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(57) Abstract: Rechargeable batteries, charging meth-
ods and systems for fast charging of the battery under
all environmental temperatures and without causing
battery degradation are disclosed. A system includes a
temperature sensor configured to monitor a temperat-
ure of a battery, a switch that can electrically engage
the battery to a source of electrical current through
either a low-resistance terminal or a high-resistance
terminal of the battery, and a controller electrically
connected to the temperature sensor and the switch.
The controller can receive input from the temperature
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trical current through either the low-resistance termin-
al or the high-resistance terminal through the switch
based on input from the temperature sensor.
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SYSTEMS AND METHODS FOR FAST CHARGING
BATTERIES AT LOW TEMPERATURES

CROSS-REFERENCE TO RELATED APPLICATION

000 This application claims the benefit of UK. Provisional Application No. 62/(029,865
0001 T'his appl l he benefit of UK. P 1 Appl No, 62/029,865

filed July 28, 2014, the entire disclosure of which s hereby mcorporated by reference herein,

TECHNICAL FIELD

(00062} The present invention generally relates to systems and methods of charging batteries
at low fcrperatures and fo particular to fast charging batieries below normal operating

temperatures of the batteries.

BACKGROUND

[00G3] Rechargeable batterics for clectronics, transportation and grid encrgy storage
commondy have poor charge acceptance and suffer from excessively long charge time, especially
at subfreering temperatures, due to shiggish electrochemical kinetics and transport processes
gecurring in the battery cell. Charging batterics at reasonable rates in cold weathers are cither
impossible to carry out or incur much shortened battery life. For example, the biggest problem
for charging hthiwm-ion batteries at low temperatures is the Iithivm plating m the graphitic
anode. The deposited lithivm reacts quickly with the electrolyte leading to irreversible capacity
loss. Furthermore, the metallic luhium grows in dendrite form, creating the possibility of
penctrating separator and shorting the cell internally. To avoid lithiwn plating, Hthimm-ion
hatterics are charged at very low rate (C/10 or less) at low temperatures, which requires
tremendous amount of time to be fully charged,

[0004] The long charging time poses a great disadvantage to cnergy storage solations,
especially electric vehicles (EV). Compared 1o traditional gascline-powered vehicles whose fuel
tank can be filled up n less than five minutes under all conditions, BV requires hours to got a full
recharge in cold weathers. Fast charging is csseutial to enable public charge stations and battery-
powered electric vehicles.

[00065] Because of high sensitivity of battery charge acceptance to temperature, charging
time can be reduced by heating rechargeable batteries (¢ a near roonm-temperature range suitable
for fast charging. Conventional battery heating systems, however, beat the battery externally by

using convective atr/liquid heating or thenmal jackets, where heat slowly propagates from the
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exterior indo the electrochemical reaction interface inside the battery. Such processes suffer from
long heating time and significant heat loss to the sturoondings.
[0006] Accordingly, a continging need exists to reduce the charging time of a rechargeable

battory without deleteriously atfecting the battery.

SUMMARY OF THE DISCLOSURE

[0067] An advantage of the present diselosure is a charging control system for charging an
chmically modulated rechargeable battery and methods for tts operation. Such a system can be
included in an clectrically powered vehicle, ¢.g., an electric vehicle (EV}, hybrid electric vehicle
{HEV), and phug-in hybnid electric vehicle (PHEV).

[00G5] These and other advantages arc safisficd, at least in part, by a charging control
systern for charging an ohmically modulated rechargeable battery comprising: a tomperature
sensor configured o monitor a temperature of the battery; a switch that can clectrically engage
the battery to a source of electrical current through either a low-resistance terminal or a high-
resistance termiinal of the batiery, or both; and a3 controller clecirically connected to the
temperature sensor and the switch and that can receive input from the temperature seusor and is
programmed to determine whether to electrically engage the battery to the source of electrical
current through cither the low-resistance torminal or the high-resistance terminal through the
switch based on imput from the temperature sensor.  The systeorn can include additional
components, individually or in combination, such 8s one or more of a current sensor electrically
connected to the battery and capable of measuring corrent flowing through the battery and/or one
or more voftage sensors such as a voltage sensor electrically connected to the low-resistance
terminal of the battery; and a voltage sensor clectrically connected 1o the high-resistance terminal
voltage of the baticry. With the additional sensors, the controller can receive puts from the
additional sensors and is programmed to determine whether o electrically engage the battery to
the source of electrical current through either the low-resistance terminal or the high-resistance
terminal through the switch based on inputs from some or all of the sensors. The system can also
melade a generator electrically connected to the battery and capable of charging the battery. The
generator can be used to capture kinctic energy, such as in regenerative braking in vehicles, and
charge the batiery with such coergy.

[000Y] Another aspect of the present disclosure includes a method of charging an ohmically
modolated rechargeable battery. The method comprises: charging the battery under a low
temperatore charging protocol (LTCP) when the battery is in & high resistance mode; and

charging the battery under & second protocol when the battery is in a low resistance mode.
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[0010] Hmbodiments of the LTCPs jnclude charging the battery under constant voltage,
and/or at a constant carrent (1} and/or at & constant charging power (P} and combinations thercof.
In one embodiment of the present disclosure, the LTCF includes: (i) charging the battery at gither
& constant voltage or a constant charging power (P); and (1) followed by charging the batiery at a
constant current.  Charging the battery at the constant current can occr when the charging
current reaches or excoads a predetermined maximum charge current ($, ). Further, the constant
voltage can be determined from cither the low-resistance terminal voltage Vier and/or the
voltage of the battery. The LTCP also can include charging the battery under a pulse voltage
and/or pulse power and/or pudse current and combinations thereof. LTCPs can further include
charging the battery in the bigh resistance mode when a temperature of the batlery is below a
predetermined level Teay, e.g. wherein Tegy 18 2 value between 5°C and 25°C, and charging the
battery in the low resistance mode when the tomperature of the battery is equal to or above Tean.
[001] Hmbodiments of charging the battery under the second protocol, ie., in the low
resistanice mode, include charging the battery umder a constant current, constant voltage protocol,
wherein the constant current is about 1 or highor and the constant voltage is about Vi, wherein
Ve 18 a predetormined voltage. Advantageously, the protocol can include charging the battery in
the low resistance mode when the teraperature of the battery 18 equal to or sbove a predetermined
tevel Teqs, €.g., whereln Togy is a value between $°C and 23°C.

[0012] Another aspect of the present disclosore ineludes a method of charging an ohmically
modulated rechargeable battery with regenerative onergy, the method comprising: charging the
battery under a regenerative charging protocol (RCP) when the battery is in a high resistance
mode, ¢.g., when the temperature of the battery s below a predetermined charge value (Togy);
and charging the battery under a second protocol when the baitery is in a low resistance mode,
¢.g., when the temperature of the battery is above Teg,. Advantageously, the corrent applied to
charge the battery under erther RCP or the second protocol is converted from kinetic energy.
[0013] Embodiments of the RCP include charging the battery by applying a charging current
to the battery in voltage controlled form or o power P controlled form or in current controlled for
or combinations thereof. The voltage controlled form, power P controlied form and current
controlled form can be either a constant value or 8 function of time. In one embodiment of the
present disclosure, the RCP includes (1) charging the battery by applying a charging current to the
battery in voltage controlled form or in power P controlled form, (i) followed by charging the
battery at a constant current; wherein the voltage controlled form is determined either at the low-

resistance terminal voltage Vien(t) of the battery or at the voltage of the battery V{1). Charging
4 L 3 4 3 , £Hig
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under the second protocol when the battery 1s in the low resistance mode can include a constant
current-constant voltage protocol, for example. RCPs can firther inchide charging the battery in
the high resistance mode when a teruperature of the battery is below a predetermined level Teg,
¢.g. wherein Tons is & value between 5°C and 257C, and charging the battery in the low resistance
mode when the temperature of the battery is equal to or above Tegy.

[0014] Additional advantages of the present invention will become readily apparent to those
skilled in this art from the following detailed description, wherein only the preferred embodiment
of the invention is shown and described, simply by way of illustration of the best meode
conternplated of carrving out the tnvention. As will be realized, the invention is capable of other
and different emnbodiments, and its several details are capable of modifications in varicus obvioos
respects, all without departing from the invention. Accordingly, the drawings and description are

to be regarded as ilustrative in nature, and not as restrictive.

BRIEF BESCRIPTION OF THE DRAWINGS

[0015] Reference s made to the attached drawings, wherein elements having the same
reforence mumeral designations represent similar elemenis throughout and wherein:

[0016] FIG. 1A is a schomatic showing counstruction of an chmoically modulated battery
having several resistor sheets/foils embedded witlun a stack of clectrode-separator assemblics,
one high-resistance negative terminal HiR{-} and one low-resistance negative terminal LoR{-),
one positive torminal (), and a thormally activated switch connecting the HiR(-} and LoR{-)
termunals, according to an embodiment of the present disclosure.

[0017] FIG. 1B is a schematic of a three-terminal ohmically modulated battery in a prismatic
configuration according {0 an ernbodiment of the present disclosure

[O018] FI1G. 1C is a schematic of a four-terminal olunically modulated batiery wherein two
tabs of 2 vesistor sheet form two HiR({-) terminals independently from the LoR{-) terminal,
according to an embodiment of the present diselosure.

[0019] FIG. 2 18 a schematic showing counstruction of a twin-cell battery module with one
registor sheet/foil between the two cells, e, cutside each cell casing without direct contact with
battery electrolyte according to an embodiment of the present disclosure.

[0020] FIG. 3A is a circuit diagram depicting a batiery charging control system, according to
an croboediment of the present disclosure.

[0021] FIG. 3B is another ¢ircuit diagram depicting a battery charging control system,

according to another embodiment of the present disclosure
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(00223 FIG. 4 1s a Hlowchart iHustrating a method for charging OMB using batiery charging
conirol system according to an embodiment of the present disclosure.

[0023] FIG. § is a flowchart illusirating a method (CVx-CC) for low temperature charging
according to an embodiment of the present disclosure.

