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Description

CROSS-REFERENCE TO RELATED APPLICATION

TECHNICAL FIELD

[0001] The present invention generally relates to sys-
tems and methods of charging batteries at low temper-
atures and in particular to fast charging batteries below
normal operating temperatures of the batteries.

BACKGROUND

[0002] Rechargeable batteries for electronics, trans-
portation and grid energy storage commonly have poor
charge acceptance and suffer from excessively long
charge time, especially at subfreezing temperatures, due
to sluggish electrochemical kinetics and transport proc-
esses occurring in the battery cell. Charging batteries at
reasonable rates in cold weathers are either impossible
to carry out or incur much shortened battery life. For ex-
ample, the biggest problem for charging lithium-ion bat-
teries at low temperatures is the lithium plating in the
graphitic anode. The deposited lithium reacts quickly with
the electrolyte leading to irreversible capacity loss. Fur-
thermore, the metallic lithium grows in dendrite form, cre-
ating the possibility of penetrating separator and shorting
the cell internally. To avoid lithium plating, lithium-ion bat-
teries are charged at very low rate (C/10 or less) at low
temperatures, which requires tremendous amount of
time to be fully charged.
[0003] The long charging time poses a great disadvan-
tage to energy storage solutions, especially electric ve-
hicles (EV). Compared to traditional gasoline-powered
vehicles whose fuel tank can be filled up in less than five
minutes under all conditions, EV requires hours to get a
full recharge in cold weathers. Fast charging is essential
to enable public charge stations and battery-powered
electric vehicles.
[0004] Because of high sensitivity of battery charge ac-
ceptance to temperature, charging time can be reduced
by heating rechargeable batteries to a near room-tem-
perature range suitable for fast charging. Conventional
battery heating systems, however, heat the battery ex-
ternally by using convective air/liquid heating or thermal
jackets, where heat slowly propagates from the exterior
into the electrochemical reaction interface inside the bat-
tery. Such processes suffer from long heating time and
significant heat loss to the surroundings.
[0005] Accordingly, a continuing need exists to reduce
the charging time of a rechargeable battery without del-
eteriously affecting the battery,
[0006] JP2010205710 discloses a device for adjusting
temperature of battery mounted in e.g. hybrid vehicle,
has control unit that switches electrode terminals of pos-
itive electrode and negative electrode provided in battery
based on temperature of battery.

SUMMARY OF THE DISCLOSURE

[0007] An advantage of the present disclosure is a
charging control system for charging an ohmically mod-
ulated rechargeable battery and methods for its opera-
tion. Such a system can be included in an electrically
powered vehicle, e.g., an electric vehicle (EV), hybrid
electric vehicle (HEV), and plug-in hybrid electric vehicle
(PHEV).
[0008] These and other advantages are satisfied, at
least in part, by a charging control system for charging
an ohmically modulated rechargeable battery compris-
ing: a temperature sensor configured to monitor a tem-
perature of the battery; a switch that can electrically en-
gage the battery to a source of electrical current through
either a low-resistance terminal or a high-resistance ter-
minal of the battery, or both; and a controller electrically
connected to the temperature sensor and the switch and
that can receive input from the temperature sensor and
is programmed to determine whether to electrically en-
gage the battery to the source of electrical current through
either the low-resistance terminal or the high-resistance
terminal through the switch based on input from the tem-
perature sensor. The system can include additional com-
ponents, individually or in combination, such as one or
more of a current sensor electrically connected to the
battery and capable of measuring current flowing through
the battery and/or one or more voltage sensors such as
a voltage sensor electrically connected to the low-resist-
ance terminal of the battery; and a voltage sensor elec-
trically connected to the high-resistance terminal voltage
of the battery. With the additional sensors, the controller
can receive inputs from the additional sensors and is pro-
grammed to determine whether to electrically engage the
battery to the source of electrical current through either
the low-resistance terminal or the high-resistance termi-
nal through the switch based on inputs from some or all
of the sensors. The system can also include a generator
electrically connected to the battery and capable of
charging the battery. The generator can be used to cap-
ture kinetic energy, such as in regenerative braking in
vehicles, and charge the battery with such energy.
[0009] Another aspect of the present disclosure in-
cludes a method of charging an ohmically modulated re-
chargeable battery. The method comprises: charging the
battery under a low temperature charging protocol
(LTCP) when the battery is in a high resistance mode;
and charging the battery under a second protocol when
the battery is in a low resistance mode.
[0010] Embodiments of the LTCPs include charging
the battery under constant voltage, and/or at a constant
current (I) and/or at a constant charging power (P) and
combinations thereof. In one embodiment of the present
disclosure, the LTCP includes: (i) charging the battery at
either a constant voltage or a constant charging power
(P); and (ii) followed by charging the battery at a constant
current. Charging the battery at the constant current can
occur when the charging current reaches or exceeds a
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predetermined maximum charge current (Imax). Further,
the constant voltage can be determined from either the
low-resistance terminal voltage VLoR 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
pulse current and combinations thereof. LTCPs can fur-
ther include charging the battery in the high resistance
mode when a temperature of the battery is below a pre-
determined level TCG1, e.g. wherein TCG1 is a value be-
tween 5°C and 25°C, and charging the battery in the low
resistance mode when the temperature of the battery is
equal to or above TCG1.
[0011] Embodiments of charging the battery under the
second protocol, i.e., in the low resistance mode, include
charging the battery under a constant current, constant
voltage protocol, wherein the constant current is about
1C or higher and the constant voltage is about Vset,
wherein Vset is a predetermined voltage. Advantageous-
ly, the protocol can include charging the battery in the
low resistance mode when the temperature of the battery
is equal to or above a predetermined level TCG1, e.g.,
wherein TCG1 is a value between 5°C and 25°C.
[0012] Another aspect of the present disclosure in-
cludes a method of charging an ohmically modulated re-
chargeable battery with regenerative energy, the method
comprising: charging the battery under a regenerative
charging protocol (RCP) when the battery is in a high
resistance mode, e.g., when the temperature of the bat-
tery is below a predetermined charge value (TCG1); and
charging the battery under a second protocol when the
battery is in a low resistance mode, e.g., when the tem-
perature of the battery is above TCG1. Advantageously,
the current applied to charge the battery under either
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 in power P controlled form or
in current controlled for or combinations thereof. The volt-
age controlled form, power P controlled form and current
controlled form can be either a constant value or a func-
tion 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 controlled form
or in power P controlled form, (ii) followed by charging
the battery at a constant current; wherein the voltage
controlled form is determined either at the low-resistance
terminal voltage VLoR(t) of the battery or at the voltage
of the battery V(t). Charging under the second protocol
when the battery is in the low resistance mode can in-
clude a constant current-constant voltage protocol, for
example. RCPs can further include charging the battery
in the high resistance mode when a temperature of the
battery is below a predetermined level TCG1, e.g. wherein
TCG1 is a value between 5°C and 25°C, and charging the
battery in the low resistance mode when the temperature
of the battery is equal to or above TCG1.
[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 de-
scribed, simply by way of illustration of the best mode
contemplated of carrying out the invention. As will be
realized, the invention is capable of other and different
embodiments, and its several details are capable of mod-
ifications in various obvious respects, all without depart-
ing from the invention. Accordingly, the drawings and de-
scription are to be regarded as illustrative in nature, and
not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Reference is made to the attached drawings,
wherein elements having the same reference numeral
designations represent similar elements throughout and
wherein:

FIG. 1A is a schematic showing construction of an
ohmically modulated battery having several resistor
sheets/foils embedded within a stack of electrode-
separator assemblies, one high-resistance negative
terminal HiR(-) and one low-resistance negative ter-
minal LoR(-), one positive terminal (+), and a ther-
mally activated switch connecting the HiR(-) and
LoR(-) terminals, according to an embodiment of the
present disclosure.
FIG. 1B is a schematic of a three-terminal ohmically
modulated battery in a prismatic configuration ac-
cording to an embodiment of the present disclosure
FIG. 1C is a schematic of a four-terminal ohmically
modulated battery wherein two tabs of a resistor
sheet form two HiR(-) terminals independently from
the LoR(-) terminal, according to an embodiment of
the present disclosure.
FIG. 2 is a schematic showing construction of a twin-
cell battery module with one resistor sheet/foil be-
tween the two cells, i.e. outside each cell casing with-
out direct contact with battery electrolyte according
to an embodiment of the present disclosure.
FIG. 3A is a circuit diagram depicting a battery charg-
ing control system, according to an embodiment of
the present disclosure.
FIG. 3B is another circuit diagram depicting a battery
charging control system, according to another em-
bodiment of the present disclosure
FIG. 4 is a flowchart illustrating a method for charging
OMB using battery charging control system accord-
ing to an embodiment of the present disclosure.
FIG. 5 is a flowchart illustrating a method (CVLoR-CC)
for low temperature charging according to an em-
bodiment of the present disclosure.
FIG. 6 is a flowchart illustrating a method (CV-CC)
for low temperature charging as according to an em-
bodiment of the present disclosure.
FIG. 7 is a flowchart illustrating a method (CC) for
low temperature charging according to an embodi-
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ment of the present disclosure.
FIG. 8 is a flowchart illustrating a method (CP-CC)
for low temperature charging according to an em-
bodiment of the present disclosure.
FIG. 9 is a flowchart illustrating a method (PV) for
low temperature charging according to an embodi-
ment of the present disclosure.
FIG. 10 is a flowchart illustrating a method (PC) for
low temperature charging according to an embodi-
ment of the present disclosure.
FIG. 11 is a diagram depicting regenerative charging
system, according to an embodiment of the present
disclosure.
FIG. 12 is a flowchart illustrating a method for regen-
erative charging of OMB using regenerative charg-
ing system, according to an embodiment of the
present disclosure.
FIG. 13 is a flowchart illustrating a method (VLoR-CC)
for regenerative charging according to an embodi-
ment of the present disclosure.
FIG. 14 is a flowchart illustrating a method (V-CC)
for regenerative charging according to an embodi-
ment of the present disclosure.
FIG. 15 is a flowchart illustrating a method (C-CVLoR)
for regenerative charging according to an embodi-
ment of the present disclosure.
FIG. 16 is a flowchart illustrating a method (P-CC)
for regenerative charging according to an embodi-
ment of the present disclosure.
FIGS. 17A and 17B are graphs showing the results
of charging an ohmically modulated battery accord-
ing to an embodiment of the present disclosure. The
charging protocols employed a CVLoR-CC low tem-
perature charging combined with CC-CV normal
charging (CVLoR 4V CC Imax when T<TCG1, CC 2.5C,
CV 4.1V when T≥TCG1).
FIGS. 18A, 18B and 18C are graphs showing the
results of charging an ohmically modulated battery
according to an embodiment of the present disclo-
sure. The charging protocols employed a PV low
temperature charging combined with CC-CV normal
charging (PV 6.8V-0.4V when T<TCG1, CC 2.5C, CV
4.1V when T≥TCG1).
FIGS. 19A, 19B and 19C are graphs showing the
results of charging an ohmically modulated battery
according to an embodiment of the present disclo-
sure. The charging protocols employed a PC low
temperature charging combined with CC-CV normal
charging (PC 63.2C when T<TCG1, CC 2.5C, CV
4.1V when T≥TCG1).
FIGS. 20A, 20B and 20C are graphs showing the
results of comparing charging a conventional Li-ion
battery with that of an OMB using a PC-CCCV charg-
ing protocol.
FIGS. 21A, 21B and 21C are graphs showing the
results of comparing regenerative charging of a con-
ventional Li-ion battery with that of an OMB using a
C-CVLoR charging protocol.

