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the range where the SOC of the cell is 0% to 30%, or M x Val (X) <N x Va2 (X) in the range where the SOC of the cell is 70% to 100%.
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Description

Title of Invention: STORAGE BATTERY
CROSS-REFERENCE TO RELATED APPLICATIONS

This application is based upon and claims the benefit of priority from Japanese
Patent Application No.2020-125399, filed July 22, 2020; the entire contents of which
are incorporated herein by reference.

Field

An embodiment relates to a storage battery.
Background

Storage batteries are widely used as power sources for small portable devices,
power sources mounted on vehicles in the field of mobility, stationary power sources
in power transmission networks such as smart grids, and the like. In such a storage
battery, especially when the storage battery is used as a power source for a vehicle, it is
required to realize a long life by, for example, ensuring safety in charging or dis-
charging with a large current and to secure a high energy density.

A storage battery formed from a nonaqueous electrolyte cell containing a titanium
composite oxide as a negative electrode active material has high safety in charging or
discharging with a large current. On the other hand, a storage battery formed from a
nonaqueous electrolyte cell containing a carbonaceous material as a negative electrode
active material has high energy density. The storage battery is required to ensure both
safety in charging or discharging with a large current and high energy density by, for
example, combining two or more types of cells in which materials as active materials

are different from each other.
Citation List

Patent Literature

PTL 1: U.S. Patent Application Publication No.2015/0188188

PTL 2: U.S. Patent Application Publication No.2019/0067753

PTL 3: International Publication No.2019/187132

Brief Description of Drawings

[fig.1]FIG.1 is a schematic diagram showing a configuration of a battery pack
according to a first embodiment.

[fig.2]FIG.2 is a schematic diagram showing a relationship of DC resistance during
charging to SOC for each of a first cell and a second cell of an embodiment.
[fig.3]F1G.3 is a schematic diagram showing a configuration and a voltage range of
each of a first battery module and a second battery module in Example 1 (Comparative

Example 2).
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[fig.4]F1G.4 is a schematic diagram showing a relationship of a voltage to SOC for
each of the first battery module and the second battery module in Example 1
(Comparative Example 2).

[fig.5]FIG.5 is a schematic diagram showing a change over time in a current flowing
through each of the first cell and the second cell in charging from a lower limit voltage
value of the battery pack in Example 1.

[fig.6]F1G.6 is a schematic diagram showing a change over time in the SOC of each of
the first cell and the second cell in charging from the lower limit voltage value of the
battery pack in Example 1.

[fig.7]F1G.7 is a schematic diagram showing a configuration and a voltage range of
each of the first battery module and the second battery module in Comparative
Example 1 (Example 2).

[fig.8]FIG.8 is a schematic diagram showing a relationship of the voltage to the SOC
for each of the first battery module and the second battery module in Comparative
Example 1 (Example 2).

[fig.9]FIG.9 is a schematic diagram showing a change over time in a current flowing
through each of the first cell and the second cell in charging from an initial voltage
value of the battery pack in Comparative Example 1.

[fig.10]FIG.10 is a schematic diagram showing a change over time in the SOC of each
of the first cell and the second cell in charging from the initial voltage value of the
battery pack in Comparative Example 1.

[fig. 11]FIG.11 is a schematic diagram showing a change over time in a current flowing
through each of the first cell and the second cell in discharging from an initial voltage
value of the battery pack in Example 2.

[fig.12]FIG.12 is a schematic diagram showing a change over time in the SOC of each
of the first cell and the second cell in discharging from the initial voltage value of the
battery pack in Example 2.

[fig.13]FIG.13 is a schematic diagram showing a change over time in a current flowing
through each of the first cell and the second cell in discharging from an initial voltage
value of the battery pack in Comparative Example 2.

[fig.14]FIG.14 is a schematic diagram showing a change over time in the SOC of each
of the first cell and the second cell in discharging from the initial voltage value of the
battery pack in Comparative Example 2.

[fig.15]FIG.15 is a schematic diagram showing a change over time in an output power
of the battery pack in discharging from the initial voltage value of each of the battery
packs of Example 2 and Comparative Example 2.

[fig.16]FIG.16 is a schematic diagram showing a configuration and a voltage range of

each of the first battery module and the second battery module in Example 3.
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[fig.17]FIG.17 is a schematic diagram showing a relationship of the voltage to the
SOC for each of the first battery module and the second battery module in Example 3.
[fig.18]FIG.18 is a schematic diagram showing a change over time in the current
flowing through each of the first cell and the second cell in charging from a lower limit
voltage value of the battery pack in Example 3.

[fig.19]FIG.19 is a schematic diagram showing a change over time in the SOC of each
of the first cell and the second cell in charging from the lower limit voltage value of
the battery pack in Example 3.

[fig.20]FIG.20 is a schematic diagram showing a change over time in the current
flowing through each of the first cell and the second cell in discharging from an initial
voltage value of the battery pack in Example 3.

[fig.21]FIG.21 is a schematic diagram showing a change over time in the SOC of each
of the first cell and the second cell in discharging from the initial voltage value of the
battery pack in Example 3.