[0024] FI3. 6 is a flowchart ilhastrating 8 method (CV-CC) for low temperature charging as
according to an embodiment of the present diselosure.

[(025] FIG. 7 is a flowchart illustrating a methed {(CC) for low temperature charging
according to an embodiment of the present disclosure,

[0026] FIG. § 15 a flowchart illustrating a method (CP-CC) for low temperature charging
according to an embodiment of the present disclosure.

[0027] FIG. 92 is a flowchart illustrating a method (PV) for low tomperature chargiog
according to an embodiment of the present diseloswre.

[0028] FIG. 10 15 a flowchart illustrating a method (PCY for low temperature charging
according to an embodiment of the present disclosure,

[0029] FIG. 11 is a diagram depicting regencrative charging system, according t0 an
embodiment of the present disclosure.

[0030] FI1G. 12 is a flowehart illustrating a method for regenerative charging of OMB using
regencrative charging system, according to an embodiment of the present disclosure.

[0031] FI3. 13 15 a flowchart illustrating a method (Vigp-CC) for regencrative charging
according to an embodiment of the present diselosure.

(0032} FIG. 14 is g flowchart iHusirating a method (V-CC) for regenerative charging
according to an embodiment of the present disclosure,

[0033] FIG. 15 18 a flowchart iustrating a method (C-CV o) for regenerative charging
according to an embodiment of the present disclosure.

[0034] FIG. 16 is a flowchart ilusimting a method (P-CCY for regenerative charging
according to an embodiment of the present diselosure.

[0035] FIGS. 17A and 17B are graphs showing the results of charging an ohmically
modulated battery according to an embodiment of the present disclosure. The charging protocols
emploved a CVir-CC low temperature charging combined with CC-CV normal charging
(CV ror 4V CC e when T<Teg, CC 2.5C, CV 4.1V when Ti_:_ch.;}l).

[0036] FIGS. 18A, 18B and I3C are graphs showing the results of charging an ohmically

modelated battery according to an embodiment of the present disclosure. The charging protocols
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employed a PV low temperature charging combined with CC-CV normal charging (PV 6.8V-
3.4V when T<Toqy, CC 2.5C, CV 4.1V when T>Tea )

[0037] FIGS. 194, 198 and 19C are graphs showing the resuls of charging an ohmically
maodulated battery according to an crabodiment of the present disclosure. The charging protocols
emiployed a PC low temperature charging combined with CC-CV nommal charging (PC £3.2C
when T<Tegy, CC 2.5C, OV 4.1V when T2Tog).

[(038] FIGS. 20A, 20B and 20C arc graphs showing the results of comparing charging a
conventional Li-ion battery with that of an OMB using a PC-CCCV charging protocol.

[0039] FIGS. 21A, 218 and 21C are graphs showing the results of comparing regenerative
charging of a conventional Li-ion batiery with that of an OMB using a C-CVir charging

protocol,

DETAILED DESCRIPTION OF THE DISCLOSURE
Chmically Modulated Battery

[00401 Rechargeable baticrics have been cnginecred to substantially increase the imternal
registance of the battery at low toroperatures, ¢.g., at termperatures below the notmal operating
temperatore of the particular battery.  Suoch batteries have been disclosed for example in co-
pending U.S. patent application No. 14/267,648, filed May 1, 2014, and PCT/US2014/059729,
filed October §, 2014, both entitled Olunically Modulated Battery, the entire disclosure of both of
which are hereby incorporated by reference herein.

(0041} As used herein the terms ohmic modulation of a rechargeable battery or an chmically
modulated rechargeable battery vefer 1o a rechargeable batiery engineered to have more than one
internal resistance lovel that can change substantially with batiery temperature. This deliberate
chmic modulation can be engineered either actively or passively.

[0042] An advantage of such rechargeable batterics is that the internal resistance of the
battery can change substantially when the battery teweperature falls below a predetermined level
The high internal resistance of the battery creates heat within the battery to warm the battery.
Preferably the nternal resistance of the battery becomes high cnough to rapidly warm the battery
by tons of degree Celsius within seconds or within up to a fow minutes. After the batiery
temperature reaches a desired level, the high internal resistance s deactivated allowing the
battery to operate at a low-resistance mode, e.g., as low as in conventional batteries, thereby
cnabling the battory to deliver high power and encrgy despiic being in a low tomperature

environment,
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[0043] Preferably, the rechargeable battery can comprise one level of internal resistance (Rp)

over a temperature range of the battery between a first temperature (T1) and a second temperature
{T), and a second level of internal resistance (R} outside of either Ty or Ty, Preforably the value
of Ry changes abrupily, such as in a stop function, or changes sharply, such as in a continuous but
rapid change i resistance, below around T, and/or at above around Ty, For example, the value
of By at about 2 °C below T 1 at least twice the vahue of By at Ty or the value of Ry at about 2 °C
above T: is at least twice the value of Ry at Ty, Advantageously, the value of By at about 2 °C
bolow T1 is at least twice to fitty times the value of Ry at T and the value of Ry at about 2 °C
above T 1s at least twice to fifty times the valoe of Ry at Th. The ohmic modulation of the
battery is advantageously reversible, e, the internal resistance can switch back from Ry to Ry
between Ty and T, Embodiments of the present disclosure include wherein the value of Ry/Ry is
between and including 2 to 500, e.g., the value of Ry/R is between and including 2 10 100, or 2
to 58, when the value of Ry is determined at about 2 °C below Ty and Ry 18 determined at T\,
Additional or alternative embodiments include wherein the value of Ry/R; is between and
including 2 to 500, e.g., the value of Ry/R, 18 between and including 2 to 100, or 2 to 50, when
the valoe of R, is determined at about 2 °C above T; and Ry 18 determined at To. The ohmmic
modelation of the battery is advantageously reversible, i.e., the internal resistance can switch
back from R» to Ry between T, and To.

[0044] As used herein the terms rechargeable battery or battery are used {o represent any
rechargeable clectrochemical energy storage device that contains one or more electrochemical
cells, The basic clements of a battery cell imclude an anode clectrode coated on a current
collector, a separator, a cathode clectrode coated on another current collector and an clectrolyte.
[0045] The battery configuration of the present disclosure can be applied to a variety of
batteries such as, but not hmited to, Hthwem-ion, lithivm-polymer, lead-acid, nickel-metal
hydride, Hthivoesulfur, Hthiunm-air and all solid-state batteries. Such batieries are useful for
transportation, acrospace, military, and stationary energy storage applications.

[0046] In an embodiment of the present disclosure, a vechargeable battery can have at least
two levels of internal resistance which depend on the battery’s temperature. As used herein the
temperature of the battery can be the intemnal temperature or extemnal surface temperature of the
battery. The rechargeable battery of the present embodiment can be configured to operate at a
higher resistance level when the internal temperature of the battery is below an optimum
temperatore, ¢.g. below Ty, thereby heating the battery and improving batiery performance. For

example, when the battery’s internal terapeorature 15 below a vormal range, e.g. below normal
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operating temperatures such as below about 5 °C or in subfreering environments (fomperatures
less than about 0 °C, e.g., less than about -10 or <20 °C), the internal resistance of the battery
becomes several-fold higher than when the battery operates in the normal temperature tange {e.g.
in the range of from about 40 Qem? to about 200 Qem®). As a result, there is much mtensified
mternal heating (as the battery’s heat generation is proportional {0 its internal resistance), which
feads to rapid rise of the battery’s mternal teraperature. This in torn quickly improves power and
encrgy output of the battery while operating in subfreering environments.

[0047] & rechargeable battery of the present disclosure can inchude the conventional
components of a rechargeable battery and additionally include one or more components to
modulate the internal resistance of the batiory,

[0048] For example, an chmically modulated rechargeable battery can include at least one
negative terminal and at least one positive terminal for operating the battery at Ry, e.g. at a low
internal vesistance level (LoR), above Ti. The ohmically modulated battery can alse tuclude at
feast one high resistance terminal for operating the battery at Ry, ¢.g. at a high internal resistance
fevel (HiR), when the battery temaperature 18 below Ty, The high resistance terminal can either be
an additional negative terminal (1.e., a HiR {-}) or an additional posttive termunal (i.e., a HiR{(+}).
[0049] Such a rechargeable battery can include a switch that switches the resistance levels of
the battery. For example the switch can cougage the low resistance terminals of the battery, c.g,,
LoR {-) and/or LoR {+)}, to operate the battery when the teroperature of the battery 15 above T,
and can ongage one or more high resistance terminal, e.g., HiR{-} and/or HiR{+), when the
battery tomperature 18 below T

[0050] The switch of the present disclosure can be composed of an clectromechanical relay
and a temperatare controller, or a solid-state relay with a temperature sensor, a4 power MOSFET
with a terperature sensor, or a high-current switch with a temperature sensor. Alernatively, the
switch connecting LoR{-) and HiR{-} terovnals can be carried out by 2 controller having an
eleciric cireuit and a cell temperature sensor in a battery management systen.

[0051] In an embodiment of the present disclosure, the rechargeable battery inclodes at least
one resistor sheet that is clectrically connected to the high resistance terminal. The at least one
resistor sheet can be located cither nside a battery cell {exposed to the clectrolyte), or outside
and between two battery cells, or 8 combination of some resistor sheets inside cells and some
resistor sheots outside and between cells. The resistor sheet configured with a cell of the battery

can be integrally part of the currend collector of an electrode of the cell of the battery
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[0052] As used herein, a resistor sheet s a material that has a lower conductivity (higher
clecirical resistance) relative to the battery current-collecting foils and, when activated during
battery operation, causes a significant increase in the internal clectrical resistance of the battery.
The resistor sheet preferably has a resistance in units of Chm equal to the mumerical value of
between 0.1 to 5 divided by the battery’s capacity in Amp-hours {Ah}, e.g between about 0.5 to
2 divided by the battery’s capacity in Ak, For example the resistor sheet for a 20 A battery is
preferably betwesn about 0.005 Ohm (0.1 divided by 2{}) io about .25 Ohm {§ divided by 203,
e.z. between about 0.025 Chan (0.5 divided by 20) 1o about 0.1 Ohm (2 divided by 28},

[0053] The resistor sheets of the present disclosure can be any metal that 15 stable when
exposed to battery electrolytes and within the clectrochemical voltage window of a rechargeable
battory when the resistor sheet is exposed to such an envivonment.  Such resistor sheets can be
made of graphite, highly ordered pyrolvtic graphite (HOPG), stainless steel, nickel, chrome,
nichrome, copper, aluminum, titanium, or combinations thereof. 1f used outside battery cells and
between two adjacent cells in a module, the resistor sheets do not need to be anti-corrosive and
thus additional materials are available for use as resistor sheeis of the present disclosure. The
resistor sheet of the present disclosure preferably is flat with large surface area in good contact
with adjacent battery components and has a thickness between about 1 and abouot 150
micrometers with a preferred range of about § to about 60 micrometers, Resistor shoets that have
large clectrical vesistance, high thermal conductivity, and small heat capacity are useful for
certain embodiments of the present disclosare.