DETAILED DESCRIPTION OF THE DISCLOSURE

Ohmically Modulated Battery

[0016] Rechargeable batteries have been engineered
to substantially increase the internal resistance of the
battery at low temperatures, e.g., at temperatures below
the normal operating temperature of the particular bat-
tery. Such batteries have been disclosed for example in
copending U.S. patent application No. 14/267,648, filed
May 1, 2014, and PCT/US2014/059729, filed October 8,
2014, both entitled Ohmically Modulated Battery, the en-
tire disclosure of both of which are hereby incorporated
by reference herein.
[0017] As used herein the terms ohmic modulation of
a rechargeable battery or an ohmically modulated re-
chargeable battery refer to a rechargeable battery engi-
neered to have more than one internal resistance level
that can change substantially with battery temperature.
This deliberate ohmic modulation can be engineered ei-
ther actively or passively.
[0018] An advantage of such rechargeable batteries is
that the internal resistance of the battery can change sub-
stantially when the battery temperature falls below a pre-
determined level. The high internal resistance of the bat-
tery creates heat within the battery to warm the battery.
Preferably the internal resistance of the battery becomes
high enough to rapidly warm the battery by tens of degree
Celsius within seconds or within up to a few minutes.
After the battery temperature reaches a desired level,
the high internal resistance is deactivated allowing the
battery to operate at a low-resistance mode, e.g., as low
as in conventional batteries, thereby enabling the battery
to deliver high power and energy despite being in a low
temperature environment.
[0019] Preferably, the rechargeable battery can com-
prise one level of internal resistance (R1) over a temper-
ature range of the battery between a first temperature
(T1) and a second temperature (T2), and a second level
of internal resistance (R2) outside of either T1 or T2. Pref-
erably the value of R2 changes abruptly, such as in a
step function, or changes sharply, such as in a continuous
but rapid change in resistance, below around T1 and/or
at above around T2. For example, the value of R2 at about
2 °C below T1 is at least twice the value of R1 at T1 or
the value of R2 at about 2 °C above T2 is at least twice
the value of R1 at T2. Advantageously, the value of R2 at
about 2 °C below T1 is at least twice to fifty times the
value of R1 at T1 and the value of R2 at about 2 °C above
T2 is at least twice to fifty times the value of R1 at T2. The
ohmic modulation of the battery is advantageously re-
versible, i.e., the internal resistance can switch back from
R2 to R1 between T1 and T2. Embodiments of the present
disclosure include wherein the value of R2/R1 is between
and including 2 to 500, e.g., the value of R2/R1 is between
and including 2 to 100, or 2 to 50, when the value of R2
is determined at about 2 °C below T1 and R1 is deter-
mined at T1. Additional or alternative embodiments in-
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clude wherein the value of R2/R1 is between and includ-
ing 2 to 500, e.g., the value of R2/R1 is between and
including 2 to 100, or 2 to 50, when the value of R2 is
determined at about 2 °C above T2 and R1 is determined
at T2. The ohmic modulation of the battery is advanta-
geously reversible, i.e., the internal resistance can switch
back from R2 to R1 between T1 and T2.
[0020] As used herein the terms rechargeable battery
or battery are used to represent any rechargeable elec-
trochemical energy storage device that contains one or
more electrochemical cells. The basic elements of a bat-
tery cell include an anode electrode coated on a current
collector, a separator, a cathode electrode coated on an-
other current collector and an electrolyte.
[0021] The battery configuration of the present disclo-
sure can be applied to a variety of batteries such as, but
not limited to, lithium-ion, lithium-polymer, lead-acid,
nickel-metal hydride, lithium-sulfur, lithium-air and all sol-
id-state batteries. Such batteries are useful for transpor-
tation, aerospace, military, and stationary energy storage
applications.
[0022] In an embodiment of the present disclosure, a
rechargeable battery can have at least two levels of in-
ternal resistance which depend on the battery’s temper-
ature. As used herein the temperature of the battery can
be the internal temperature or external surface temper-
ature 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 temperature, e.g. below
T1, thereby heating the battery and improving battery per-
formance. For example, when the battery’s internal tem-
perature is below a normal range, e.g. below normal op-
erating temperatures such as below about 5 °C or in sub-
freezing environments (temperatures less than about 0
°C, e.g., less than about -10 or -20 °C), the internal re-
sistance of the battery becomes several-fold higher than
when the battery operates in the normal temperature
range (e.g. in the range of from about 40 Ωcm2 to about
200 Ωcm2). As a result, there is much intensified internal
heating (as the battery’s heat generation is proportional
to its internal resistance), which leads to rapid rise of the
battery’s internal temperature. This in turn quickly im-
proves power and energy output of the battery while op-
erating in subfreezing environments.
[0023] A rechargeable battery of the present disclo-
sure can include the conventional components of a re-
chargeable battery and additionally include one or more
components to modulate the internal resistance of the
battery.
[0024] For example, an ohmically modulated re-
chargeable battery can include at least one negative ter-
minal and at least one positive terminal for operating the
battery at R1, e.g. at a low internal resistance level (LoR),
above T1. The ohmically modulated battery can also in-
clude at least one high resistance terminal for operating
the battery at R2, e.g. at a high internal resistance level
(HiR), when the battery temperature is below T1. The

high resistance terminal can either be an additional neg-
ative terminal (i.e., a HiR (-)) or an additional positive
terminal (i.e., a HiR(+)).
[0025] Such a rechargeable battery can include a
switch that switches the resistance levels of the battery.
For example the switch can engage the low resistance
terminals of the battery, e.g., LoR (-) and/or LoR (+), to
operate the battery when the temperature of the battery
is above T1, and can engage one or more high resistance
terminal, e.g., HiR(-) and/or HiR(+), when the battery tem-
perature is below T1.
[0026] The switch of the present disclosure can be
composed of an electromechanical relay and a temper-
ature controller, or a solid-state relay with a temperature
sensor, a power MOSFET with a temperature sensor, or
a high-current switch with a temperature sensor. Alter-
natively, the switch connecting LoR(-) and HiR(-) termi-
nals can be carried out by a controller having an electric
circuit and a cell temperature sensor in a battery man-
agement system.
[0027] In an embodiment of the present disclosure, the
rechargeable battery includes at least one resistor sheet
that is electrically connected to the high resistance ter-
minal. The at least one resistor sheet can be located ei-
ther inside a battery cell (exposed to the electrolyte), or
outside and between two battery cells, or a combination
of some resistor sheets inside cells and some resistor
sheets outside and between cells. The resistor sheet con-
figured with a cell of the battery can be integrally part of
the current collector of an electrode of the cell of the bat-
tery
[0028] As used herein, a resistor sheet is a material
that has a lower conductivity (higher electrical resistance)
relative to the battery current-collecting foils and, when
activated during battery operation, causes a significant
increase in the internal electrical resistance of the battery.
The resistor sheet preferably has a resistance in units of
Ohm equal to the numerical 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 Ah. For example the resistor sheet for a 20 Ah battery
is preferably between about 0.005 Ohm (0.1 divided by
20) to about 0.25 Ohm (5 divided by 20), e.g. between
about 0.025 Ohm (0.5 divided by 20) to about 0.1 Ohm
(2 divided by 20).
[0029] The resistor sheets of the present disclosure
can be any metal that is stable when exposed to battery
electrolytes and within the electrochemical voltage win-
dow of a rechargeable battery when the resistor sheet is
exposed to such an environment. Such resistor sheets
can be made of graphite, highly ordered pyrolytic graphite
(HOPG), stainless steel, nickel, chrome, nichrome, cop-
per, aluminum, titanium, or combinations thereof. If 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 sheets of the present disclosure. The re-
sistor sheet of the present disclosure preferably is flat
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with large surface area in good contact with adjacent bat-
tery components and has a thickness between about 1
and about 150 micrometers with a preferred range of
about 5 to about 60 micrometers. Resistor sheets that
have large electrical resistance, high thermal conductiv-
ity, and small heat capacity are useful for certain embod-
iments of the present disclosure.
[0030] In certain configurations of the present disclo-
sure, the rechargeable battery includes one or more high
resistance tabs or terminals and one or more low resist-
ance tabs or terminals. The high resistance terminals
electrically connect the one or more resistance sheets
and the low resistance tabs or terminals are configured
to operate the battery in a low resistance mode.
[0031] Advantageously, the rechargeable battery of
the present disclosure can be readily configured with con-
ventional rechargeable battery components with minimal
modification in certain embodiments, additionally includ-
ing one or more high resistance terminals connected to
one or more resistor sheets, for example. The following
figures illustrate certain embodiments of the present dis-
closure.
[0032] FIG. 1A illustrates an embodiment of an ohmi-
cally modulated battery. As shown in FIG. 1A, recharge-
able battery 110 has several resistor sheets 112 embed-
ded within a stack of electrode-separator assemblies and
in contact with the electrolyte. The electrode-separator
assemblies include anode electrodes 114 having anode
tabs 114a, separators 116 and cathode electrodes 118
having cathode tabs 118a. Battery 110 further includes
one low-resistance negative terminal LoR(-) 120 and one
high-resistance negative terminal HiR(-) 122, switch 124
and positive terminal (+) 126.
[0033] In this embodiment, each resistor sheet has two
tabs (112a, 112b), which can be attached by welding.
Resistor tab 112a and anode tabs 114a of anode elec-
trodes 114 are electrically connected to low-resistance
negative terminal LoR(-) 120 to form a low electrical re-
sistance circuit Resistor tab 112b is electrically connect-
ed to high-resistance negative terminal HiR(-) 122 to form
a high electrical resistance level circuit that is activated
by switch 124. Cathode tabs 118a of cathode electrodes
118 are electrically connected together and to positive
terminal 126. In this particular example, switch 124 is a
thermally activated switch that can electrically connect
or disconnect LoR(-) terminal 120 and HiR(-) terminal
122.
[0034] The anode-separator-cathode-resistor sheet
assembly can be placed in an appropriate package, e.g.,
in a casing of a pouch cell and filled with electrolyte. In
this embodiment, the anode-separator-cathode-resistor
sheet assembly is contained in casing 140. The negative
and positive terminals can be electrically connected to
an external circuit 128a and 128b.
[0035] In sum, the rechargeable battery illustrated in
FIG. 1A features three terminals on the outside, two neg-
ative terminals, LoR(-) and HiR(-), and one positive ter-
minal (+). The two negative terminals, LoR(-) and HiR(-),