DETAILED DESCRIPTION

A storage battery of an embodiment includes a first battery module and a second
battery module. The first battery module includes a plurality of first cells connected in
series, and each of the plurality of first cells includes a titanium composite oxide as a
negative electrode active material. The second battery module includes a plurality of
second cells connected in series, and each of the plurality of second cells includes a
carbonaceous material as a negative electrode active material. The second battery
module is connected in parallel with the first battery module. Assuming that an open
circuit voltage at SOC = X% of each of the plurality of first cells is Val (X), the open
circuit voltage at SOC = X% of each of the plurality of second cells is Va2 (X), the
number of the plurality of first cells connected in series in the first battery module is
M, and the number of the plurality of second cells connected in series in the second
battery module is N, M x Val (X) <N x Va2 (X) is satisfied in 0 £ X < 30.

Hereinafter, embodiments will be described with reference to the drawings.

(First Embodiment)

FIG.1 is a schematic diagram showing a configuration of a battery pack according
to a first embodiment. A battery pack 1 includes a storage battery 2. The storage
battery 2 includes a first battery module 10 and a second battery module 20. The first
battery module 10 includes a plurality of first cells 11, and the plurality of first cells 11
are electrically connected in series. In the present embodiment, the first battery module
10 is provided with the M first cells 11, and the number of the first cells connected in
series in the first battery module 10 is M. Each of the first cells 11 is a nonaqueous
electrolyte cell in which a titanium composite oxide is used as a negative electrode

active material.
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The second battery module 20 includes a plurality of second cells 21, and the
plurality of second cells 21 are electrically connected in series. In the present em-
bodiment, the second battery module 20 is provided with the N second cells 21, and
the number of the second cells connected in series in the second battery module 20 is
N. Each of the second cells 21 is a nonaqueous electrolyte cell in which a car-
bonaceous material is used as a negative electrode active material. The battery pack 1
is provided with a cooler 5 that cools the first battery module 10 and the second battery
module 20.

Examples of the titanium composite oxide used as the negative electrode active
material in each of the plurality of first cells 11 of the first battery module 10 include
monoclinic niobium titanium composite oxide, orthorhombic titanium-containing
composite oxide, lithium titanate having a ramsdellite structure, lithium titanate having
a spinel structure, monoclinic titanium dioxide, anatase type titanium dioxide, rutile
type titanium dioxide, and hollandite type titanium composite oxide.

In each of the plurality of first cells 11, a lithium transition metal composite oxide
can be used as a positive electrode active material. Examples of the lithium transition
metal composite oxide used as the positive electrode active material in each of the
plurality of first cells 11 include Li,MeO, (0 < u < 1, and Me is one or more selected
from the group consisting of Ni, Co, and Mn) having a layered structure, and, for
example, a lithium nickel cobalt manganese composite oxide can be used. Examples of
the lithium transition metal composite oxide used as the positive electrode active
material in each of the plurality of first cells 11 further include lithium iron phosphorus
oxide. As the negative electrode active material and the positive electrode active
material used in the plurality of first cells 11, the same active material as in PTL 3
(International Publication No.2019/187132) can be used.

The first battery module 10 is constituted of a group of cells in which the plurality
of first cells 11 are connected in series. In the first battery module 10, the capacities,
sizes, weights, etc. of the plurality of first cells 11 are the same or almost the same as
each other. Furthermore, in the first battery module 10, the plurality of first cells 11 are
electrically connected to each other via a bus bar 13. If a voltage V1 of the first cell 11
alone is specified, the voltage of the first battery module 101is V1 x M.

Examples of the carbonaceous material used as the negative electrode active
material in each of the plurality of second cells 21 of the second battery module 20
include graphite and amorphous carbon. In each of the plurality of second cells 21, an
active material similar to the positive electrode active material of the first cell 11 can
be used as the positive electrode active material.

The second battery module 20 is constituted of a group of cells in which the

plurality of second cells 21 are connected in series. In the second battery module 20,
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the capacities, sizes, weights, etc. of the plurality of second cells 21 are the same or
substantially the same as each other. Furthermore, in the second battery module 20, the
plurality of second cells 21 are electrically connected to each other via a bus bar 23. If
a voltage V2 of the second cell 21 alone is specified, the voltage of the second battery
module 20 is V2 x N.

In the storage battery 2, the second battery module 20 is electrically connected in
parallel with the first battery module 10. The storage battery 2 is electrically connected
to an external power source or an external load outside the battery pack 1. When the
storage battery 2 is electrically connected to the external power source or the external
load, a positive electrode side terminal 15 of the first battery module 10 and a positive
electrode side terminal 25 of the second battery module 20 are each connected to a plus
side terminal 7 of the external power source or the external load. When the storage
battery 2 is electrically connected to the external power source or the external load, a
negative electrode side terminal 16 of the first battery module 10 and a negative
electrode side terminal 26 of the second battery module 20 are each connected to a
minus side terminal 8 of the external power source or the external load.