(0054} In certain configurations of the present disclosure, the rechargeable battery inchudes
one or more high resistance tabs or terminals and one or more low resistance tabs or forminals.
The high resistance terminals electrically connect the one or more resistance sheets and the low
resistanice tabs or terminals are configured to operate the battery in a low resistance mode.

[0055] Advantageously, the rechargeable baitory of the present disclosure can be readily
configured with conventional rechargeable battery components with nunimal yeodification n
certain embodiments, additionally mchuding one or more high resistance terminals connected to
one or more resistor sheets, for example. The following figures illustrate certain cmbodiments of
the present disclosure,

[0056] FIG. 1A illustrates an embodiment of an obmically modulated battery. As shown in
FIG. 1A, rechargeable battery 110 has several resistor sheets 112 cmbedded within a stack of
ciectrode-soparator assemblics and in contact with the electrolvie. The electrode-separator

assemblics include anode electrodes 114 having anode tabs 114a, scparators 116 and cathode
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clectrodes 118 having cathode tabs 11R8a.  Battery 110 further includes one low-resistance
negative terminal LoR{-) 120 and one high-resistance negative terminal HiR{(-) 122, switch 124
and positive ferminal (+3 126,

[0057] In this embodiment, cach tesistor sheet has two tabs (112a, 112b), which can be
attached by welding. Resistor tab 1122 and anode tbs 1ida of anode clectrodes 114 are
electrically connected to low-resistance negative terminal LoR{-} 120 to form a low electrical
resistance circuit. Resistor tab 112b is electrically counected fo high-resistance negative terminal
HiR{-) 122 1o forme a high clectrical resistance level circuit that i8 activated by switch 124,
Cathode tabs 118a of cathode electrodes 118 are clecirically comnected together and to positive
terminal 126, Io this particular example, switch 124 is a thermally activated switch that can
elecirically connect or disconnect LoR{-) terminal 120 and HiR{-) terminal 122.

[Q058] The anode-separator-cathode-resistor sheet assembly can be placed in an appropriate
package, ¢.g., in a casing of a pouch cell and filled with slectrolyte, In this embodiment, the
anode-separator-cathode-resistor sheet assembly is contained in casing 140. The negative and
positive terminals can be eloctrically connected to an extornal circuit 128a and 128b.

[0059] In sum, the rechargeable battery iHlustrated in FIG. 1A feanuwes three terminals on the
outside, two negative terminals, LoR{-) and HiR{-}), and ong positive terminal {+). The two
negative torminals, LoR{-) and HiR{-), arc further connected by a tonperature-sensitive switch
mmediately outside of the battery. In operation, when the battery temperature s above Ty, the
switch is CLOSED and the battery current bypasses the resistor sheets since corrent prefers to
flow through the low-resistance circuit. In this case, the battery operates between the terminals
(+) and LoR{-}, exhibiting a low tnteroal resistance. When the battery temperature falls below T,
the switch is made OPEN, leaving the terminals (+) and HiR(-} operative. This forces the battery
current to flow through the resistor sheets and hence exhibits high internal resistance. For
exaraple, when the battery temporature s below a normal range, such as below about 5 °C or in
subfreczing environments, the internal resistance of the battery becomes several-fold higher duc
to the presence of the resistor sheets in the current flow path. Once operated or activated, there is
intense jnternal heating (as the battery’s heat generation is proportional fo its jnternal resistance),
which fcads to rapid rise of the hattery temperature to 3 point that iriggers the temperature-
sensitive switch to CLOSED. The CLOSED switch immediately enables the LoR(-} torminal to
be operative and lowers battery internal resistance. The combination of low internal resistance
and high mternal temperature substantially moproves power and energy ouiput of the battery

despitc operating in subfreezing environments.



WO 2016/018830 PCT/US2015/042304

1t

[0060] Another embodiment is 1o place a switch between the positive terminal and HiR{-)
termunal of an ohmically modelated battery, When the battery temperature is above Ty, the switch
is OPEN and the battery operates between the positive and LoR{-} terminals and the battery
current bypasses the resistor sheets, exbibiting a low internal resistance. When the battery
temperature falls below Ty, the switch is made CLOSED while leaving the positive and LoR{-)
terminals at open circuit. This forces the battery current to flow through the resistor sheets and
hence rapid tndernal heating. Ouce the battery temperature rises o a point, the temperature-
sensitive switch is triggered to OPEN.

[00611] FIG 1B shows another, partial illostration of the battery described for FIG. 1A, FIG
1B shows 8 three-terminal ohmically modulated batiery in a prismatic coofiguration having
cathode electrode 118 and vesistor sheot 112 adjacent avede electrode 114, The cell would
further mchude clecirolyte and a separator, which are not shown for illustrative convenience.
Cathode clectrode 118 includes tab 118a, resistor sheet 112 inchudes tabs 112a and 112b and
anode clectrode 114 includes tab 114a. The battery further includes one low-resistance negative
terminal LoR({-) 120 and onc high-resistance negative terminal HiR(-y 122, switch 124 and
positive termuinal (+) 126, The elements of the battery shown in FIG. IB are electrically
connected as described for FIG. 1A,

[0062] FI1G. 1C shows another arrangement for the battery described i FIG. 1A, In this
embodiment, the battery is jo a prismatic configuration. As shown m FIG. 1C, the olmmically
modidated battery can be configured with fouwr terminals, e.g., positive ferminal 126, low
resistance negative terminal LoR{-) 121, and two high resistance terminals HiR{-) 123, 125,
Resistor sheet 113 inchudes two tabs (1134, 113b) which form two HiR(-) tominals (123, 125)
which is mdependent from the LoR{-) termunal 121, One of the HiR(-) tcrminals can be
connected externally with the LoR{-) terminal, essentially reducing this 4-terminal battery into
the 3-terminal battory shown in FIGUIE. O, one of the HIR(-) termivals can be electrically
connected to one of the HiIR() rorminals from an adiacent cell in a multi-cell battery or module,
forming a serially connected plovality of resistor sheets. The plurality of resistor sheets can then
be connected into a multi-cell circuit by using only one swiich.

[0063] While the battery 1n FIG. 1A i tlustrated with three unit cells and two resistor sheots
glectrically connected in parallel and one switch for activating the battery in the high or low
resistanice mode, the ohmically modulate rechargeable battery of the present disclosure can have
additional modules and/or additional unit celis. The battery can inciude additional resistor sheets

and switches. For cxample, the battery can comprise more than one module or pack of cells
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where the cells in the module are adjacent each other and cleemically connected to each other ina
parallel or in a series arrangement or combinations thercof. The battery can inclade a plurality of
resistor sheets that are electrically connecied to each other in series or in parallel and located
between adjacent cells in a module and plurality of thormally activated switches to operate the
battery i a high or low resistance maode.

[0064] In other embodiments of an olmically modulated battery, a rechargeable battery can
be configured by placing one or more resistor sheets outside a cell of the battery. For example,
with a battery module focluding multiple cells, the one or more resistor sheets can be sandwiche
between two adjacent cells within the battery module. Figuve 2 illustrates such an embodiment.
[0065] As shown in FIG. 2, battery module 210 includes resistor sheet 212 positioned
between two cells 213a and 213b. The resistor sheet is preforably positioned between the cells to
provide even heating of the cells and battery module, sach as interposed tightly between two
cells. Each cell includes anode electrodes 214, separators 216 and cathode electrodes 218,
Battery module 210 forther includes one low-resistance negative terminal LoR{-} 228 which is
clectrically counected to cach cell of the module and one high-resistance negative terminal HiR()
222 which is electrically comected to the resistor sheet. The battery module also includes
switch 224 and positive terminals (+) 2263 and 226b. The negative and positive terminals can be
clecirically comnected to an extermal civenit 228a and 228b.

[0066] In som, the rechargeable battery illustrated in FIG 2 feanwmes two-torminal cells in
which one terminal (in this embodiment the negative terminal) is electrically connected to a
switch which is fimther clectrically connected to a resistor shogt,  The rechargeable battery
module 210 of FIG. 2 can be operated in the same manner as deseribed for FIG. 1.

[0067] While battery module 210 in Fig. 2 s ilustrated as 2 twin-cell module with one
resistor sheet between the two cells, chmically modidated batteries of the present disclosure can
have additional cells and/or modules and/or resistor sheets and/or switches. For example, the
battery module can have 4, § or 6 cells with one or more resistor sheets positioned between cells
and around other positions near the cells. The batiery can have additional modules with one or
more resistor sheets positioned between modules and around other positions near the moduldes.
The battery can bave additional switches to conpect the additional vesistor shects or one swiich
connecting all of the resistor sheets. The cells and/or the module can be electrically connected to
cach other in a parallel or in a serics arrangement or combinations thereof. The resistor sheets

can also be clectrically connected to cach other in series or in paraliel
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[0068] All afore-described battery designs are applicable to rechargeable batteries such as
Li-ion, pickel-metal hydride, lead-acid, etc.  Advantageously, the rechargeable battery of the
present disclosure can be mplemented for all battery chemistries, such as rechargeable Hithium
ion, nickel-metal hvdride, or advanced Lthium batieries such as lLithiume-sulfur, lithium-air
batteries or all solid-state batteries, and for all form factors, either pouch, cylindrical, prismatic or
angrdar.  The cell strueture can accommodate volled electrode and stacked electrode designs,

among others.
Fast Charging at Low Temperatures

[0069] Another advantage of ohodeally modulated rechargeable batterics is that they can be
configured for fast charging at low temperatures. Preferably, the olunically meodulated batteries
can be charged within a peried of about 20-30 mwinutes at low temperatures without causing
fithivm plating or other appreciable degradation. The chmically modulated battery can also
advantageously be charged by regenerative power for stmubtancous cloctric charging and infernal
heating.