are further connected by a temperature-sensitive switch
immediately outside of the battery. In operation, when
the battery temperature is above T1, the switch is
CLOSED and the battery current bypasses the resistor
sheets since current prefers to flow through the low-re-
sistance circuit. In this case, the battery operates be-
tween the terminals (+) and LoR(-), exhibiting a low in-
ternal resistance. When the battery temperature falls be-
low T1, 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 example, when the battery
temperature is below a normal range, such as below
about 5 °C or in subfreezing environments, the internal
resistance of the battery becomes several-fold higher
due to the presence of the resistor sheets in the current
flow path. Once operated or activated, there is intense
internal heating (as the battery’s heat generation is pro-
portional to its internal resistance), which leads to rapid
rise of the battery temperature to a point that triggers the
temperature-sensitive switch to CLOSED. The CLOSED
switch immediately enables the LoR(-) terminal to be op-
erative and lowers battery internal resistance. The com-
bination of low internal resistance and high internal tem-
perature substantially improves power and energy output
of the battery despite operating in subfreezing environ-
ments.
[0036] Another embodiment is to place a switch be-
tween the positive terminal and HiR(-) terminal of an ohm-
ically modulated battery. When the battery temperature
is above T1, the switch is OPEN and the battery operates
between the positive and LoR(-) terminals and the battery
current bypasses the resistor sheets, exhibiting a low in-
ternal resistance. When the battery temperature falls be-
low T1, 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 internal heating. Once the battery tempera-
ture rises to a point, the temperature-sensitive switch is
triggered to OPEN.
[0037] FIG 1B shows another, partial illustration of the
battery described for FIG. 1A. FIG 1B shows a three-
terminal ohmically modulated battery in a prismatic con-
figuration having cathode electrode 118 and resistor
sheet 112 adjacent anode electrode 114. The cell would
further include electrolyte and a separator, which are not
shown for illustrative convenience. Cathode electrode
118 includes tab 118a, resistor sheet 112 includes tabs
112a and 112b and anode electrode 114 includes tab
114a. The battery further includes one low-resistance
negative terminal LoR(-) 120 and one high-resistance
negative terminal HiR(-) 122, switch 124 and positive ter-
minal (+) 126. The elements of the battery shown in FIG.
1B are electrically connected as described for FIG. 1A.
[0038] FIG. 1C shows another arrangement for the bat-
tery described in FIG. 1A. In this embodiment, the battery
is in a prismatic configuration. As shown in FIG. 1C, the
ohmically modulated battery can be configured with four
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terminals, e.g., positive terminal 126, low resistance neg-
ative terminal LoR(-) 121, and two high resistance termi-
nals HiR(-) 123, 125. Resistor sheet 113 includes two
tabs (113a, 113b) which form two HiR(-) terminals (123,
125) which is independent from the LoR(-) terminal 121.
One of the HiR(-) terminals can be connected externally
with the LoR(-) terminal, essentially reducing this 4-ter-
minal battery into the 3-terminal battery shown in FIG.1B.
Or, one of the HiR(-) terminals can be electrically con-
nected to one of the HiR(-) terminals from an adjacent
cell in a multi-cell battery or module, forming a serially
connected plurality of resistor sheets. The plurality of re-
sistor sheets can then be connected into a multi-cell cir-
cuit by using only one switch.
[0039] While the battery in FIG. 1A is illustrated with
three unit cells and two resistor sheets electrically con-
nected in parallel and one switch for activating the battery
in the high or low resistance mode, the ohmically modu-
late rechargeable battery of the present disclosure can
have additional modules and/or additional unit cells. The
battery can include additional resistor sheets and switch-
es. For example, the battery can comprise more than one
module or pack of cells where the cells in the module are
adjacent each other and electrically connected to each
other in a parallel or in a series arrangement or combi-
nations thereof. The battery can include a plurality of re-
sistor sheets that are electrically connected to each other
in series or in parallel and located between adjacent cells
in a module and plurality of thermally activated switches
to operate the battery in a high or low resistance mode.
[0040] In other embodiments of an ohmically modulat-
ed 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 including
multiple cells, the one or more resistor sheets can be
sandwiched between two adjacent cells within the battery
module. Figure 2 illustrates such an embodiment.
[0041] As shown in FIG. 2, battery module 210 includes
resistor sheet 212 positioned between two cells 213a and
213b. The resistor sheet is preferably positioned between
the cells to provide even heating of the cells and battery
module, such as interposed tightly between two cells.
Each cell includes anode electrodes 214, separators 216
and cathode electrodes 218. Battery module 210 further
includes one low-resistance negative terminal LoR(-) 220
which is electrically connected to each cell of the module
and one high-resistance negative terminal HiR() 222,
which is electrically connected to the resistor sheet. The
battery module also includes switch 224 and positive ter-
minals (+) 226a and 226b. The negative and positive ter-
minals can be electrically connected to an external circuit
228a and 228b.
[0042] In sum, the rechargeable battery illustrated in
FIG 2 features two-terminal cells in which one terminal
(in this embodiment the negative terminal) is electrically
connected to a switch which is further electrically con-
nected to a resistor sheet. The rechargeable battery mod-
ule 210 of FIG. 2 can be operated in the same manner

as described for FIG. 1.
[0043] While battery module 210 in Fig. 2 is illustrated
as a twin-cell module with one resistor sheet between
the two cells, ohmically modulated batteries of the
present disclosure can have additional cells and/or mod-
ules and/or resistor sheets and/or switches. For example,
the battery module can have 4, 5 or 6 cells with one or
more resistor sheets positioned between cells and
around other positions near the cells. The battery can
have additional modules with one or more resistor sheets
positioned between modules and around other positions
near the modules. The battery can have additional
switches to connect the additional resistor sheets or one
switch connecting all of the resistor sheets. The cells
and/or the module can be electrically connected to each
other in a parallel or in a series arrangement or combi-
nations thereof. The resistor sheets can also be electri-
cally connected to each other in series or in parallel.
[0044] All afore-described battery designs are applica-
ble to rechargeable batteries such as Li-ion, nickel-metal
hydride, lead-acid, etc. Advantageously, the rechargea-
ble battery of the present disclosure can be implemented
for all battery chemistries, such as rechargeable lithium
ion, nickel-metal hydride, or advanced lithium batteries
such as lithium-sulfur, lithium-air batteries or all solid-
state batteries, and for all form factors, either pouch, cy-
lindrical, prismatic or angular. The cell structure can ac-
commodate rolled electrode and stacked electrode de-
signs, among others.

Fast Charging at Low Temperatures

[0045] Another advantage of ohmically modulated re-
chargeable batteries is that they can be configured for
fast charging at low temperatures. Preferably, the ohm-
ically modulated batteries can be charged within a period
of about 20-30 minutes at low temperatures without caus-
ing lithium plating or other appreciable degradation. The
ohmically modulated battery can also advantageously be
charged by regenerative power for simultaneous electric
charging and internal heating.
[0046] For example in one embodiment of the present
disclosure, an ohmically modulated battery can be in-
cluded in a charging control system. The system can in-
clude a temperature sensor configured to monitor a tem-
perature of the battery and a controller electrically con-
nected to the temperature sensor that can receive inputs
from the sensor and is programmed to determine whether
to charge the battery in a low temperature resistance
protocol or another protocol, e.g. a second protocol,
based on the input from the temperature sensor.
[0047] The system can include additional components,
individually or in combination, such as one or more of a
voltage sensor electrically connected to the battery, e.g.,
a voltage sensor electrically connected to either the low-
resistance terminal and or the high resistance terminal
of the ohmically modulated battery; a current sensor elec-
trically connected to the battery and capable of measur-
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ing current flowing through the battery; and/or a gener-
ator electrically connected to the battery and capable of
charging the battery. The generator can be used to cap-
ture kinetic 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 inputs from the temperature sensor,
the one or more voltage sensors and the current sensor
and is capable of determining whether to charge the bat-
tery based on said inputs. Advantageously, the controller
is further capable of setting the battery to a high resist-
ance level or a low resistance level based on the tem-
perature of the battery in certain embodiments.
[0048] In practicing certain embodiments of the
present disclosure, an ohmically modulated rechargea-
ble battery can be charged under a low temperature
charging protocol (LTCP) when the battery is in a high
resistance mode, e.g., when the temperature of the bat-
tery is below a predetermined charge temperature
(TCG1). In addition, the battery can be charged under
another or a second protocol (e.g. a normal charging pro-
tocol that is used at normal operating temperatures)
when the battery is in a low resistance mode. LTCPs
include charging the battery under constant voltage,
and/or at a constant current (I) and/or at a constant charg-
ing power (P) and combinations thereof. In one embod-
iment of the present disclosure, the LTCP includes: (i)
charging the battery at either a constant voltage or a con-
stant charging power (P); and (ii) followed by charging
the battery at a constant current. Charging the battery at
the constant current can occur when the charging current
reaches or exceeds a predetermined maximum charge
current (Imax). Further, the constant voltage can be de-
termined from either the low-resistance terminal voltage
VLoR 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 pulse current and combina-
tions thereof. Charging under the second protocol when
the battery is in a low resistance mode can include a
constant current-constant voltage protocol, for example.
[0049] FIG. 3A illustrates a charging control system
600A that supports fast charging of an ohmically modu-
lated battery at low temperatures in accordance with an
embodiment of the present disclosure. Charging control
system 600A includes ohmically modulated battery 601.
In a preferred embodiment, lithium-ion is used as the cell
chemistry for battery 601. However, the control system
is applicable to other cell chemistries as well.
[0050] As shown in FIG. 3A, battery 601 has one pos-
itive terminal (not shown) and two negative terminals 612
and 613, wherein 612 is the low-resistance negative ter-
minal LoR(-) and 613 is the high-resistance negative ter-
minal HiR(-). Switch 609 is electrically connected to
LoR(-) terminal 612 and HiR(-) terminal 613. LoR(-) ter-
minal 612 is engaged when switch 609 is on, and HiR(-)
terminal 613 is engaged when switch 609 is off. Switch
609 is operated by controller 604 in the present embod-
iment. 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 for meas-
uring charging current, a temperature sensor 608 for de-
tecting a temperature of battery 601, and two voltage
sensors 606 and 607. Voltage sensor 606 is connected
to low-resistance negative terminal 612 for monitoring
low-resistance terminal voltage VLoR of battery 601. Volt-
age sensor 607 is connected to high-resistance negative
terminal 613 for measuring the voltage V of battery 601.
[0051] In operation, controller 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 voltage signal VLoR from voltage
sensor 606 and battery voltage signal from voltage sen-
sor 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 informa-
tion received and charge algorithms.
[0052] The operation of controller 604 during the
charging process is described with reference to the flow-
chart in FIG. 4 below.
[0053] FIG. 4 presents a flow chart illustrating the
charging process 700 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 ac-
quires the temperature T from temperature sensor 608
and open circuit voltage (OCV) from voltage sensor 606
or 607. At step 702, controller 604 estimates the state of
charge (SOC) of the battery 601. In one embodiment,
this estimation is accomplished by accessing a lookup
table wherein OCV-SOC correlation is stored. The lookup
table may be part of controller 604, or be stored in a SOC
estimator, which receives voltage signal from voltage
sensors and return estimated SOC using the lookup table
to controller 604.
[0054] At step 703, controller 604 makes a first
determination as to whether battery 601 should be
charged by comparing estimated SOC to a
predetermined SOCset. When the battery SOC is lower
than the predetermined SOCset, process 700 proceeds
to step 704. Otherwise, battery 601 should not be
charged and charging process 700 ends.
[0055] At step 704, controller 604 makes a second de-
termination regarding charging operations based on the
battery temperature signal from temperature sensor 608.
When the battery temperature T is lower than a prede-
termined charge temperature (TCG1), process 700 pro-
ceeds to step 705 where low temperature charging op-
erations are conducted. Otherwise, process 700 pro-
ceeds to step 708 and battery 601 is charged in a con-
ventional manner, where normal charging or fast charg-
ing is used. In an embodiment, the predetermined charge
temperature TCG1 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
25°C. That is, when a temperature of the battery is below
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about 25 °C, the battery is charged in the high resistance
mode.
[0056] At step 705, controller 604 sends a signal to
switch 609 to engage the high-resistance negative ter-
minal HiR(-) so that battery 601 operates at high-resist-
ance mode (R2). The internal resistance of the battery
becomes several-fold higher due to the presence of the
resistor sheets in the current flow path, which enables a
rapid rise of battery temperature during operation owing
to intense internal heating. The rapid temperature rise of
battery 601 can be further accelerated by employing op-
timized charging methods described in the embodiments
below.
[0057] At step 706, one or more LTCPs can be imple-
mented, which is further exemplified in the flowcharts of
FIGS. 5-10, for example.
[0058] After low temperature charging and as soon as
battery temperature reaches TCG1, process 700 pro-
ceeds to step 707 in which controller 604 sends a signal
to switch 609 to engage the low-resistance negative ter-
minal LoR(-). Battery 601 then operates at normal inter-
nal resistance level in the near normal temperature
range.
[0059] At step 708, battery 601 is charged by a second
protocol, e.g. a normal charging protocol, such as a con-
stant current, constant voltage (CC-CV) protocol. Such
CC-CV protocols include charging at a constant current
of about 1C or higher and a constant voltage of about
Vset, wherein Vset is a predetermined voltage. Also,
charging at 2C or greater rates can be implemented for
fast charging under the normal charging protocols. Nor-
mal charging continues until battery 601 is charged to a
specified SOC, the determination of which is implement-
ed by checking the cut-off conditions. For a CC-CV pro-
tocol, the charging stops until battery voltage is equal to
the specified charge voltage and the charge current is
below a predetermined threshold value.
[0060] In one embodiment of the present invention, a
low temperature charging protocol (LTCP), as shown in
FIG. 5, is named labeled CVLoR-CC. This charging pro-
tocol starts with step 801, where the voltage VLoR (low-
resistance terminal voltage), measured by voltage sen-
sor 606, is maintained at a constant level. This constant
voltage level is less than or equal to the voltage level
Vset, which is the open circuit voltage of battery 601 at
predetermined SOCset.
[0061] A timer is set (not shown) at the beginning of
low temperature charging to count charging time. Battery
temperature and current are monitored periodically by
receiving signals from temperature sensor 608 and cur-
rent sensor 605.
[0062] At step 802, controller 604 determines whether
battery temperature T reaches the predetermined tem-
perature TCG1. When T≥TCG1, i.e., when battery temper-
ature rises to the predetermined level where normal
charging is possible, low temperature charging stops.
Otherwise, when T<TCG1, the low temperature charging
protocol continues and proceeds to step 803.

