresponding stack;

wherein when one of the plurality of stacks is charged or discharged at a first
state, one of the plurality of converters associating with the stack is operating in the
first aode, and is configured to indivectly convert a first voltage to a second voltage at

least by an intermediate stage; and

wherein when one of the plurality of stacks is charged or discharged at a
second state, one of the phirality of converters associating with the stack is operating
in the second mode, and s configured to directly convert the first voltage to the

second voltage.

~

2. The system of claim 1, wherein the plurality of stacks comprises a first
set of stacks arranged along a first path and a second set of stacks mrranged along a
second path, the first set of stacks is configured to de-ionize liquid feeding through
the first path, and the second stack configured to de-ionize liquid feeding through the

second path.



3. The system of claim 1, wherein one of the plurality of converters
comprises a bi-directional converter for converting clectrical energy to the
corresponding stack in the charging state, and for recovering clectrical energy from

the corresponding stack in the discharging state,

4. The system of claim 3, wherein the clectrical energy recovered from

the corresponding stack is transferred to another stack operating in the charging stage.

S. The system of claim 1, further comprising a controller electrically
coupled to the plurality of converters, the coniroller is configured to determine a3
voltage difference between a voltage supplied to the converter and a voltage applied
to the corresponding stack; wherein when the voltage difference is substantially
greater than a threshold value, the controller controls the converter to operate in the
first mode; and wherein when the voltage difference is substantially smaller than the

threshold value, the controlier controls the converter to operate in the second mode.

5. The system of claim I, wherein each of the phlurality of converters

COMprises;
a first converting stage;
a second converting stage coupled in serics with the first converting stage; and

an energy storing clement coupled between the first converting stage and the

second converting stage.

7. The system of claim 6, wherein cach of the plurality of converters

further comprises:



a third converting stage configured similar fo the first comverting stage, the

third converting stage interleaved with the first converting stage; and

a fourth converting stage configured similar to the second converting stage,

the fourth converting stage interleaved with the second converting stage.

g. The systemn of claim 7, wherein the fivat converting stage and the third
converting stage are capable of being supplicd with control signals out of phase, and
wherein the second converting stage and the fourth converting stage are capable of

being sapplied with control signals out of phase.

9. The systemn of claim 6, wherein when one of the plurality of converters
operates to charge a corresponding one of the plurality of stacks in the first mode, the
first converting stage operates to convert the first volitage down to an intermediate
voltage, the energy storing element is charged to maintain a level of the intermediate
voltage, and the sccond converting stage operates fo convert the intermediate voltage

down to the second voltage.

10. The system of claim 6, wherein when one of the plarality of converters
operates to charge a corresponding one of the phurality of stacks in the second maode,
the first converting stage is disabled, and the second converting stage operates to

convert the first voltage down to the second voltage directly.

1. The system of claim 6, wherein when one of the plurality of converters
operates to discharge a corresponding once of the plurality of stacks in the first mode,
the second converting stages operates to convert the first voltage up fo an intermediate
voltage, the energy storing element is charged to maintain a level of the intermediate
voltage, and the first converting stage operates to convert the intermediate voltage up

to the second voliage.

o
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12. The system of claim 6, wherein when one of the plurality of converters
operates to discharge a corresponding one of the plurality of stacks in the second
mode, the first converting stage is disabled, and the second converting stage operates

o convert the first voltage up to the sccond voltage directly.

13 The system of claim 6, wherein the first converting stage comprises a
first switching element coupled with an anti-parallel diode, a second switching
element coupled with an anti-parallel diode, and a first inductor, the first swiiching
element and the second switching element are coupled in series between a first input
terminal and a second input terminal of the converter, one terminal of the first
inductor is coupled to a junction between the first switching element and the second
switching clement, the other forminal of the first inductor 5 coupled to one terrainal

of the energy storing element.

14 The system of claim 13, wherein the second converting stage
coraprises a third swiiching element coupled with an anti-parallel diode, a fourth
switching clement coupled with an anti-parallel diode, and a second inductor, the third
switching clement and the fourth switching element are coupled in series between two
terminals of the energy storing elemeunt, one terminal of the second inductor s
coupled to a junction between the fourth switching elerent and the fifth switching
clement, and the other terminal of the second inductor is coupled to one terminal of a

stack.

15. The system of claim 13, further comprising a ffth switching element
coupled with an anti-parallel diode and a sixth switching element coupled with an
anti-paraliel diode, the fifth switching clement is coupled between the first converting

stage and the secound converting stage, the sixth switching clement is coupled between



the first input torminal of the converter and a junction between the third switching

clement and the fourth switching clement.

6. A converter for supplying clectrical energy to charge a load or

recovering electrical encrgy to discharge the load, the converter comprising:
a first converting stage; and
a second converting stage cascaded with the first converting stage;

wherein one of the first converting stage and the second converting stage is

o

operated to convert the electrical energy depending on a charging state or

discharging state of the load.

17. The converter of claim 16, wherein the first converting stage comprises
a first switching clement, a second switching clement, and a first inductor, the first
switching elerent and the second switching element are coupled in series between a
first mput terminal and a second input terminal of the converter, one terminal of the
first indoctor is coupled to a junction between the first switching clement and the
second switching element, the other terminal of the first inductor is coupled to one

terminal of an energy storing clement.

8. The converter of claim 17, wherein the second converting stage
coraprises a third swiiching clement coupled with an anti-parallel diode, a fourth
switching clement coupled with an anti-paraliel diode, and a second inductor, the third
switching clement and the fourth switching element are coupled in series between two
terminals of the energy storing element, one terminal of the second inductor is
coupled to a junction between the tourth switching element and the fifth switching
element, and the other terminal of the second inductor is coupled to one terminal of

the load.



19. A method of operating a converier to charge or discharge a stack, the

method comprising:

detecting a charging state or a discharging state of the stack, the stack
configured to absorb jons in 3 Hquid in the charging state and to desorb ions in the

discharging state; and

configuring the converter to either operate in a first mode or in a sccond mode

depending on the detected charging state or the detected discharging state of the stack.

28, The method of clatm 19, further comprising:
detecting a voltage across the stack;

configuring the converter to operate in the first mode when the detected
voltage is substantially greater than a threshold value and to operate in the second

mode when the detected voltage is substantially smaller than the threshold value.
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