[007{] For example in one embodiment of the present disclosure, an chmically modulated
battery can be included fo a charging control systemn. The systernn can tuchide a tonperature
sensor contfigured to monitor a teraperature of the battery and a controlier electrically comected
to the temperature sensor that can receive inputs from the sensor and is programmed to determine
whether to charge the batiery in a low temperature resistance protocol or another protocol, e.g. a
second protocol, based on the input from the temperature sensor.

[0071] The system can include additional components, individually or in cornbination, such
as ong or move of a voltage sensor electrically connected to the battery, e.g., a voltage sensor
clectrically connected to cither the low-resistance terminal and or the high resistance torminal of
the ohmically modulated battery; a current sensor electrically connecied to the batiery and
capable of measuring current flowing through the battery; and/or a generator elecirically
connected o the battery and capable of charging the battery. The geuncrator can be used to
capture kinctic energy, such as in regenerative braking in vehicles, and charge the battery with
such energy. With these additional optional components, the controller is capable of receiving
impuis from the temperatire sensor, the one or more voltage sensors and the current sensor and is
capable of determining whether to charge the battery based on said inputs. Advantageously, the
controller is further capable of sctting the battery to a high resistance level or a fow resistance

level based on the tenperature of the battery n certain embodiments.
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[0072] I practicing certain embodiments of the present disclosure, an ohmically modidated
rechargeable battery can be charged under a low temperature charging protocol (LTCP) when the
battery is in a high resistance mode, ¢.g., when the temperature of the battery is below a
predetermined charge temperature (Tegy). In addition, the battery can be charged vnder another
or a second protocol {e.g. a wnormal charging protocel that is used at normal operating
temperatures} when the batiery is in a low resistance mode. LTCPs include charging the battery
under constant voltage, and/or at a constant current (1) and/or at a constant charging power (F)
and combinations thercof. In one embodiment of the present disclosure, the LTCP includes: (1)
charging the battery at cither a constant voltage or a constant charging power (P} and (1)
followed by charging the baltery at a constant corrent.  Charging the batiery at the constant
current can occur when the charging current reaches or exceeds a predetormined maxivwim
charge current (L), Further, the constant veltage can be determined from either the low-
resistance ternuinal voltage Ve and/or the voitage of the battery, The LTCP also can include
charging the battery under a pulse veltage and/or pulse power and/or pulse cument and
combinations thereof, Charging under the sccond protocol when the battery is in a low resistance
mode can include a constant current-constant voltage protocol, for example.

[0073] FIG. 3A illustrates a charging control system 600A that supports fast charging of an
chmically modulated battery at low toraperatures in accordance with an embodiment of the
present disclosure. Charging control system 600A includes ohmically modulated battery 601 Ina
preferred embodiment, thium-ion is used as the cell chemistry for battery 601, However, the
control system is applicable to other cell chemistries as well.

[0074] As shown in FIG. 3A, battery 601 has one positive terminal (not shown) and two
negative terminals 612 and 613, wherein 612 is the low-resistance negative terminal LoR(-) and
613 is the high-resistance negative terminal HiR{-). Switch 609 is electrically connected to LoR({-)
torminal 612 and HiR(-) terminal 613, LoR(-) terminal 612 15 engaged when swiich 609 s on,
and HiR{-) terminal 613 18 engaged when switch 609 is off. Switch 609 is operated by controller
604 in the present embodiment. Battery 601 is connected to charger 602 through switch 610 and
to load 603 through switch 611, Battery 601 is also connected to a current sensor 605 fir
measuring charging current, a termperature sensor 608 for detecting a toraperature of battery 601,
and two voltage sensors 606 and 607, Voltage sensor 606 is connected 1o low-resistance negative
terninal 612 for monitoring low-resistance terminal voltage Vior of battery 601, Voltage sensor
607 is connected to high-resistance negative terminal 613 for measuring the voltage V of baitery

601.
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[0075] o operation, controlier 604 receives information about charging/discharging current
signal I (positive for charging, negative for discharging) from current sensor 605, temperature
signal T from temperature sensor 608, battery low-resistance voliage signal Vier from voltage
sensor 606 and baticry voltage signal from voitage sensor 607. The controller 604 controls
charging operation of battery 601 by sending commands to charger 602, load 603, switches 609,
610 and 611 based on information received and charge algorithms.

[0076] The operation of controller 604 during the charging process s described with
reference to the flowchart in FIG. 4 below.

[00771 FIG. 4 presents a flow chart illustrating the charging process 704 in accordance with
an embodiment of the present disclosure. At step 701 of this flow chart, after turning off switch
610 and 611, controller 604 acquires the tomperature T from temperature sensor 608 and open
circuit voltage (OCV) from voltage scosor 606 or 607, At step 702, conroller 504 estimates the
state of charge (SOC) of the battery 601, In one embodiment, this estimation is accomplished by
accessing a lookup table wherein OCV-S0C correlation is stored. The lookup table may be part
of controller 604, or be stored in a SOC cstimator, which receives voltage signal from voltage
sensors and return estimated SOC using the lookup table to controller 604,

[0075] At step 703, controlier 604 makes a first determination as to whether battery 601
should be charged by comparing estimated SOC {0 a predetermined SOC,,. When the battory
SOC s lower than the predeternuned SQC., process 700 proceeds to step 704, Otherwise,
hattery 601 should not be charged and charging process 700 ends.

[0079] At step 704, controller 604 makes a second determination regarding charging
operations based on the battery tomperature sigual from tomperature sensor 608, When the
battery temperature T is lower than a predetermivned charge temperature (Togy), process 700
procecds to step 705 where low temperature charging operations are conducted.  Gtherwise,
process 700 proceeds 1o step 708 and battery 601 is charged v a conventional manuver, where
normal charging or fast charging is used. In an cmbodiment, the predetermined charge
temperature Togy has a value that is between about 5°C and 25°C, preferably between about 20°C
and 25°C. In one non-limiting embodiment of the present disclosure, the predetermined charge
temperature equals to about 23°C. That is, when a temperature of the battery s below about 235
°C, the battery is charged in the high resistance mode.

[0080] At step 705, controller 604 sends a signal to switch 609 to engage the high-resistance
nogative terminal HiR(-) so that battery 601 operates at high-resistance mode (Ry). The internal

resistance of the battery becomes several-fold higher due to the presence of the resistor sheets in
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the current tlow path, which enables a rapid rise of battery temperature during operation owing to
imtense internal heating. The rapid temperature vise of battery 601 can be further accelerated by
cmploying optimized charging methods described in the embodiments below.

[00R1] At step 706, one or more LTCPs can be huplemented, which is further exemplified in
the flowcharts of FIGS. 3-10, for example.

[0082] After low temperature charging and as soon as batfery temperatioe reaches Togl,
process 700 proceeds to step 707 in which controller 614 sends a signal to switeh 609 to engage
the low-resistance negative ternunal LoR(-). Battery 601 then operates at normal infernal
resistance level in the near normal temperature range.

[0083] At step 708, battery 601 is charged by a sccond protocol, ¢.g. a normal chargiog
protocol, such as a constant current, constant voltage (CC-CV) protocoel. Such CC-CV protocols
melade charging at a constant current of about 1C or higher and a constant voltage of about Ve,
wherein Ve is 8 predetermined voltage.  Also, charging at 2C or greater rates can be
implemented for fast charging under the normal charging protocols. Normal charging continues
until battery 601 is charged 1o a specified SOC, the deterndnation of which s troplemented by
checking the cut-off conditions. For a CC-CV protocol, the charging stops until battery voltage is
equal {o the specified charge voltage and the charge current is below a predetermined threshold
value.

[0084] In one embodiment of the present invention, 8 low temperatore charging protocol
(LTCP), as shown in FIG. 5, is named labeled OV r-CC. This charging protocol starts with step
801, where the voliage Vi (low-resistance terminal voltage), measured by voltage sensor 606,
is maintained at a constant level. This constant voltage level s less than or equal to the voltage
fevel Vg, which is the open circuit voltage of battery 601 at predetermined SOC .