[0063] During CVLoR charging, the battery’s tempera-
ture increases and its internal resistance reduces. It is
thus expected that the charging current may rise beyond
an allowable level. In order to prevent damage from the
high current to the battery, charging current is checked
periodically at step 803. The controller 604 determines
whether charging current I exceeds a predetermined
maximum charge current (Imax). This value is typically
set by a battery manufacturer for a particular battery.
When charging current I is greater than Imax, the charging
current is limited to Imax and the charging protocol switch-
es to constant current (CC) mode (step 804). Otherwise,
the charging process goes back to step 801 where CVLoR
protocol is used.
[0064] In the case that charging switches to CC mode
(step 804), the temperature of battery 601 is checked
periodically (step 805). At step 805, controller 604 com-
pares battery temperature with the predetermined tem-
perature TCG1. When T is lower than TCG1, then charging
process goes back to step 804. On the other hand, when
T is higher than or equal to TCG1, then low temperature
charging process is completed.
[0065] In another embodiment of the low temperature
charging method, as shown in FIG. 5, the protocol is
termed as CV-CC. This charging method is configured
identically to CVLoR-CC charging protocol as shown in
FIG. 5, except for the constant voltage charging step 901,
wherein the voltage V measured by voltage sensor 607
(battery voltage), instead of VLoR measured by voltage
sensor 606, is maintained at a constant level. Because
of the high resistance at the high resistance terminal,
battery voltage V is much higher than low-resistance ter-
minal voltage VLoR. The constant voltage level V for
charging is higher than Vset (the open circuit voltage of
battery 601 at predetermined SOCset). 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 charg-
ing.
[0066] In another embodiment of the low temperature
charging protocol, as shown in FIG. 7, the method is
named as CC charging method. At step 1001, current
signal measured by current sensor 605 is maintained at
a constant level to achieve constant current (CC) charg-
ing. The charging current is in a range of less than or
equal to about Imax for battery life and safety concern,
and preferably larger than or equal to a about 1C rate to
undertake fast charging and induce intense internal heat-
ing of battery 601. For example, the constant current un-
der this protocol is in the range of about 1C ≤ I ≤ Imax,
e.g., 2C ≤ I ≤ Imax. A timer is set (not shown) at the be-
ginning of charging to count charging time. Battery tem-
perature is monitored periodically by receiving signals
from temperature sensor 608. At step 1002, the controller
604 determines whether battery temperature T reaches
the predetermined charge temperature TCG1. When
T≥TCG1, i.e., when battery temperature rises to the pre-
determined level where normal charging or fast charging
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is possible, low temperature charging process stops.
Otherwise, when T<TCG1, charging process goes back
to step 1001 where CC protocol is used.
[0067] In another embodiment of a LTCP, as shown in
FIG. 8, the protocol is labeled as CP-CC. This charging
method is configured identically 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 I), instead of battery voltage V,
is maintained at a constant level. The charging power is
selected to incur intense internal heating of the battery
such that battery voltage decreases during CP charging
period in spite of increasing SOC. Accordingly, charging
current is increasing and limited by Imax. This CP-CC
charging method serves to prevent charging current from
quickly reaching its maximum value and thus reduce the
risk of lithium 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 volt-
age, e.g., .greater than about 2C charging current and
about 5V charging voltage.
[0068] In another embodiment of a LTCP, as shown in
FIG. 9, the method is termed as pulse voltage (PV) charg-
ing method, 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.
[0069] The PV charging process begins with setting
pulse frequency at step 1201. In a preferred embodiment
for this protocol, the pulse frequency ranges between
about 0.05Hz to about 10Hz. Pulses with frequency be-
low this range induces large concentration polarizations
in the electrolyte and solid phase of the battery. Pulses
with frequency above this range gives rise to electrode
exfoliation and electrolyte breakdown. Accelerated bat-
tery degradation is expected in both of the two cases.
[0070] Step 1202 sets the magnitudes of charge and
discharge voltage pulses. The pulse voltage measured
by voltage sensor 606, which is equal to the high-resist-
ance terminal voltage 607 because battery is operated
in the high resistance mode, is maintained at a constant
level. In a preferred embodiment for this protocol, the
voltage of the charge pulse ranges between about 5V
and about 8V per cell, and the voltage of the discharge
pulse ranges between about 0.2V 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.
[0071] At step 1203, constant voltage pulse charge op-
eration at set frequency and magnitude is executed.
Right after this charge pulsing, controller 604 makes a
determination at step 1204 based on the low-resistance
terminal voltage VLoR received from voltage sensor 606
and the maximum operating voltage of the battery Vmax,
which is greater than or equal to the aforementioned Vset
(the open circuit voltage of battery 601 at predetermined
SOCset). When VLoR≤ Vmax, the constant voltage pulse

charge protocol maintains and the charging process
branches to step 1206 and when VLoR> Vmax, i.e., the
maximum operation voltage for battery materials is ex-
ceeded, the charging process proceeds to step 1205. At
step 1205, to prevent VLoR from exceeding Vmax, con-
troller 604 sets the pulse operation protocol (charge part
only) to Vc,LoR = Vmax which will be implemented in the
next consecutive period.
[0072] At step 1206, the controller 604 determines
whether battery temperature T reaches the predeter-
mined temperature TCG1. When T≥TCG1, i.e., when bat-
tery temperature rises to the predetermined level where
normal charging is possible, low temperature charging
stops. Otherwise, when T<TCG1, low temperature charg-
ing process continues and proceeds to step 1207.
[0073] At step 1207, constant voltage pulse discharge
operation at set frequency and magnitude is executed.
Right after this discharge pulse, controller 604 makes a
determination at step 1208 based on the low-resistance
terminal voltage VLoR received from voltage sensor 606
and the minimum operating voltage for battery materials
Vmin. When VLoR≥Vmin, the constant voltage pulse dis-
charge protocol maintains and the process branches to
step 1210 and when VLoR<Vmin, the charging process
proceeds to step 1209. At step 1209, to prevent VLoR
from dropping below Vmin, controller 604 sets the pulse
operation protocol (discharge part only) to Vd,LoR = Vmin
which will be implemented in the next consecutive period.
[0074] At step 1210, the controller 604 determines
whether battery temperature T reaches the predeter-
mined temperature TCG1. When T≥TCG1, i.e., when bat-
tery temperature rises to the predetermined level where
normal charging is possible, PV charging stops. Other-
wise, when T<TCG1, PV charging process continues and
proceeds to step 1203.
[0075] In another embodiment of the low temperature
charging method, as shown in FIG. 10, the method is
termed as pulse current (PC) charging method, wherein
forward and reverse (charge and discharge) current puls-
es are applied on battery 601 over consecutive periods.
This charging method is configured identically to pulse
voltage (PV) charging method as shown in FIG. 9, except
for step 1302, where constant current pulse, instead of
constant voltage pulse, is used. The pulse current meas-
ured by current sensor 605 is maintained at a constant
level. In the preferred embodiment, the magnitude of the
current (both charge and discharge) ranges between
about 2C to about Imax. These current values are set to
induce intense internal heating of battery, and at the
same time prevent battery from unwanted damage. Fur-
ther, the frequency of the charging and discharging pulse
can range between about 0.05Hz to about 10 Hz.
[0076] While only a few charging algorithms of the
present invention are described via the specific embod-
iments above, they belong to a class of I-V-VLOR-T based
algorithms for batteries, which differ from charging algo-
rithms based on I-V-T.
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Regenerative Charging