[0085] A timer is set (ngt shown) at the beginning of low temperature charging to count
charging tie. Battery temperature and current are monitored peniodically by receiving signals
from temperature sensor 608 and current sensor 6035,

[0086] At step 302, controller 604 determines whether battery temperatore T reaches the
predetermined temperature Tegr. When T2Tee, Le, when batiery temperature rises to the
predetermeined level where normal charging is possible, low tomperature charging stops.
Otherwise, when T<Tgay, the low teraperature charging protocol continues and proceeds to step
{03,

[00R7] Druring CVier charging, the battery’s temperature increases and its intornal resistance

reduces. [t is thus expected that the charging current roay vise bevond an allowable level. In order
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1o prevent damage from the high current to the battery, charging current 18 checked periodically
at step 803, The controller 604 determines whether charging current T exceeds a predetermined
maximum charge current () This value is typically set by a battery maunufacturer for a
particular battery. When charging curvent 1 is greater than .., the charging current is limited fo
charging process goes back to step 801 where CV g protocol is used.
[(088] In the case that charging switches to CC mode (step 8(4), the temperature of battery
601 15 checked periodically (step 805). At step 803, controller 604 compares batiery temperature
with the predetermined temperanure Tog). When T is lower than Tog, then charging process goes
back o step 804, On the other hand, when T is higher than or equal to Teqy, then low temperature
charging process is completed.
[00R9] In another embodiment of the low teowperature charging method, as shown W FIG. §,
the protocol 1§ termed as CV-CC. This charging method is configured dentically to CVir-CC
charging protocol as shown in FIG. §, except for the constant voltage charging step 201, wherein
the voltage V measured by voltage seusor 607 (battery voltage), instead of Vi measured by
voltage sensor 606, is maintained at a constant level. Because of the high resistance at the high
resistance torminal, battery voltage V is much higher than low-resistance torminal voltage Vigr.
The constant voltage level V for charging is higher than V. {the open circuit voltage of battery
601 at predetermined SOCe). In the preferred embodiment, charging voltage V is no less than
about 4V per cell, e.g., greater than or equal to about 5V per cell, to achieve rapid heating of
battery 601 while charging.
(00U {n another crubodiment of the low temperature charging protocol, as shown n FIG. 7,
the methed s named as CC charging method. At step 1001, current signal measured by current
sensor 605 is maintained at 8 constant level to achiove constant current (CC) charging, The
charging current is in a range of less than or equal to about §,,, for battery life and safety concern,
and preferably larger than or equal o a abowt 1C rate to undertake fast charging and mduce
mitense internal heating of battery 601, For example, the constant aurvent under this protocol s in
the range of about 10 <1 <k 0.2, 20 <1 <y, A timer i set {(not shown) at the beginning of
charging to count charging time. Battory fermperature is monitored periodically by receiving
signals from temperature sensor 608, At step 1002, the condroller 604 determoines whether battery
temperature T reaches the predetermined charge temperatime Teg, When T>Teqy, e, when

battery temperature rises to the predetermined level where normal charging or fast charging is
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possible, low temperature charging process stops. Gtherwise, when T<Teoss, charging process
goes back to step 1001 where CC protocod 1s used.

[0091] in another embodiment of a LTCP, as shown in FIG. &, the protocol is abeled as CP-
CC. This charging method is configured dentically to CV-CC charging method as shown in FIG.
5, except for the constant power charging step 1101, wherein charging power (battery voltage V
times current 1), instead of battery vohage V, is maintained at a constant level The charging
power is sclected to incur intense intornal heating of the baitery such that battery voltage
decreases during CP charging period 1n spite of increasing SOC. Accordingly, charging curvent is
increasing and Hmited by lh, This CP-CC charging method serves o prevent charging current
from quickly reaching its maximum value and thus reduce the risk of Hthium plating. In the
preferred embodiment of the invention, charging power P is greater than the product of about 1C
charging current and about 4V charging voltage, e.g., .greater than abowt 2C chargmg current and
about SV charging voltage.

(00921 In ancther embodiment of a LTCP, as shown in FIG. 9, the methed is termed as pulse
voltage (FV) charging moethod, wherein forward and reverse {charge and discharge) voltage
pulses are applied on battery 601 over consecutive periods, While this protocol is expressed as
PV, it can also be expressed as pulse power using the same process.

[0063] The PV charging process beging with setting pulse frequency at step 1201 In a
preferred embodiment for this protocel, the pulse frequency ranges between about 0.05Hz to
about 10Hz Pudses with frequency below this range induces large concentration polarizations in
the elecirolyte and solid phase of the battery. Pulses with frequency above this range gives rise o
clectrode exfoliation and electrolyte breakdown. Accelerated battery degradation is expected in
both of the two cases.

[0094] Step 1202 sets the magnitudes of charge and discharge voltage pulses. The pulse
voltage measured by voltage scusor 666, which 15 equal to the high-resistance torminal voitage
607 because battery 1s operated jo the high resistance mode, 15 maintained at a constant level. Tna
preferred embodiment for this protocol, the voltage of the charge pulse ranges between about 5V
and about 8Y per cell, and the voliage of the discharge pulse ranges between sbout 1.2V and
about 1V per cell. These voltage values are set to induce intense internal heating of battery, and
at the same time prevent battery from damage.

[0095] At step 1203, constant voltage pulse charge operation at set frequency and magnitude
is executed. Right after this charge pulsing, controller 604 makes a detormination at step 1204

bascd on the low-resistance terminal voltage Vier received from voltage sensor 606 and tie
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maximum operating voltage of the battery Vi, which is greater than or equal to the
aforementioned Ve {the open circuit voltage of battery 601 at predetermined SOC,,). When
VierS Vi the constant voltage pulse charge protoco! maintains and the charging process
branches to step 1206 and when Vier™ Vimes 1.2., the maximuim operation voltage for battery
materials is exceeded, the charging process proceeds to step 1208, At step 12035, to provent Vi
from exeeeding Vi, controlier 604 sets the pulse operation protocol (charge part only) to Ve ror
= Ve which will be implemented in the next consecutive period.

[0096] At step 1206, the controller 604 detormines whether battery temperature T reaches
the predetermined temperature Tegr. When T>Toq, 1.e., when battery temperature rises to the
predetermined level where normal charging is possible, low temperature charging stops.
Otherwise, when T<Teg, low tomperature charging process continues and proceeds to step 1207,
[0097] At step 1207, constant voltage pulse discharge operation at set frequency and
magnitude is executed. Right after this discharge pulse, controlier 604 makes a determination at
step 1208 based on the low-resistance terminal voltage Vi received from voliage sensor 606
and the minimum operating voltage for battery materials Vi, When Vigr™Vm, the constant
voltage pulse discharge protocol maintains and the process branches to step 1210 and when
Vi<V, the charging process proceeds to step 1209, At step 1209, to provent Vier from
dropping below Wy, condroller 604 sets the pulse operation protocol (discharge part ounly) to
V4 1or = Vi which will be implemented in the next consecutive period,

[0088] At step 1210, the controller 604 determines whether battery temperature T reaches
the predetermined temperature Togy. When T2Teg, i.e., when battery temperature rises to the
predetermeined level where normal charging is possible, PV charging stops. Otherwise, when
T<Teai, PV charging process continues and proceeds to step 1203,

[0099] In another embodiment of the low temperature charging method, as shown in FIG. 10,
the method 5 termed as pulse current {PC) charging method, wherein forward and reverse
{charge and discharge} current pulses are apphied on battery 601 over consecutive periods. This
charging method 15 configured identically to pulse voltage (PV) charging method as shown in
FIG. %, excopt for step 1302, where constant current pulse, instead of constant voltage pulse, is
used. The puise current measured by current sensor 605 i maintained at a counstant fevel In the
preferred embodiment, the magnitude of the current {(both charge and discharge) ranges between
about 2C to about T, These current values are set 1o induce ntense internal heating of battery,
and at the same time prevent batiery from vowanted damage. Further, the frequency of the

charging and discharging pulse can range between about 0.05Hz to about 10 He.
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[0 While only a fow charging algorithims of the present invention are described via the
specific embodiments above, they belong to a class of I-V-Viop-T based algorithms for batteries,

which differ from charging algorithins based on I-V-T.
Regenerative Charging

(0161 In addition, ohmically modulated rechargeable batteries can alse be charged with
regenerative energy, e.g., clectrical energy or power that is produced from the kinetic energy of a
moving vehicle. For example, regenerative braking (also called regen) is the conversion of the
vehicle’s kinetic encrgy into electricity that recharges (regencrates) the onboard battery as the
vehicle is slowing down and/or stopping. Such regencrative energy can be derived to capture
braking encrgy in a vehicle such as W electric vehicles (EV), hybrid cleetric vehicles (HEV), and
plug-in hybrid electric vehicles (PHEV), for example. In a charging control system that captires
regenerative encrgy, the system includes a generator, ¢.g., a motor/gencrator o convert the
kinetic encrgy to clectrical power.  In one embodiment of the present disclosure, a charging
control system 1o capture regenerative energy includes an power regeneration system supplying
regencrative power o the rechargeable battery; a battery control system to apply regenerative
power 1o the rechargeable batitery; a vehicle control system that (3) receives braking reguest and
battery status, and (i) determines whether to cogage the power regeneration system based on
hattery statos, and (i) in response to the determination, engages the power regeneration system
and forwards regenerative power o the rechargeable battery.

[0102] In practicing cortain cobodiments of the present disclosure, an ohmically modulated
rechargeable battery can be charged with regenerative energy under a regenerative charging
protocol (RCP) when the battery 1s in a high resistance mode, e.g., when the temperature of the
battery is below a predetormined charge value (Togy).  In addition, the battery can be charged
under a second protocel {e.g. a normal charging protocol that is used at normal operating
temperatures) when the battery s n a low resistance mode.

(0163} RCPs include, for example, charging the battery by applying a charging current to the
battery in voltage controlled form or in power P controlled form or in current controlled for or
combinations thereof.  The voltage controlled form, power P ocontrolled form and current
controlled form can be cither a constant valae or a fonction of time. In one embodiment of the
present disclosure, the RCP includes (i) charging the battery by applying a charging current to the
battery in voltage controlied form or in power P controlled form, (1) followed by charging the
battery at a constant current; wherein the voltage controlied form is determined either at the low-

resistance terminal voltage Vigr(t) of the battery or at the voltage of the battery V(1) Charging
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the battery at the constant current can occur when the charging current reaches or exceeds a
predetermined manimuom charge current (Tn.).  Charging under the second protocol when the
battery is in a low resistance mode can include a constant current-constant voltage protocol, for
cxample.

[0104] FIG. 11 shows a simplified configuration of a regenerative charging system 1400 1
accordance with an embodiment of the present disclosure. Such a system can be inchided n an
clectrically powered vehicle such as an EV/HEV/PHEV, for exanple.

[0105] Regenerative charging system 1400 includes choically modulated rechargeable 1401,
In a preforred embodiment, Hthium-ion is used as the cell chemistry for battery 1401, However,
the control system is applicable to other cell chemistries as well

[0106] The power control unit 1410, which is clecirically connected to battery 1401,
motor/generator 1411 and other units (not shown, such as cogme-geverator, 12V awdhary
electrical system ete.), performs the exchange and conversion of clectric power among s
conngctions. The power control onit 1418 includes without limitetion an inverter and a rectifier
(not shown},

[0107] When battery 1401 is used as a power source {discharging) to provide traction power
for the vehicle, the inverter converts DC power supplied from battery 1401 to AC power for
motor/generator 1411, which acis as an clectric motor that generates fraction torque and propels
the vehicle through mechanical system 1412 (ncluding clutch, transmission, crankshaft and
wheels, among other components), and when battery 1401 is restoring energy (charging), the
rectifier convers AC power from generator 1411 to DC power to charge battery 1401
Restoration of encrgy to the battery can occur when one of the associated evemis being
regenerative braking, doring which the vehicle is retarded by motov/generator 1411 which acts as
a generator converting the kinetic energy of the vehicle to electric power.

[0108] In an emwbodiment of the present disclosure, battery 1401 has onc positive terminal
{not shown) and two negative terroinals 1402 and 1403, wherein 1402 5 the low-resistance
negative terminal LoR(-} and 1403 is the high-resistance negative terminal HiR{-). Switch 1409
1s electrically connected to LoR{-} terminal 1402 and HiR{-} terminal 1403, LoR{-} terminal 1402
18 engaged when switch 1409 15 on, and HiR{-}) terminal 1403 is engaged when switch 1409 is off
The operation of switch 1409 is carried out by controller 1404,

[01G9] Battery 1401 is electrically connected to carrent sensor 1405 for detecting the carrent
flowing into and out of battery 1461, to temperature sensor 1408 for detecting temperature of the

battery 1401, and to two voltage sensors 1406 and 1407, Voltage sensor 1406 is clectrically



WO 2016/018830 PCT/US2015/042304

2

connected to low-resistance vegative torminal 1402 for monitoring low-resistance terminal
voltage Vi of the battery 1401, Voltage sensor 1407 measures the voltage V of the battery 1401
[0110] The controller 1404 roceives information about charging/discharging corrent signal |
{positive for charging, negative for discharging) from current sensor 1403, tonperature signal T
from temperature sensor 1408, battery low-resistance voltage signal Vi from voltage sensor
1406 and battery voktage signal from voltage sensor 1407, as well as the commands from vehicle
controller 1413 regarding the battery operation mode (discharging, charging, regenerative
charging ov rest). Battery controlier 1404 controls the operation of battery 1401 by sending
commands to switch 1409 and power control unit 1410, It is also able 1o send requests to vehicle
controller 1413, which coordinates the operations of vehicle components, including but not
Hitted to battory controller 1404, power coutrol unit 1410, motor/gencrator 1411 and mechanical
system 1412,

[0111] The operation of battery controlier 1404 and vehicle controller 1413 during the
regenerative charging process is described with reference to the flowchart in FIG. 12, in
accordance with an embodiment of the present invention.  Assumc that the vehicle is 1n operation.
When the vehicle operator initiates a deceleration command by pressing the brake pedal, the
vehicle controllier 1413 signals batiery controller 1404 to acquire battery temperature and state of
charge (SOCY. At step 1501, battery controlier 1404 acquires the temperature T from temperature
sensor 1408, estimates battery SOC by using S0OC estimation algorithms or meorporating a SOC
estimator and returns temperatare and 30C nformation to vehicle controlier 1413,

(0112} At step 1502, vehicle countroller 1413 makes & determination as to whether
regenerative chargiog should be performed. When battery SOC is lower than the predetormined
SOCka, which 18 a 530C threshold asbove which regenerative charging may incwr damage to
battery 1401, vehicle controller 1413 signals vehicle’s mechanical system 1412 to retard the
vehicle via motor/gencrator 1411 where electric power 15 generated for charging battery 1401,
When battery S0OC s cqual to or higher than SOCpa, the vehicle controller 1413 cither
commands the mechanical system 1412 to use friction-based braking, or to use regenerative
braking but forward the gencrated electric power to other system components {(such as cabin
cooling/heating, engine heating eic.) by conupanding power control unit 1410

[0113] At step 1503, battery controller 1404 makes a determination regarding regenerative
charging operations based on the battery temperatwe from temperature sensor 1408, When the
battery temperature T is lower than a predetormined temperatire Togr, process 1500 proceeds to

step 1504 where battery 1401 is charged at bigh resistance level for simultancous internal heating
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and electric charging. Otherwise, process 1500 proceeds to step 1506 and the battery 1401 is
charged at low resistance level for maximum enecrgy storage.  In an cmbodiment, the
predetermiined charge temperature Teg has a value that is between about 5%C and 23°C,
preferably between about 20 and 25°C. In one non-Hmiting embodiment of the present disclosure,
the predetermined charge temperature equals to about 257C. That 15, when a temperature of the
battery is below about 25 °C, the battery is charged in the high resistance mode.

[0114] When battery temperature T is lower than the predetermined temporature Tegr,
process F500 proceeds to step 1504, where battery controlier 1404 deterounes whether swiich
1409 is on. When the answer is YES, in other words, when batiery 1401 operates at low
resistance level, process 1500 then proceeds to step 1505 where battery controller 1404
commands switch 1409 10 tumn off and engage the high-resistance negative terminal HiR(-} so
that battery 1401 operates at high-resistance level (Ry). The internal resistance of the battery
becomes several-fold higher due to the presence of the resistor sheets in the current flow path,
which cnables rapid rise of battery temperature during operation owing to infense internal heating.
When the answer is NO, in other words, when battery 1401 operates at bigh resistance level, no
more action on switch 1409 is needed. Process 1500 jumps to step 1508 where regenerative
charging is maplomented.

[0115] When battery temperature T is greater than or equal 1o the predetermined temperature
Tea, process 1500 proceeds to step 1506, where battery controller 1404 determines whether
switch 1409 is on. When the answer 18 YES, in other words, when battery 1401 operates at low
resistance lovel, no more action on switch 1409 s needed. Process 1500 jumps to step 153¥
where regenerative charging is implomented. When the answer is NO, in other words, when
battery 1401 operates at high vesistance level, process 1500 then proceeds to step 1507 where
battery controllier 1404 commands switch 1409 to turn on and engage the low-resistance negative
torminal LoR{-) so that battery 1401 operates at low-resistance level, which prevenis battery 601
from overheating and allows more clectric energy stored in battery 1401,

[0116] At step 1508, a regenerative charging protocol is implemented, which is further
detailed in the flowcharts of FIGS. 13-16, for example,

[0117] {n ong embodiment of the present disclosure and as shown in FIG. 13, a RCP labeled
Vier(1-CC 18 described. In this embodiment, when regenerative charging command is issued by
vehicle controller 1413, the electric AC power is generated from generator 1411 and converted to
BC power at appropriaie voltage level by power control unit 1410, At step 1601, battery

controller regulates the DC power from power control untt 1410 to battery 1401 in a voltage
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controlled form Viw(t), by monitoring the voltage signal from voltage sensor 1406, The voltage
controlled form can be a constant voltage over time or 2 function of fime, L.¢, a set time. In one
preferred embodiment, Vip(t) is less than or equal {0 Vg,

[0118] A timer is set {not shown) at the beginning of regencrative charging 1o count
charging time. At step 16072, charge operation at set voltage level is executed for a specified time
mterval.

(0119} Right after this time interval, battery controlier 1404 makes a detormination at step
1603 based on the charging current 1 from current sensor 1405 and lpu. When | <y, the
charge protocol maintains set charging mode and the charging process branches to step 1605,

When [ > L, 1.2, the maximum charging corrent is exceeded, the charging process proceeds (o

to constant current (CC) mode where 1 = In., which will be implemented in the next charging
mterval.

(01201 At step 1605, a dotermination is made by battery controller 1404 as to whether
regenerative charging comtinues, based on signal received from vehicle controller 1413, When
the answer is YES, the charging process goes back to step 1602, where battery 1404 is charged in
the next time interval. When the answer 1s NO, the regencrative charging process stops.

[0121] In ancther embodiment of the regencrative charging method, as shown in FIG. 14,
the method s termed as V{-CC regenerative charging method. This charging method is
configured identically to Vig{t3-CC regenerative charging method as shown in FIG. 13, except
for the set voltage charge step 1701, wherein the voltage V measured by voliage sensor 1407
{(batiory voltage), instead of Vir measured by voltage sensor 1406, is controlled. Because of the
high resistance mvolved, battery voltage V 1s muich higher than low-resistance terminal voltage
Vier.

[01272] In another embodiment of a RCP, as shown in FIG. 15, the protocol is termed as C-
CVior. At step 1801, battery controller regulates the DC power from power control unit 1410 to
battery 1401 in current controlled form ¥t), by monitoring the current signal from current sensor
1405, in one preferred embodiment, 1{t) is loss than or equal to I A timer is set {not shown) at
the beginning of rogencrative charging to count charging time., At step 1802, charge operation at
set current level is executed for a specified time interval. Right after this tume interval, battery
controller 1404 makes a determination at step 1803 based on low-resistance terminal voltage
Vior from voltage sensor 1406 and Vo When Vier < Vi, the charge protocol maintains sct

charging mode and the charging process branches to step 1805, When Vier ® Vi, the charging
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process proceeds to step 1804, At step 1804, the low-resistance termoinal voltage Vigp is Hmited
10 Vs 80d the charging protocol switches to constant voltage (CV4r) mode where Vigr = Vi
which will be toplemented in the next charging interval. At step 1805, a determination is made
by battery controller 1404 as to whether regenerative charging confinues, based on signal
received from vehicle controller 1413, When the answer is YES, the charging process goes back
to step 1802, where battery 1404 is charged in the next time interval. When the answer is NO, the
regenerative charging process stops.

[0123] In another embodiment of the regencrative charging wethed, as shown in FIG. 16,
the method 1s named as P(1)-CC regenerative charging method. This charging method is
configured identically to V{t}-CC charging method as shown in FIG. 14, except for the sct power
charge step 1901, wherein charging power {the product of battery voltage V and charging curcent
1), instead of battery voltage V| is controlied.