[0077] In addition, ohmically modulated rechargeable
batteries can also be charged with regenerative energy,
e.g., electrical energy or power that is produced from the
kinetic energy of a moving vehicle. For example, regen-
erative braking (also called regen) is the conversion of
the vehicle’s kinetic energy into electricity that recharges
(regenerates) the onboard battery as the vehicle is slow-
ing down and/or stopping. Such regenerative energy can
be derived to capture braking energy in a vehicle such
as in electric vehicles (EV), hybrid electric vehicles
(HEV), and plug-in hybrid electric vehicles (PHEV), for
example. In a charging control system that captures re-
generative energy, the system includes a generator, e.g.,
a motor/generator to convert the kinetic energy to elec-
trical power. In one embodiment of the present disclo-
sure, a charging control system to capture regenerative
energy includes an power regeneration system supplying
regenerative power to the rechargeable battery; a battery
control system to apply regenerative power to the re-
chargeable battery; a vehicle control system that (i) re-
ceives braking request and battery status, and (ii) deter-
mines whether to engage the power regeneration system
based on battery status, and (iii) in response to the de-
termination, engages the power regeneration system
and forwards regenerative power to the rechargeable
battery.
[0078] In practicing certain embodiments of the
present disclosure, an ohmically modulated rechargea-
ble battery can be charged with regenerative energy un-
der a regenerative charging protocol (RCP) when the bat-
tery is in a high resistance mode, e.g., when the temper-
ature of the battery is below a predetermined charge val-
ue (TCG1). In addition, the battery can be charged under
a second protocol (e.g. a normal charging protocol that
is used at normal operating temperatures) when the bat-
tery is in a low resistance mode.
[0079] 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 con-
trolled form, power P controlled form and current control-
led form can be either a constant value or a function of
time. In one embodiment of the present disclosure, the
RCP includes (i) charging the battery by applying a charg-
ing current to the battery in voltage controlled form or in
power P controlled form, (ii) followed by charging the bat-
tery at a constant current; wherein the voltage controlled
form is determined either at the low-resistance terminal
voltage VLoR(t) of the battery or at the voltage of the bat-
tery V(t). Charging the battery at the constant current can
occur when the charging current reaches or exceeds a
predetermined maximum charge current (Imax). Charging
under the second protocol when the battery is in a low
resistance mode can include a constant current-constant
voltage protocol, for example.
[0080] FIG. 11 shows a simplified configuration of a

regenerative charging system 1400 in accordance with
an embodiment of the present disclosure. Such a system
can be included in an electrically powered vehicle such
as an EV/HEV/PHEV, for example.
[0081] Regenerative charging system 1400 includes
ohmically modulated rechargeable 1401. In a preferred
embodiment, lithium-ion is used as the cell chemistry for
battery 1401. However, the control system is applicable
to other cell chemistries as well.
[0082] The power control unit 1410, which is electrical-
ly connected to battery 1401, motor/generator 1411 and
other units (not shown, such as engine-generator, 12V
auxiliary electrical system etc.), performs the exchange
and conversion of electric power among its connections.
The power control unit 1410 includes without limitation
an inverter and a rectifier (not shown).
[0083] 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 acts
as an electric motor that generates traction torque and
propels the vehicle through mechanical system 1412 (in-
cluding clutch, transmission, crankshaft and wheels,
among other components), and when battery 1401 is re-
storing energy (charging), the rectifier convers AC power
from generator 1411 to DC power to charge battery 1401.
Restoration of energy to the battery can occur when one
of the associated events being regenerative braking, dur-
ing which the vehicle is retarded by motor/generator 1411
which acts as a generator converting the kinetic energy
of the vehicle to electric power.
[0084] In an embodiment of the present disclosure,
battery 1401 has one positive terminal (not shown) and
two negative terminals 1402 and 1403, wherein 1402 is
the low-resistance negative terminal LoR(-) and 1403 is
the high-resistance negative terminal HiR(-). Switch
1409 is electrically connected to LoR(-) terminal 1402
and HiR(-) terminal 1403. LoR(-) terminal 1402 is en-
gaged when switch 1409 is on, and HiR(-) terminal 1403
is engaged when switch 1409 is off. The operation of
switch 1409 is carried out by controller 1404.
[0085] Battery 1401 is electrically connected to current
sensor 1405 for detecting the current flowing into and out
of battery 1401, to temperature sensor 1408 for detecting
temperature of the battery 1401, and to two voltage sen-
sors 1406 and 1407. Voltage sensor 1406 is electrically
connected to low-resistance negative terminal 1402 for
monitoring low-resistance terminal voltage VLoR of the
battery 1401. Voltage sensor 1407 measures the voltage
V of the battery 1401.
[0086] The controller 1404 receives information about
charging/discharging current signal I (positive for charg-
ing, negative for discharging) from current sensor 1405,
temperature signal T from temperature sensor 1408, bat-
tery low-resistance voltage signal VLoR from voltage sen-
sor 1406 and battery voltage signal from voltage sensor
1407, as well as the commands from vehicle controller
1413 regarding the battery operation mode (discharging,
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charging, regenerative charging or rest). Battery control-
ler 1404 controls the operation of battery 1401 by sending
commands to switch 1409 and power control unit 1410.
It is also able to send requests to vehicle controller 1413,
which coordinates the operations of vehicle components,
including but not limited to battery controller 1404, power
control unit 1410, motor/generator 1411 and mechanical
system 1412.
[0087] The operation of battery controller 1404 and ve-
hicle 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. Assume that the vehicle is in opera-
tion. When the vehicle operator initiates a deceleration
command by pressing the brake pedal, the vehicle con-
troller 1413 signals battery controller 1404 to acquire bat-
tery temperature and state of charge (SOC). At step
1501, battery controller 1404 acquires the temperature
T from temperature sensor 1408, estimates battery SOC
by using SOC estimation algorithms or incorporating a
SOC estimator and returns temperature and SOC infor-
mation to vehicle controller 1413.
[0088] At step 1502, vehicle controller 1413 makes a
determination as to whether regenerative charging
should be performed. When battery SOC is lower than
the predetermined SOCRG, which is a SOC threshold
above which regenerative charging may incur damage
to battery 1401, vehicle controller 1413 signals vehicle’s
mechanical system 1412 to retard the vehicle via mo-
tor/generator 1411 where electric power is generated for
charging battery 1401. When battery SOC is equal to or
higher than SOCRG, the vehicle controller 1413 either
commands the mechanical system 1412 to use friction-
based braking, or to use regenerative braking but forward
the generated electric power to other system compo-
nents (such as cabin cooling/heating, engine heating
etc.) by commanding power control unit 1410.
[0089] At step 1503, battery controller 1404 makes a
determination regarding regenerative charging opera-
tions based on the battery temperature from temperature
sensor 1408. When the battery temperature T is lower
than a predetermined temperature TCG1, process 1500
proceeds to step 1504 where battery 1401 is charged at
high resistance level for simultaneous internal heating
and electric charging. Otherwise, process 1500 proceeds
to step 1506 and the battery 1401 is charged at low re-
sistance level for maximum energy storage. In an em-
bodiment, the predetermined charge temperature TCG1
has a value that is between about 5°C and 25°C, prefer-
ably between about 20 and 25°C. In one non-limiting em-
bodiment of the present disclosure, the predetermined
charge temperature equals to about 25°C. That is, when
a temperature of the battery is below about 25 °C, the
battery is charged in the high resistance mode.
[0090] When battery temperature T is lower than the
predetermined temperature TCG1, process 1500 pro-
ceeds to step 1504, where battery controller 1404 deter-
mines whether switch 1409 is on. When the answer is

YES, in other words, when battery 1401 operates at low
resistance level, process 1500 then proceeds to step
1505 where battery controller 1404 commands switch
1409 to turn off and engage the high-resistance negative
terminal HiR(-) so that battery 1401 operates at high-
resistance level (R2). The internal resistance of the bat-
tery becomes several-fold higher due to the presence of
the resistor sheets in the current flow path, which enables
rapid rise of battery temperature during operation owing
to intense internal heating. When the answer is NO, in
other words, when battery 1401 operates at high resist-
ance level, no more action on switch 1409 is needed.
Process 1500 jumps to step 1508 where regenerative
charging is implemented.
[0091] When battery temperature T is greater than or
equal to the predetermined temperature TCG1, process
1500 proceeds to step 1506, where battery controller
1404 determines whether switch 1409 is on. When the
answer is YES, in other words, when battery 1401 oper-
ates at low resistance level, no more action on switch
1409 is needed. Process 1500 jumps to step 1508 where
regenerative charging is implemented. When the answer
is NO, in other words, when battery 1401 operates at
high resistance level, process 1500 then proceeds to step
1507 where battery controller 1404 commands switch
1409 to turn on and engage the low-resistance negative
terminal LoR(-) so that battery 1401 operates at low-re-
sistance level, which prevents battery 601 from overheat-
ing and allows more electric energy stored in battery
1401.
[0092] At step 1508, a regenerative charging protocol
is implemented, which is further detailed in the flowcharts
of FIGS. 13-16, for example.
[0093] In one embodiment of the present disclosure
and as shown in FIG. 13, a RCP labeled VLoR(t)-CC is
described. In this embodiment, when regenerative charg-
ing command is issued by vehicle controller 1413, the
electric AC power is generated from generator 1411 and
converted to DC power at appropriate voltage level by
power control unit 1410. At step 1601, battery controller
regulates the DC power from power control unit 1410 to
battery 1401 in a voltage controlled form VLoR(t), by mon-
itoring the voltage signal from voltage sensor 1406. The
voltage controlled form can be a constant voltage over
time or a function of time, i.e., a set time. In one preferred
embodiment, VLoR(t) is less than or equal to Vmax.
[0094] A timer is set (not shown) at the beginning of
regenerative charging to count charging time. At step
1602, charge operation at set voltage level is executed
for a specified time interval.
[0095] Right after this time interval, battery controller
1404 makes a determination at step 1603 based on the
charging current I from current sensor 1405 and Imax.
When I ≤ Imax, the charge protocol maintains set charging
mode and the charging process branches to step 1605.
When I > Imax, i.e., the maximum charging current is ex-
ceeded, the charging process proceeds to step 1604. At
step 1604, the charging current is limited to Imax and the
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charging protocol switches to constant current (CC)
mode where I = Imax, which will be implemented in the
next charging interval.
[0096] At step 1605, a determination is made by battery
controller 1404 as to whether regenerative charging con-
tinues, 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 is NO, the
regenerative charging process stops.
[0097] In another embodiment of the regenerative
charging method, as shown in FIG. 14, the method is
termed as V(t)-CC regenerative charging method. This
charging method is configured identically to VLoR(t)-CC
regenerative charging method as shown in FIG. 13, ex-
cept for the set voltage charge step 1701, wherein the
voltage V measured by voltage sensor 1407 (battery volt-
age), instead of VLoR measured by voltage sensor 1406,
is controlled. Because of the high resistance involved,
battery voltage V is much higher than low-resistance ter-
minal voltage VLoR.
[0098] In another embodiment of a RCP, as shown in
FIG. 15, the protocol is termed as C-CVLoR. At step 1801,
battery controller regulates the DC power from power
control unit 1410 to battery 1401 in current controlled
form I(t), by monitoring the current signal from current
sensor 1405. In one preferred embodiment, I(t) is less
than or equal to Imax. A timer is set (not shown) at the
beginning of regenerative charging to count charging
time. At step 1802, charge operation at set current level
is executed for a specified time interval. Right after this
time interval, battery controller 1404 makes a determi-
nation at step 1803 based on low-resistance terminal
voltage VLoR from voltage sensor 1406 and Vmax. When
VLoR ≤ Vmax, the charge protocol maintains set charging
mode and the charging process branches to step 1805.
When VLoR > Vmax, the charging process proceeds to
step 1804. At step 1804, the low-resistance terminal volt-
age VLoR is limited to Vmax and the charging protocol
switches to constant voltage (CVLoR) mode where VLoR
= Vmax, which will be implemented in the next charging
interval. At step 1805, a determination is made by battery
controller 1404 as to whether regenerative charging con-
tinues, 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.
[0099] In another embodiment of the regenerative
charging method, as shown in FIG. 16, the method is
named as P(t)-CC regenerative charging method. This
charging method is configured identically to V(t)-CC
charging method as shown in FIG. 14, except for the set
power charge step 1901, wherein charging power (the
product of battery voltage V and charging current I), in-
stead of battery voltage V, is controlled.
[0100] While only a few regenerative charging algo-
rithms of the present invention are described via the spe-

cific embodiments above, they belong to a class of I-V-
VLOR-T based algorithms, which are novel and different
from conventional charging algorithms based on I-V-T.

Fast Charging at Low Temperatures with Parallel Switch 
Arrangement

[0101] FIG. 3B illustrates a charging control system
600B that supports fast charging of an ohmically modu-
lated battery at low temperatures in accordance with an-
other embodiment of the present disclosure. In this em-
bodiment, switch 609 can electrically connect HiR(-) ter-
minal 613 to the positive terminal of battery 601. Advan-
tageously, this embodiment does not include a voltage
sensor for monitoring low-resistance terminal voltage
VLoR of battery 601, e.g., voltage sensor 606 is not in-
cluded, since the voltage sensor 607 is sufficient for de-
termining the voltage of the negative terminals and the
battery.
[0102] All of the other components and connections
shown in FIG. 3B are the same as in FIG. 3A, e.g., switch
609 is operated by controller 604, battery 601 is connect-
ed to charger 602 through switch 610 and to load 603
through switch 611 and battery 601 is also connected to
a current sensor 605 for measuring charging current, a
temperature sensor 608 for detecting a temperature of
battery 601, and voltage sensor 607.
[0103] In operation, controller 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,
and battery voltage signal from voltage 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.
[0104] In a low temperature charging protocol, switch
609 electrically engages battery 601 to charger 602
through the high-resistance terminal of the battery, i.e.,
the high resistance terminal 613 is connected by switch
609 to the positive terminal of the battery during an LTCP.
With this design, the total charging current is split into
two parallel paths: one going through the battery active
materials and leaving terminal 612; 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 tem-
perature of the battery and hence helps the battery
charge process. The circuit design in the embodiment,
wherein the switch electrically engages a high-resistance
terminal to a positive terminal of the battery during charg-
ing of the battery by a source of electrical current, advan-
tageously allows changing at a lower voltage than when
charging occurs only through the high resistance terminal
during an LTCP.
[0105] In an embodiment of the present disclosure, a
method of charging an ohmically modulated rechargea-
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ble battery includes charging the battery under a low tem-
perature charging protocol (LTCP) by engaging a switch
that is electrically connected to a HiR(-) terminal to a pos-
itive terminal of the battery when the battery is electrically
connected to a source of electrical current that charges
the battery. The battery can be charged under a second
protocol, e.g. a normal charging protocol that is used at
normal operating temperatures, by disengaging the
switch.

EXAMPLE

[0106] The following example is intended to further il-
lustrate certain preferred embodiments of the present in-
vention and is not limiting in nature. Those skilled in the
art will recognize, or be able to ascertain, using no more
than routine experimentation, numerous equivalents to
the specific substances and procedures described here-
in.
[0107] In this example an ohmically modulated battery
was produced and tested under simulated conditions us-
ing an electrochemical-thermal coupled model. The de-
tails regarding such a model can be found in Ji et al., "Li-
Ion Cell Operation at Low Temperatures", J. Electro-
chemical Society (2013) 160(4) A636-A649.
[0108] A pilot-production OMB battery of 20Ah was
produced in the form of a prismatic cell and made of lith-
ium-nickel-manganese-cobalt (NMC) cathode and
graphite anode. The battery included a resistor sheet
sandwiched between two jelly roll electrode-separator
assemblies. 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 re-
sistor sheet was in the shape of a resistor foil and made
of stainless steel of 25 cm long, 6 cm wide and 11 um
thick. Its resistance was approximately 0.045 Ohm and
its weight is about 1.4 grams which is about 0.3% of the
total battery weight. The switch made in the form of an
electromechanical relay and driven by a temperature
controller was positioned outside of the OMB.
[0109] A charging control system as described in FIG.
2 is built to demonstrate the fast charging methods at low
temperatures. The predetermined temperature TCG1 is
set to 25°C. The maximum and minimum voltages for the
battery materials are set at Vmax = 4.1V per cell, Vmin =
2.8V per cell. The battery’s maximum allowable charge
current Imax = 3.5C = 70A. The temperature sensor is
realized in the form of several thermocouples mounted
onto the battery. Prior to testing, the test battery is dis-
charged to 25% SOC and then soaked for 5-6 hours in
a thermal chamber set at -25°C. The target charge SOC
is set at SOCset = 100%, which corresponds to Vset =
4.1V/cell. A baseline cell without the resistor foil, the high-
resistance terminal and the switch but remaining other-
wise identical is also tested for a comparative study.
[0110] The battery (601 in the charging system FIG. 2)
is charged from 25% SOC to 100% SOC using the charg-
ing method as described in flowchart 700 (FIG. 4), which

comprises two stages: low temperature charging (step
706) and normal charging (step 708). At normal charging
step 708, the battery 601 is charged by CC-CV protocol
wherein 2.5C current rate (50A) is used during CC period
and 4.1V/cell voltage until cut-off current of C/10 (2A) is
used during CV period. At low temperature charging step
706, six low temperature charging protocols were ap-
plied, namely CVLoR-CC charging, CV-CC charging, CC
charging, CP-CC charging, PV charging and PC charging
as described in FIGS. 4-10, respectively, and tested. The
evolutions of SOC, current, temperature, voltage and
low-resistance terminal voltage VLoR of this 20Ah OMB
during the entire charging process for each low temper-
ature charging protocol are shown in FIGS. 17-19.
[0111] FIG. 17A and FIG. 17B show the evolutions of
battery SOC, current, temperature and voltage obtained
using CVLoR-CC charging method (VLoR=4.0V/cell,
I=Imax) described in FIG. 5 for low temperature charging,
followed by normal charging (CC-CV I=2.5C,
V=4.1V/cell). This method is able to charge the battery
from 25% SOC to 100% SOC in 25 minutes from a
temperature of -25°C ambient. In addition, the low
temperature charging period consumes only 99s (49s
CVLoR charging and 50s CC charging), during which
battery temperature increases sharply from -25°C to
25°C as is observed from FIG. 17A. This rapid internal
heating of battery is achieved by turning on battery’s high-
resistance level and applying high charge voltage
(between 6V to 7.2V per cell from FIG. 17B), which create
intense heating of the resistor foil embedded inside the
battery. Moreover, as observed in FIG. 17B, the battery’s
low-resistance terminal voltage, within which all battery
materials reside, stays below 4.0V and charging current
stays below Imax=70A, as controlled by CVLoR-CC
charging method, which helps to reduce or eliminate
battery damage. When the battery temperature reaches
25°C, the controller switches the battery to the low-
resistance mode. The battery is able to keep its
temperature at the optimum level (around 25°C) due to
the balance between internal heat generation and heat
dissipation. Staying at the optimum temperature enables
continuous fast charging of the battery.
[0112] Similar evolutions of battery SOC, current, tem-
perature and voltage results were similar to those shown
in FIGS 17A and 17B, when using CV-CC charging meth-
od (V=6.5V/cell, I=Imax) described in FIG. 6 for low tem-
perature charging, and when using CC charging method
(I=2.8C) described in FIG. 7 for low temperature charg-
ing, and when using CP charging method (P=350W/cell)
described in FIG. 8 for low temperature charging. These
charging processes take a total of about 25 minutes, of
which about 110 to about 120 seconds are used for low
temperature charging which brings the battery tempera-
ture from -25°C to 25°C. The high charge voltage and
high internal resistance during the low temperature
charging period generate intense internal heating of the
battery, bringing about rapid rise of battery temperature
and decrease of battery voltage despite that the battery
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is accepting charge. VLoR. and I, important for stability of
battery materials, are all within normal operation range
during the entire charging process.
[0113] FIGS. 18A and 18B and 18C show the evolu-
tions of battery SOC, current, temperature and voltage
obtained using PV charging method (Vc=6.8V/cell,
Vd=0.4V/cell) described in FIG. 9 for low temperature
charging, followed by normal charging (CC-CV I=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 mode, battery voltage varies between
6.8V and 0.4V, resulting in intense internal heating of the
battery. In the present example, charging current is close
to discharging current in magnitude so that little SOC
increase is observed during PV charging. However, this
set of pulse operation has a benefit of reducing the risk
of lithium plating and other side reactions because the
concentration polarization in 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 each/certain period of pulse voltage
to further reduce charging time. That is, the PV charging
method may be asymmetric in charge vs. discharge puls-
es. Note also from the inset of FIG. 18C that the low-
resistance terminal voltage, VLOR, spanning over all bat-
tery materials always stays between 3 and 4V, indicating
optimal conditions for battery life.
[0114] FIGS 19A-19C show the evolutions of battery
SOC, current, temperature and voltage obtained using
PC charging method (Ic=3.2C, Id=-3.2C) described in
FIG. 10 for low temperature charging, followed by normal
charging (CC-CV I=2.5C, V=4.1V/cell). Battery demon-
strates identical behavior to that using PV charging meth-
od shown in FIGS 18A-18C, except that pulse current is
maintained at constant level and thus variations in battery
voltage are allowed.
[0115] A comparison of the 20Ah OMB battery (labeled
as ohmically modulated battery) and the baseline battery
(labeled as conventional Li-ion battery) using PC charg-
ing method (described FIG. 10) for low temperature
charging are shown in FIG. 23. The low temperature
charging period, during which battery temperature rises
from -25°C to 25°C, takes only 92s for OMB battery. In
contrast, this period needs 30 minutes for the baseline
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
understood by looking at the voltage evolutions of the
two batteries during PC charging period. The voltage var-
iation of OMB stays at high level, ranging from 6.8V
charge to 0.2V discharge at the beginning and from 6.6V
charge to 0.6V discharge at the end of PV charging, while
the voltage variation of the baseline battery ranges from
4.1V charge to 3.1V discharge) at the beginning and from
3.67V charge to 3.46V discharge in the later stage during

PC charging, implying that the internal heating rate of
OMB is much larger and more stable, whereas the inter-
nal heating rate of conventional Li-ion battery is small
and decreases rapidly with increase of temperature. The
benefits of low temperature charging protocols as dis-
closed herein are fully realized by using OMBs.
[0116] An example demonstrating regenerative charg-
ing using regenerative charging system 1400 described
in FIG. 11, regenerative charging methods C-CVLoR de-
scribed in FIG. 12 and FIG. 15 is given here, using the
same batteries, e.g., a 20Ah OMB and a baseline con-
ventional Li-ion battery. Relevant parameters, such as
TCG1, Vmax, Vmin, Imax, are the same as those for low
temperature charging. The predetermined SOC for re-
generative charging is set to SOCRG = 60%. Prior to re-
generative charging, the test battery is discharged to 30%
SOC and then soaked for 5-6 hours in a thermal chamber
set at -25°C.
[0117] According to the charging methods described
in FIG. 12, because the battery’s temperature of about
-25°C is less than the predetermined temperature (TCG1
= 25°C), high-resistance terminal is engaged. During
each regenerative charging period, the test battery is
charged by a C-CVLoR protocol, wherein I = 3C(60A) is
used for current controlled charging and VLoR = 4.1V is
used for CVLoR charging.
[0118] As an example of pulse charging, the regener-
ative charging process is represented by 10 regenerative
charge pulses in the duration of 10 minutes. Each pulse
lasts 10 seconds followed by a rest period of 50s.
[0119] Testing results are shown in FIGS. 21A to 21C.
As seen from the temperature evolution, the temperature
of the test OMB increases sharply during each regener-
ative charging period. After ten minutes, its temperature
reaches 22.0°C. In contrast, the temperature of the base-
line battery shows much smaller increase during each
charging period and still stays at very low level (-18.4°C)
at the end of the regenerative charging. The large tem-
perature rise of the test OMB is attributed to its high in-
ternal resistance, which generate much higher internal
heating rate that incurs on the average of 4.7°C temper-
ature rise (0.66°C for the baseline battery) during each
10s regenerative charging pulse. The benefits of regen-
erative charging protocols disclosed herein are fully re-
alized by using OMBs.
[0120] In addition, as seen from the battery’s current
and voltage evolution, the tested OMB always stays in
constant current mode during charging, whereas the
baseline battery switches to CVLoR mode quickly from
the second regenerative pulse. The Batteries’ different
charging modes are caused by their different tempera-
ture behaviors. The test OMB stays at much higher tem-
perature, which allows it to accept higher charging cur-
rent without incurring CVLoR mode. Therefore, the OMB
has the additional advantage of high charge acceptance
during regenerative braking.
[0121] While the aforementioned test results are
shown for a Li-ion battery, ohmically modulated batteries
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based on advanced lithium batteries, nickel-metal hy-
dride (Ni-MH), lead-acid (Pb-acid) and other battery
chemistries is expected to have the same advantages.
[0122] Only the preferred embodiments of the present
invention and examples of its versatility are shown and
described in the present disclosure. 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 herein. Thus, for example, those
skilled in the art will recognize, or be able to ascertain,
using no more than routine experimentation, numerous
equivalents to the specific substances, procedures and
arrangements described herein. Such equivalents are
considered to be within the scope of this invention, and
are covered by the following claims.