[0124] While only a few regenerative charging algorithms of the present invention are
described viz the specific embediments above, they belong to a class of I-V-Vior-T based

algorithms, which are novel and different from conventional charging algorithios based on I-V-T.
Fast Charging at Low Temperatures with Parallel Switch Arrangement

[0125] FIG. 38 illustrates a charging coutrol system 6008 that supports fast charging of an
chmically modolated battery at low temperatures in accordance with another embodiment of the
present disclosure. In this cmbodiment, switch 609 can electrically connect HiR(-) terminal 613
to the positive terminal of battery 601, Advantageously, this embodiment does not include a
voltage sensor for monitoring low-resistance ternunal voltage Vien of battery 601, e.g., voltage
sensor 606 s not incladed, singce the voltage sensor 607 1s sufficient for determining the voltage
of the negative terminals and the battery.

[0126] All of the other components and connections shown in FIG. 3B are the same as
FIG. 3A, e.g., switch 609 1s operated by controller 604, battery 601 is connected to charger 602
through switch 610 and o load 603 through switch 611 and hattery 601 s also connected o a
current sensor 605 for measuring charging current, a temperature sensor 608 for detecting =
temperature of battery 601, and voltage scusor 607.

[0127] In operation, controller 604 receives imformation about charging/discharging current
signal I (positive for charging, negative for discharging) from current sensor 605, temperature
signali T from teraperature sensor 608, and battery voltage signal from voltage sensor 607, The
controller 604 contrels charging operation of battery 601 by sending cormmmands to charger 602,

foad 603, swiiches 609, 61{} and 611 based on information received and charge algorithms,
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[0128] o a low temperature charging protocol, switch 609 electrically engages battery 601
to charger 602 through the high-resistance terminal of the battery, ic., the high resistance
terminal 613 is connected by switch 609 o the positive terminal of the battery during an LTCP.
With this design, the total charging current is split into two paraie] paths: one going through the
battery active materials and leaving tervunal 5125 and the other going into terminal 613 and
through the one or more resistor sheets of the battery and then emerging through terminal 612,
The partial current flowing through the resistor sheets generates heat which increases the interior
temperature of the battery aud henee heips the battery charge process. The civeuit design in the
embodiment, wherein the switch electrically engages a high-resistance terminal to a positive
terminal of the battery during charging of the baitery by a scurce of clectrical current,
advantageously allows changing at a lower voltage than when charging occurs only through the
high resistance ternminal during an LTCP.

[0129] In an embodiment of the present disclosure, a method of charging an ohmically
modulated rechargeable baitery inclodes charging the batiery cunder a low temperatore charging
protocol (LTCP) by engaging a switch that 15 clectrically connected to a HiR(-) tcrminal to &
positive terminal of the battery when the battery is electrically connected to a source of electrical
current that charges the battery. The batiery can be charged vander a second protocol, e.g. a
normal charging protocol that s used at normal operating tomperatures, by disengaging the

switch.

EXAMPLE

[(130] The following example is intended to further iliustrate certain preferred embodiments
of the present invention and 15 not finiting in nature. Those skilled o the art will recognize, or
be able to ascertain, using no more than routing experiruentation, numerous cquivalents to the
specific substances and procedures described herein,

[0131] In this cxample an chmically modulated battery was prodoced and tested under
sinugdated conditions using an electrochemical-thermal coupled model. The details regarding
such a model can be found n J et al, “Li-fon Cell Operation at Low Temperatures”, L
Electrochemical Socicty (Z013) 166{4) A636-A649.

[0132] A pilot-production OMB battery of 20A% was produced in the form of a prismatic
cell and made of hthium-unickel-manganese-cobalt (NMC) cathode and graphite anode. The
battery inchided a resistor sheet sandwiched between two jelly roll electrode-separator
asscroblics.  The resistor sheet gives rise to an additional high-resistance negative terminal, in

addition to a positive terminal and a low-resistance negative terminal, The resistor shect was in
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the shape of a resistor foil and made of stainless steel of 23 cm long, 6 con wide and 11 um thick.
Its resistance was approximately 0.04S Chm and s weight is about 1.4 grams which is about
(.3% of the total battery weight. The switch made in the form of an clectromechanical relay and
driven by a teraperature contrelier was positioned outside of the OMB.

[0133] A charging control systern as deseribed W FIG. 2 15 built to demonsirate the fast
charging methods at low temperatures. The predetermined temperature Tear s set to 25°C. The

maxinmun and minimoem voltages for the battory materials are set at Vi = 4.1V por coll, Vo =

2.8V per cell. The battery’s maxinuwmm allowable charge current L., = 3.5C = 70A. The

temperature sensor 18 realized i the form of several thermocouples mouvnted onto the battery.
Prior to testing, the test battery is discharged to 25% SOC and then scaked for 5-6 hows in a
thermal chamber set at -257C. The target charge SOC is set at SOC,. = 100%, which corresponds
10 Ve = 4. 1V/icell, A baseline cell without the resistor foil, the high-resistance ternuinal and the
switch but remaining otherwise identical is also tested for a comparative stady.

[(1134] The battery (601 in the charging systern FIG. 2) is charged from 25% SOC 10 160%
SOC wusing the charging method as described in flowchart 700 (FIG. 4), which comprises two
stages: low temperatume charging {(step 706) and normal charging (step 708). At normal charging
step 708, the batiery 601 is charged by CC-CV protoce] whercin 2.5C current rate (50A) is used
during CC period and 4.1V/cell voltage until cut-off current of C/10 (ZA) 5 used dwring CV
period. At low teoperature charging step 706, six low temperatore charging protocols were
applied, namely CVip-CC charging, CV-CC charging, CC charging, CP-CC charging, PV
charging and PC charging as described in FIGS. 4-10, respectively, and fested. The ovolutions of
SOC, current, temperature, voltage and low-resistance terninal voltage Vier of this 20Ah OMB
during the entive charging process for each low temperature charging protocol are shown in
FIGS. 17-19.

[0135] FIG. 17A and FIG. 178 show the evolutions of battery SOC, current, temperature
and voltage obtained using CVior-CC charging method (Vigp=4.0V/cell, 1=,
FIG. 5 fur low tomperature charging, followed by normal charging (CC-CV [=2.5C,
V=4 1V/cell). This method is sble to charge the battery from 25% 50C to 180% S0GC in 25
minuies from a tomperature of -25°C ambient. In addition, the low tenmperature charging period
consumes only 99s (498 CViop charging and S0s CC charging), during which battery temperature
inereases sharply from -257C to 25°C as is observed from FIG. 17A. This rapid internal heating
of batlery is achicved by turning on battery’s high-resistance level and applying high charge

voltage (between 6V to 7.2V per cell from FIG. 178), which create intouse heating of the resistor
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foil embedded inside the battery. Moreover, as observed in FIG. 178, the battery’s low-resistance
termnal voltage, within which all battery materials reside, stays below 4.0V and charging current
stays below [.=70A, as controlled by CViar-CC charging method, which helps to reduce or
climinate battery damage. When the battery temperature reaches 257C, the controller switches the
battery to the low-resistance mode. The battery s able to keep its temperature at the optinunm
fevel (around 25°C) due to the balance between internal heat generation and heat dissipation.
Staying at the optimum tomperature enables continuous fast charging of the battery.

[0136] Simular evolutions of battery SOC, current, temperature and voltage results were
stmilar to those shown i FIGS 17A and 17B, when wsing CV-CC charging method
{(V=0.5V/cell, I=l,,,} described in FIG. 6 for low temperature charging, and when wusing CC
charging moethod (1=2.8C) described i FIG. 7 for low temperature charging, and when using CP
charging method (P=3530W/cell) described in FIG. 8 for low temperature charging. These
charging processes take a total of about 25 minates, of which about 110 to about 120 seconds are
used for low temperature charging which brings the battery temperature from -25°C 10 25°C. The
high charge voltage and high imtornal resistance during the low femperature charging period
generate ntense internal heating of the battery, bringing about rapid rise of battery temperature
and decrease of battery voltage despite that the baitery is accepting charge. Vg and 1, imporiant
for stability of battery materials, are all within normal operation range during the entire charging
PTOCESS.

[0137] FIGS. i8A and 18B and 18C show the cvolutions of battery SOC, current,
temperature and voltage obiained using PV charging method (V=6.8V/cell, V&=0.4V/cell)
described in FIG. @ for low teraperature charging, followed by normal charging (CC-CV 1=2.5C,
V=4 1V/cell). The entire charging processes takes about 26 minutes, of which only 87 seconds
are used for PV charging which brings battery temperature from -25°C to 25°C. During PV
charging period where battery stays at the high resistance wode, battery voltage varies between
6.8V and 0.4V, resulting o intense internal heating of the battery. In the present exanwple,
charging cwrrent is close to discharging current in magnitude so that little SOC increase is
ohserved during PV charging. However, this sct of pulse operation has a benefit of reducing the
risk of lithium plating and other side reactions because the concentration polarization i the solid
phase of the active materials is suppressed, as known by those skilled in the art. Depending on
battery’s power capability, the amount of charge capacity can be set larger than the amount of
discharge capacity in cach/certain period of pulse voltage to further reduce charging time. That

is, the PV charging mcthod may be asymmetric 1 charge vs. discharge pulses. Note alse from
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the nset of FIG. 18C that the low-resistance ternunal voltage, Viow, spanwing over all battery
materials always stays between 3 and 4V, indicating optimal conditions for battery life.

[0135] FIGS 19A-19C show the evolutions of battery SOC, current, temperature and voltage
obtained using PC charging method (1=3.2C, 17=-3.2C) described in FIG. 10 for low temperature
charging, followed by normal charging (CC-CV =250, V=4.1V/cell). Battery demonstrates
identical behavior to that using PV charging method shown in FIGS 13A-18C, except that pulse
current is maintained at constant level and thus variations in battery voeltage are allowed.