Claims

1. A charging control system (600A, 600B) for charging
an ohmically modulated rechargeable battery (601,
1401) comprising:

an ohmically modulated battery (601, 1401)
comprising at least one negative terminal (120,
122) and at least one positive terminal (126) for
operating the battery (601, 1401) at a low resist-
ance level, and at least one high resistance ter-
minal (122, 123, 125) electrically connected to
at least one resistor sheet (112, 113, 212) within
a cell (213a, 213b) of the battery (601, 1401) or
between cells (213a, 213b) of the battery (601,
1401) for operating the battery (601, 1401) at a
high resistance level,
a temperature sensor (608, 1408) configured to
monitor a temperature of the battery (601, 1401);
a switch (124, 224) that can electrically engage
the battery (601, 1401) to a source of electrical
current through either a low-resistance terminal
(121) or the at least one high-resistance terminal
(122, 123, 125) of the battery (601, 1401); and
a controller (604, 1404) electrically connected
to the temperature sensor (608, 1408) and the
switch (124, 224) and that can receive input from
the temperature sensor (608, 1408) and is pro-
grammed to determine whether to electrically
engage the battery (601, 1401) to the source of
electrical current through either the low-resist-
ance terminal (121) or the high-resistance ter-
minal (122, 123, 125) through the switch (124,
224) based on input from the temperature sen-
sor (608, 1408),
characterised in that the at least one resistor
sheet includes two tabs (112a, 112b) with one
tab electrically connected to the at least one high
resistance terminal and the other tab electrically
connected to either the at least one negative ter-

minal or the at least one positive terminal.

2. The charging control system (600A, 600B) according
to claim 1, further comprising:

a current sensor (605, 1405) electrically con-
nected to the battery (601, 1401) and capable
of measuring current flowing through the battery
(601, 1401) and/ or a voltage sensor (606, 607,
1406, 1407) electrically connected to the battery
(601, 1401);
wherein the controller (604, 1404) can receive
inputs from the temperature sensor (608, 1408)
and the current sensor (605, 1405) and/or volt-
age sensor (606, 607, 1406, 1407) and is pro-
grammed to determine whether to electrically
engage the battery (601, 1401) to the source of
electrical current through either the low-resist-
ance terminal (121) or the high-resistance ter-
minal (122, 123, 125) through the switch (124,
224) based on inputs from the sensors.

3. The charging control system (600A, 600B) according
to claim 1, wherein the switch (124, 224) can elec-
trically engage the high-resistance terminal (122,
123, 125) to a positive terminal (126) of the battery
(601, 1401).

4. The charging control system (600A, 600B) according
to claim 1, 2 or 3, further comprising a generator
(1411) electrically connected to the battery (601,
1401) and capable of charging the battery (601,
1401).

5. An electrically powered vehicle comprising the
charging control system (600A, 600B) of claim 4.

6. A method of charging an ohmically modulated re-
chargeable battery (601, 1401) in a charging control
system (600A, 600B) with
an ohmically modulated battery (601, 1401) compris-
ing at least one negative terminal (120, 122) and at
least one positive terminal (126) for operating the
battery (601, 1401) at a low resistance level, and at
least one high resistance terminal (122, 123, 125)
electrically connected to at least one resistor sheet
(112, 113, 212) within a cell (213a, 213b) of the bat-
tery (601, 1401) or between cells (213a, 213b) of the
battery (601, 1401) for operating the battery (601,
1401) at a high resistance level, wherein the at least
one resistor sheet includes two tabs (112a, 112b)
with one tab electrically connected to the at least one
high resistance terminal and the other tab electrically
connected to either the at least one negative terminal
or the at least one positive terminal;
a temperature sensor (608, 1408) configured to mon-
itor a temperature of the battery (601, 1401);
a switch (124, 224) that can electrically engage the

29 30 



EP 3 195 445 B1

17

5

10

15

20

25

30

35

40

45

50

55

battery (601, 1401) to a source of electrical current
through either a low-resistance terminal (121) or the
at least one high-resistance terminal (122, 123, 125)
of the battery (601, 1401); and
a controller (604, 1404) electrically connected to the
temperature sensor (608, 1408) and the switch (124,
224) and that can receive input from the temperature
sensor (608, 1408) and is programmed to determine
whether to electrically engage the battery (601,
1401) to the source of electrical current through ei-
ther the low-resistance terminal (121) or the high-
resistance terminal (122, 123, 125) through the
switch (124, 224) based on input from the tempera-
ture sensor (608, 1408),
the method comprising:

charging the battery (601, 1401) under a low
temperature charging protocol (LTCP) when the
battery (601, 1401) is in a high resistance mode;
and
charging the battery (601, 1401) under a second
protocol when the battery (601, 1401) is in a low
resistance mode.

7. The method according to claim 6, wherein the LTCP
includes: (i) charging the battery (601, 1401) at either
a constant voltage or a constant charging power (P);
and (ii) followed by charging the battery (601, 1401)
at a constant current; wherein the constant voltage
is determined either at the low-resistance terminal
(121) voltage VLoR of the battery (601, 1401) or at
the voltage of the battery (601, 1401).

8. The method according to claim 7, wherein charging
the battery (601, 1401) at the constant current occurs
when the charging current reaches or exceeds a pre-
determined maximum charge current (Imax).

9. The method according to claim 6, wherein the LTCP
includes charging the battery (601, 1401) by alter-
natively applying charging and discharging pulse
power to the battery (601, 1401).

10. The method according to any one of claims 6, 7, or
8, further comprising charging the battery (601,
1401) in the high resistance mode when a temper-
ature of the battery (601, 1401) is below a predeter-
mined level TCG1 and charging the battery (601,
1401) in the low resistance mode when the temper-
ature of the battery (601, 1401) is equal to or above
TCG1.

11. The method according to claim 10, wherein TCG1 is
a value between 5°C and 25°C.

Patentansprüche

1. Ladesteuerungssystem (600A, 600B) zum Laden ei-
ner ohmisch modulierten wiederaufladbaren Batte-
rie (601, 1401), mit:

einer ohmisch modulierten Batterie (601, 1401)
mit mindestens einem Minuspol (120, 122) und
mindestens einem Pluspol (126) zum Betreiben
der Batterie (601, 1401) mit einer niedrigen Wi-
derstandsstufe und mit mindestens einem
Hochwiderstandsanschluss (122, 123, 125), der
mit mindestens einer Widerstandsschicht (112,
113, 212) innerhalb einer Zelle (213a, 213b) der
Batterie (601, 1401) oder zwischen Zellen
(213a, 213b) der Batterie (601, 1401) elektrisch
verbunden ist, um die Batterie (601, 1401) mit
einer hohen Widerstandsstufe zu betreiben;
einem Temperatursensor (608, 1408), der zum
Überwachen einer Temperatur der Batterie
(601, 1401) ausgebildet ist;
einem Schalter (124, 224), der die Batterie (601,
1401) mit einer Quelle elektrischen Stroms
durch entweder einen Geringwiderstandsan-
schluss (121) oder den mindestens einen Hoch-
widerstandsanschluss (122, 123, 125) der Bat-
terie (601, 1401) elektrisch anschließen kann;
und
einer Steuervorrichtung (604, 1404), die mit
dem Temperatursensor (608, 1408) und dem
Schalter (124, 224) elektrisch verbunden ist und
eine Eingabe von dem Temperatursensor (608,
1408) empfangen kann und dazu programmiert
ist, zu bestimmen, ob die Batterie (601, 1401)
mit der Quelle elektrischen Stroms durch ent-
weder den Geringwiderstandsanschluss (121)
oder den Hochwiderstandsanschluss (122, 123,
125) durch den Schalter (124, 224) elektrisch
angeschlossen werden soll, basierend auf einer
Eingabe des Temperatursensors (608, 1408),
dadurch gekennzeichnet, dass die mindes-
tens eine Widerstandsschicht zwei Laschen
(112a, 112b) aufweist, wobei eine Lasche mit
dem mindestens einen Hochwiderstandsan-
schluss elektrisch verbunden ist und die andere
Lasche entweder mit dem mindestens einen Mi-
nuspol oder mit dem mindestens einen Pluspol
elektrisch verbunden ist.

2. Ladesteuerungssystem (600A, 600B) nach An-
spruch 1, ferner mit:

einem Stromsensor (605, 1405), der mit der Bat-
terie (601, 1401) elektrisch verbunden ist und in
der Lage ist, einen durch die Batterie (601, 1401)
fließenden Strom zu messen, und/oder einem
Spannungssensor (606, 607, 1406, 1407), der
mit der Batterie (601, 1401) elektrisch verbun-
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den ist;
wobei die Steuervorrichtung (604, 1404) Einga-
ben von dem Temperatursensor (608, 1408)
und dem Stromsensor (605, 1405) und/oder
dem Spannungssensor (606, 607, 1406, 1407)
empfangen kann und dazu programmiert ist, zu
bestimmen, ob die Batterie (601, 1401) mit der
Quelle elektrischen Stroms durch entweder den
Geringwiderstandsanschluss (121) oder den
Hochwiderstandsanschluss (122, 123, 125)
durch den Schalter (124, 224) elektrisch ange-
schlossen werden soll, basierend auf Eingaben
von den Sensoren.

3. Ladesteuerungssystem (600A, 600B) nach An-
spruch 1, wobei der Schalter (124, 224) den Hoch-
widerstandsanschluss (122, 123, 125) mit einem
Pluspol (126) der Batterie (601, 1401) elektrisch an-
schließen kann.

4. Ladesteuerungssystem (600A, 600B) nach An-
spruch 1, 2 oder 3, ferner mit einem Generator
(1411), der mit der Batterie (601, 1401) elektrisch
verbunden ist und in der Lage ist, die Batterie (601,
1401) zu laden.