(01397 A comparison of the 20Ah OMEB batiery (labeled as chmically moedulated battery)
and the baseline battery (labeled as conventional Li-ion hattery) osing PC charging method
{described FIG. 16) for low temperature charging are shown in FIG. 23, The low temperature
charging period, during which battery temaperature rises from -25°C to 25°C, takes only 925 for
OMB battery. In condrast, this period needs 30 miuates for the bascline battery. The total
charging time of the baseline battery (55 minutes) is more than twice that of OMB (26 minutes).
it is believe that the difference in performance can be ondersiood by looking at the voltage
evolutions of the two batteries during PC charging period. The voltage variation of OMB stays at
high level, ranging from 6.8V charge to 0.2V discharge at the beginming and from 6.6V charge to
(.6V discharge at the end of PV charging, while the voltage variation of the bascline baltery
ranges from 4.1V charge to 3.1V discharge) at the beginning and froma 3.67V charge o 3.46V
discharge i the later stage during PC charging, implying that the internal heating rate of OMB is
much larger and more stable, whereas the internal heating rate of conventional Li-ion battery is
small and decreases vapidly with increase of temperature. The bepefits of low temperature
charging protocoks as disclesed herein are fully realized by using OMHs.

[0140 An example demonstrating regenerative charging using regenerative charging system
1406 described in FIG. 1, regonerative charging methods C-CViap described in FIG. 12 and
FIG. 15 18 given here, using the same batteries, e.g., a 20Ah OMB and a bascline conventional
Li-ion battery, Relevant parameters, such as Trgi, Vi, Vi Imax. 370 the same as those for low
temperature charging. The predetermined SOC for regenerative charging 1s set to SOCrg = 60%.
Prior to regenerative charging, the test batiery is discharged to 30% S0OC and then soaked for 5-6
hours in 2 therroal chamber set at -25°C.

[0141] According to the charging methods deseribed jo FIG. 12, because the battery’s
temperatare of about -25°C 18 less than the predetermined temperature {(Togy = 25°C), high-

resistance {erminal is epngaged. During ecach regenerative charging period, the test battery is



WO 2016/018830 PCT/US2015/042304

39
charged by 8 C-CV o protocol, wherein 1= 3C{60A} 1s used for current controlled charging and
Vier = 4.1V is used for CVy g charging.
[0147] As an examaple of pulse charging, the regenerative charging process is represented by
10 regenerative charge pulses in the duration of 10 minutes. Each pulse lasts 10 seconds followed
by arest period of 50s.
(01433 Testing resubts are shown m FIGS, 21A to 21C. As seen from the temperature
evolution, the temperature of the test OMB increases sharply during cach rogenerative charging
period. After ton wioutes, Us temperature reaches 22.0°C. In contrast, the temperature of the
baseline battery shows much smaller inerease during cach charging period and still stays at very
fow level (-18.4°C) at the end of the regenerative charging. The large temperature rise of the test
OMB 18 attributed 1o #ts high imtornal resistance, which generate much higher intemal heating
rate that meurs on the average of 4.7°C termaperature rise {0.66°C for the baschine battery) during
each 10s regenerative charging pulse. The benefits of regenerative charging protocols disclosed
heretn are fully realized by using OMBs.
[(144] {n addition, as scen from the batiory’s current and voltage evolution, the tested OMB
always stays in constant current mode doring charging, whereas the bascline battery switches to
CVier mode quickly from the second regencrative pulse. The Batteries” different charging modes
are caused by their differcnt tcruperature behaviors. The test OMB stays at much higher
temperature, which allows 1t to accept higher charging cwrent without mewrring CV g mode.
Therefore, the OMB has the additional advantage of high charge acceptance during regenerative
braking.
[0145] While the aforementioned test resulis are shown for a Li-ion battery, ohmically
modulated batteries based on advanced hithium batteries, nickel-metal hydnde (Ni-MH), lead-
acid (Pb-acid) and other battery chemistries is expected o have the same advantages.
[0146] Only the preferred ombodiments of the present invention and examples of its
versatility are shown and described in the present discloswre. It is to be understood that the
present invention is capable of use in various other combinations and environments and is
capable of changes or modifications within the scope of the inventive concept as expressed
hercin. Thus, for example, those skilled in the art will recoguize, or be able 1o ascertaln, using no
more than routine experimentation, numerous equivalents to the specific substances, procedures
and arrangements described herein. Soch equivalents are considered to be within the scope of

this invention, and are covercd by the following claims.
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1. A charging control system for charging an chmically modulated rechargeable battery
comprising:

a teroperature sensor configured to monitor a temperature of the battery;

a switch that can electrically engage the battery to a source of electrical current through
cither a low-resistance terminal or a bigh-resistance terminal of the battery; and

a controller clectrically connected to the tomperature sensor and the switch and that can
receive input from the temperatore sensor and 18 programmed to determine whether to
clecirically engage the battery to the source of clectrical corrent through cither the low-resistance
torminal or the high-resistance terminal through the switch based on nput from the temperature

SCNSOTL.

Z. The charging control system according to claim 1, further comprising:
a current sensor slectrically connecied to the battery and capable of measuring cumrent
flowing through the battery and/ or a vohtage sensor electrically connected to the battery;
wherein the controlier can receive tuputs from the temperature sensor and the corrent
sensor and/or voltage sensor and is programmed to determine whether to clectrically engage the
battery 1o the source of electrical current through cither the low-resistance ternunal or the high-

resistance terminal throagh the switch based on mputs from the sensors.

3. The charging countrol system according to claim 1, wherein the switch can clectrically

engage the high-resistance termunal 10 a positive terminal of the battery,

4. The charging conirol system according to claim 1, 2 or 3, fwrther comprising a generator

elecirically comnected to the battery and capable of charging the battery.

5. An clectrically powered vehicle comprising the charging control system of claim 4.
6. A methed of charging an ohmically modulated rechargeable battery, the method
comprising:

charging the battery under 3 low temperature charging protocol {LTCP) when the battery

is in a high resistance mode; and
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charging the battery under a second protocol when the battery is in a low resistance mode.

7. The method according io claim 6, wherein the LTCP inclodes: (i) charging the batiery at
cither a coustant voltage or a constant charging power (P); and (i1} followed by charging the
battery at a constant corrent; wherein the constant voltage is determined either at the low-

resistance terminal voltage Vir of the battery or at the voltage of the hattery.

8. The method according 1o ¢laim 7, wherein charging the battery at the constant current
occurs when the charging current reaches or exceeds a predetermined maximum charge current

(I 7‘-:’:&) .

9. The method according to clatm 7 or claim 8, wherein the constant voltage is greater than

or equal to about 5V per cell when the constant voltage 1s determined at the voltage of the battery.

14 The method according to claim 7 or claim ¥, wherein the constant charging power {P) is

greater than the product of about 1C charging current and about 4V charging voltage.

1. The method according to claim 6, wherein the LTCP includes charging the battery at a
constant current (1) in the range of 10 <1 < L., wherein I, 18 8 predeternyined maxinumm

charge current.

12 The method according to claim 6, wherein the LTCP includes charging the battery by

aliematively applying charging and discharging pulse power 1o the battery.

13, The method according to claim 12, wherein the voltage of the charge pulse power ranges
i3 Th thod Hong to claim 12, wh it ltage of the charge pul g
between about 5V and about 8V per cell, and the voltage of the discharge pulse power ranges

between about 6.2V and about 1V per cell,

14, The method according to claim 6, wherein the LTCP includes charging the battery by

aliematively applying charging and discharging pulse current 1o the battery.

18, The method according fo claim 14, wherein the charging or discharging current ranges

from about 2C and about Lua, wherein In. 18 a predetermined maximum charge current.



WO 2016/018830 PCT/US2015/042304

33
1s. The method according to any one of claims 12 10 15, wherein the frequency of the

charging and discharging pulse ranges between about 0.05Hz to about 10 He.

i7. The method according to any one of ¢laims 6, 7, 8, 11 10 15, further comprising charging
g Yy > 4s g g

the battery in the high resistance mode when a temperatore of the battery s below a

predetermined lovel Togy and charging the batiery in the low resistance mode when the

temperature of the battery s equal to ot above Teoal.

18. The method according to claim 17, wherein Togy is a value between 5°C and 25°C.
14, The method according 1o any one of clatms 6, 7, 8, 11 to 15, wherein charging the battory

under the second protocol includes charging the batiery under a constant current, constant voltage
protocol, wherein the constant corrent is about 1C or higher and the constant voltage is about

Var, whergin Vi, is a predetermined voltage.

20, The method according to claim 19, further comprising charging the battery in the low

resistance mode when the temperature of the batiery is equal to or above a predetermined level

Tear
Z2E. The method according to claim 20, wherein Tegy is a value between 5°C and 25°C.
22, A method of charging an ohmically moduiated rechargeable battery with regenerative

energy, the method comprising:
charging the battery under a regenerative charging protocol (RCP} when the battery s ina
high resistance mode; and
charging the battery under a secound protocel when the battery is in a low resistance mode;
wherein current applied to charge the battery wnder either RCP or the second protocol is
converted from kinetic energy.
23. The method according to claim 22, wherein the RCP includes (i} charging the baitery by
applying a charging current to the battery i voltage controlled form or i power P controlied

form, (it} followed by charging the battery at a constant carrent; wherein the voltage controlled



WO 2016/018830 PCT/US2015/042304

34
form is deternuined either at the low-resistance terminal voltage Vigx(t) of the battery or at the

voltage of the battery V(1)

24, The method according to clatm 23, wherein the voltage controlied form or the power P

condrolied form ave etther constant or g function of time.

Z5. The method according to olaim 23, wherein the power P controlled form is the prodoct of
the voltage detected from the high resistance terminal of the battery and the aurvent flowing

through the battery.

26, The method according to clatm 22 or claim 23, wherein charging the battery at the
constant current occurs when the charging current reaches or exceeds a predetermined maxinunm

charge curvent (e ).

27. The method according to claim 22, wherein the RCF includes applying a charging curremt
to the battery in current controlled form followed by applying charging current to the battery in

constant voltage form.

28. The method according to claim 27, wherein the current controlled form is either constant

or a function of time.

29, The method according to any one of claims 22, 23, 24, 25, 27, or 28, further comprising
charging the battery in the high resistance mode when a temperature of the battery is below a
predetermined level Tog and charging the battery in the low resistance mode when the

temperature of the batiery is equal to or above Tear.

30. The method according to claim 29, wherein Tear is a vahie between 5°C and 25°C.
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