5. Elektrisch angetriebenes Fahrzeug, welches das La-
desteuerungssystem (600A, 600B) nach Anspruch
4 aufweist.

6. Verfahren zum Laden einer ohmisch modulierten
wiederaufladbaren Batterie (601, 1401) in einem La-
desteuerungssystem (600A, 600B) mit
einer ohmisch modulierte Batterie (601, 1401) mit
mindestens einem Minuspol (120, 122) und mindes-
tens einem Pluspol (126) zum Betreiben der Batterie
(601, 1401) mit einer niedrigen Widerstandsstufe
und mindestens einem Hochwiderstandsanschluss
(122, 123, 125), der mit mindestens einer Wider-
standsschicht (112, 113, 212) innerhalb einer Zelle
(213a, 213b) der Batterie (601, 1401) oder zwischen
Zellen (213a, 213b) der Batterie (601, 1401) elek-
trisch verbunden ist, um die Batterie (601, 1401) mit
einer hohen Widerstandsstufe zu betreiben, wobei
die mindestens eine Widerstandsschicht zwei La-
schen (112a, 112b) aufweist, wobei eine Lasche mit
dem mindestens einen Hochwiderstandsanschluss
elektrisch verbunden ist und die andere Laschen ent-
weder mit dem mindestens einen Minuspol oder mit
dem mindestens einen Pluspol elektrisch verbunden
ist;
einem Temperatursensor (608, 1408), der zum
Überwachen einer Temperatur der Batterie (601,
1401) ausgebildet ist;
einem Schalter (124, 224), der die Batterie (601,
1401) mit einer Quelle elektrischen Stroms durch
entweder einen Geringwiderstandsanschluss (121)
oder den mindestens einen Hochwiderstandsan-

schluss (122, 123, 125) der Batterie (601, 1401)
elektrisch anschließen kann; und
einer Steuervorrichtung (604, 1404), die mit dem
Temperatursensor (608, 1408) und dem Schalter
(124, 224) elektrisch verbunden ist und eine Eingabe
von dem Temperatursensor (608, 1408) empfangen
kann und dazu programmiert ist, zu bestimmen, ob
die Batterie (601, 1401) mit der Quelle elektrischen
Stroms durch entweder den Geringwiderstandsan-
schluss (121) oder den Hochwiderstandsanschluss
(122, 123, 125) durch den Schalter (124, 224) elek-
trisch angeschlossen werden soll, basierend auf ei-
ner Eingabe des Temperatursensors (608, 1408),
wobei das Verfahren umfasst:

Laden der Batterie (601, 1401) nach einem
Niedrigtemperatur-Ladeprotokoll (LTCP - Low
Temperatur Charging Protocol), wenn die Bat-
terie (601, 1401) in einem Hochwiderstandsmo-
dus ist; und
Laden der Batterie (601, 1401) nach einem
zweiten Protokoll, wenn die Batterie (601, 1401)
in einem Geringwiderstandsmodus ist.

7. Verfahren nach Anspruch 6, wobei das LTCP um-
fasst: (i) Laden der Batterie (601, 1401) mit entweder
einer konstanten Spannung oder einer konstanten
Ladeleistung (P); und (ii) gefolgt von dem Laden der
Batterie (601, 1401) mit einem konstanten Strom;
wobei die konstante Spannung entweder mit der Ge-
ringwiderstandsanschluss-(121)-Spannung VLoR
der Batterie (601, 1401) oder der Spannung der Bat-
terie (601, 1401) bestimmt wird.

8. Verfahren nach Anspruch 7, wobei das Laden der
Batterie (601, 1401) mit konstantem Strom erfolgt,
wenn der Ladestrom einen vorgegebenen maxima-
len Ladestrom (Imax) erreicht oder überschreitet.

9. Verfahren nach Anspruch 6, wobei das LTCP das
Laden der Batterie (601, 1401) durch abwechseln-
des Anlegen von Lade- und Entladeimpulsleistung
an die Batterie (601, 1401) umfasst.

10. Verfahren nach einem der Ansprüche 6, 7 oder 8,
ferner umfassend das Laden der Batterie (601,
1401) im Hochwiderstandsmodus, wenn eine Tem-
peratur der Batterie (601, 1401) unterhalb einer vor-
gegebenen Stufe TCG1 liegt, und das Laden der Bat-
terie (601, 1401) im Geringwiderstandmodus, wenn
die Temperatur der Batterie (601, 1401) gleich TCG1
ist oder darüber liegt.

11. Verfahren nach Anspruch 10, wobei TCG1 ein Wert
zwischen 5 °C und 25 °C ist.
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Revendications

1. Système de commande de charge (600A, 600B)
pour charger une batterie rechargeable à modulation
ohmique (601, 1401) comprenant :

une batterie à modulation ohmique (601, 1401)
comprenant au moins une borne négative (120,
122) et au moins une borne positive (126) pour
faire fonctionner la batterie (601, 1401) à un ni-
veau de faible résistance, et au moins une borne
de haute résistance (122, 123, 125) connectée
électriquement à au moins une feuille de résistor
(112, 113, 212) au sein d’un élément (213a,
213b) de la batterie (601, 1401) ou entre des
éléments (213a, 213b) de la batterie (601, 1401)
pour faire fonctionner la batterie (601, 1401) à
un niveau de haute résistance,
un capteur de température (608, 1408) configu-
ré pour surveiller une température de la batterie
(601, 1401) ;
un commutateur (124, 224) qui peut engager
électriquement la batterie (601, 1401) avec une
source de courant électrique par le biais soit
d’une borne de faible résistance (121), soit de
la borne de haute résistance (122, 123, 125) de
la batterie (601, 1401) ; et
un dispositif de commande (604, 1404) connec-
té électriquement au capteur de température
(608, 1408) et au commutateur (124, 224) et qui
peut recevoir une entrée provenant du capteur
de température (608, 1408) et est programmé
pour déterminer s’il faut engager électriquement
la batterie (601, 1401) avec la source de courant
électrique par le biais soit de la borne de faible
résistance (121), soit de la borne de haute ré-
sistance (122, 123, 125) par le biais du commu-
tateur (124, 224) d’après une entrée provenant
du capteur de température (608, 1408),
caractérisé en ce que l’au moins une feuille de
résistor comporte deux languettes (112a, 112b),
une languette étant connectée électriquement
à l’au moins une borne de haute résistance et
l’autre languette étant connectée électrique-
ment soit à l’au moins une borne négative, soit
à l’au moins une borne positive.

2. Système de commande de charge (600A, 600B) se-
lon la revendication 1, comprenant en outre :

un capteur de courant (605, 1405) connecté
électriquement à la batterie (601, 1401) et ca-
pable de mesurer du courant circulant à travers
la batterie (601, 1401) et/ou un capteur de ten-
sion (606, 607, 1406, 1407) connecté électri-
quement à la batterie (601, 1401) ;
dans lequel le dispositif de commande (604,
1404) peut recevoir des entrées provenant du

capteur de température (608, 1408) et du cap-
teur de courant (605, 1405) et/ou du capteur de
tension (606, 607, 1406, 1407) et est program-
mé pour déterminer s’il faut engager électrique-
ment la batterie (601, 1401) avec la source de
courant électrique par le biais soit de la borne
de faible résistance (121), soit de la borne de
haute résistance (122, 123, 125) par le biais du
commutateur (124, 224) d’après des entrées
provenant des capteurs.

3. Système de commande de charge (600A, 600B) se-
lon la revendication 1, dans lequel le commutateur
(124, 224) peut engager électriquement la borne de
haute résistance (122, 123, 125) avec une borne po-
sitive (126) de la batterie (601, 1401).

4. Système de commande de charge (600A, 600B) se-
lon la revendication 1, 2 ou 3, comprenant en outre
un générateur (1411) connecté électriquement à la
batterie (601, 1401) et capable de charger la batterie
(601, 1401).

5. Véhicule électrique comprenant le système de com-
mande de charge (600A, 600B) de la revendication
4.

6. Procédé de charge d’une batterie rechargeable à
modulation ohmique (601, 1401) dans un système
de commande de charge (600A, 600B) avec
une batterie à modulation ohmique (601, 1401) com-
prenant au moins une borne négative (120, 122) et
au moins une borne positive (126) pour faire fonc-
tionner la batterie (601, 1401) à un niveau de faible
résistance, et au moins une borne de haute résis-
tance (122, 123, 125) connectée électriquement à
au moins une feuille de résistor (112, 113, 212) au
sein d’un élément (213a, 213b) de la batterie (601,
1401) ou entre des éléments (213a, 213b) de la bat-
terie (601, 1401) pour faire fonctionner la batterie
(601, 1401) à un niveau de haute résistance, dans
lequel l’au moins une feuille de résistor comporte
deux languettes (112a, 112b), une languette étant
connectée électriquement à l’au moins une borne de
haute résistance et l’autre languette étant connectée
électriquement soit à l’au moins une borne négative,
soit à l’au moins une borne positive ;
un capteur de température (608, 1408) configuré
pour surveiller une température de la batterie (601,
1401) ;
un commutateur (124, 224) qui peut engager élec-
triquement la batterie (601, 1401) avec une source
de courant électrique par le biais soit d’une borne de
faible résistance (121), soit de l’au moins une borne
de haute résistance (122, 123, 125) de la batterie
(601, 1401) ; et
un dispositif de commande (604, 1404) connecté
électriquement au capteur de température (608,
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1408) et au commutateur (124, 224) et qui peut re-
cevoir une entrée provenant du capteur de tempé-
rature (608, 1408) et est programmé pour déterminer
s’il faut engager électriquement la batterie (601,
1401) avec la source de courant électrique par le
biais soit de la borne de faible résistance (121), soit
de la borne de haute résistance (122, 123, 125) par
le biais du commutateur (124, 224) d’après une en-
trée provenant du capteur de température (608,
1408),
le procédé comprenant :

la charge de la batterie (601, 1401) selon un
protocole de charge à basse température
(LTCP) lorsque la batterie (601, 1401) est dans
un mode de haute résistance ; et
la charge de la batterie (601, 1401) selon un
second protocole lorsque la batterie (601, 1401)
est dans un mode de faible résistance.

7. Procédé selon la revendication 6, dans lequel le
LTCP comporte : (i) la charge de la batterie (601,
1401) soit à une tension constante, soit à une puis-
sance de charge constante (P) ; et (ii) suivie de la
charge de la batterie (601, 1401) à un courant
constant ; dans lequel la tension constante est dé-
terminée soit à la tension VLoR de la borne de faible
résistance (121) de la batterie (601, 1401), soit à la
tension de la batterie (601, 1401).

8. Procédé selon la revendication 7, dans lequel la
charge de la batterie (601, 1401) au courant constant
se produit lorsque le courant de charge atteint ou
dépasse un courant de charge maximal prédétermi-
né (Imax).

9. Procédé selon la revendication 6, dans lequel le
LTCP comporte la charge de la batterie (601, 1401)
par application en alternance d’une puissance d’im-
pulsion de charge et de décharge à la batterie (601,
1401).

10. Procédé selon l’une quelconque des revendications
6, 7, ou 8, comprenant en outre la charge de la bat-
terie (601, 1401) dans le mode de haute résistance
lorsqu’une température de la batterie (601, 1401) est
en dessous d’un niveau prédéterminé TCG1 et la
charge de la batterie (601, 1401) dans le mode de
faible résistance lorsque la température de la batte-
rie (601, 1401) est supérieure ou égale à TCG1.

11. Procédé selon la revendication 10, dans lequel TCG1
est une valeur entre 5 °C et 25 °C.
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