As the cooler 5, an air cooling fan, a cooling pump, or the like can be used. The
cooler 5 supplies a cooling medium to a flow path 6 and causes the cooling medium to
flow through the flow path 6. The cooling medium is air or liquid. The first battery
module 10 and the second battery module 20 are cooled by the cooling medium
flowing through the flow path 6. The flow path 6 is adjacent to the second battery
module 20, and heat generated in the second battery module 20 is released to the
cooling medium flowing through the flow path 6. The first battery module 10 is
disposed on a side opposite to the flow path 6 with respect to the second battery
module 20. Heat generated in the first battery module 10 is released to the cooling
medium flowing through the flow path 6 through the second battery module 20.

Next, a method of operating the battery pack 1 (storage battery 2) of the present
embodiment will be described. The following description of the operation method will
be described with reference to FIGS.3 and 4 related to Example 1 described later.
Here, in the first cell 11 alone which is a nonaqueous electrolyte cell in which a
titanium composite oxide is used as the negative electrode active material, an open
circuit voltage Val (X) in a state where the SOC (State of charge) is X% (SOC = X%)
is defined. In the second cell 21 alone which is a nonaqueous electrolyte cell in which
a carbonaceous material is used as the negative electrode active material, an open
circuit voltage Va2 (X) in the state where the SOC is X% (SOC = X%) is defined. In
each of the cells 11 and 21, a state where the SOC is 100% (state where X = 100) is a
fully charged state, and a state where the SOC is 0% (state where X = 0) is a fully
discharged state. Furthermore, in each of the cells 11 and 21, the SOC is a ratio of a
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charge amount (remaining capacity to the fully discharged state) from the fully
discharged state to a maximum capacity (fully charged capacity from the fully
discharged state to the fully charged state).

When values of the SOCs of the first cell 11 and the second cell 21 are the same, a
negative electrode potential of the first cell 11 is higher than the negative electrode
potential of the second cell 21. Thus, when the values of the SOCs of the cell 11 and
the cell 21 are the same, the open circuit voltage of the first cell 11 alone is lower than
the open circuit voltage of the second cell 21 alone. That is, a relationship of Val (X) <
Va2 (X) is established. Actually, as the first cell 11, a cell having an open circuit
voltage Val (0) in arange of 1.2 Vto 3.2 V at SOC = 0% is used. As the second cell
21, a cell having an open circuit voltage Va2 (0) in arange of 2.5 Vto 4.3 V at SOC =
0% is used.

When SOC = X%, the open circuit voltage of the first battery module 10 is M x
Val (X) by using the number M of the first cells 11 connected in series in the first
battery module 10. Furthermore, when SOC = X%, the open circuit voltage of the
second battery module 20 is N x Va2 (X) by using the number N of the second cells 21
connected in series in the second battery module 20.

In the battery pack 1 of the present embodiment, since the battery modules 10 and
20 are connected in parallel, the voltages of the battery modules 10 and 20 are the
same or substantially the same as each other during the operation of the battery pack 1.
Further, in the battery pack 1 (storage battery 2), a lower limit voltage value Vpmin is
set. The lower limit voltage value Vpmin of the battery pack 1 (storage battery 2) is set
to the higher one of the lower limit voltage value of the first battery module 10 and the
lower limit voltage value of the second battery module 20 from the viewpoint of
ensuring safety and durability. Furthermore, in the battery pack 1, for example, at the
start of charging and immediately after the start of charging, etc., it is necessary to
suppress flow of a large current through each of the second cells 21 containing a car-
bonaceous material as the negative electrode active material, and prevent precipitation
of lithium in each of the second cells 21. Thus, in the present embodiment, when the
storage battery 2 is charged such that the lower limit voltage value Vpmin or a value
slightly higher than the lower limit voltage value Vpmin is set as an initial voltage
value, the battery pack 1 is operated under a condition that resistance of the second cell
21 is higher than resistance of the first cell 11 at the start of charging and immediately
after the start of charging, etc. As a result, it is suppressed that a large current is rapidly
input to each of the second cells 21 at the start of charging and immediately after the
start of charging, etc.

In order to operate the battery pack 1 under the above-mentioned conditions, in

the present embodiment, the number M of the first cells 11 connected in series in the
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first battery module 10 and the number N of the second cells 21 connected in series in
the second battery module 20 are set so as to satisfy a formula (A1) in a range where
the SOC of each of the first cell 11 and the second cell 21 is 0% to 30%. Thus, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
any value in the range of 0% to 30%, the voltage of the second battery module 20 is
higher than the voltage of the first battery module 10. If the voltages of the battery
modules 10 and 20 are the same at either the lower limit voltage value Vpmin of the
battery pack 1 described above or the value slightly higher than the lower limit voltage
value Vpmin, the SOC of the second battery module 20 is lower than the SOC of the
first battery module 10.

M x Val (X) < N x Va2 (X) (0= X =£30) (Al)

In each of the first cell 11 and the second cell 21, the voltage when the SOC is
Xmin% is defined as the lower limit voltage value. Here, Xmin indicates a lower limit
SOC of each of the cells 11 and 21, and is any value of O to 30. A lower limit voltage
value M x Val (Xmin) of the first battery module 10 is defined from a lower limit
voltage value Val (Xmin) of the first cell 11, and a lower limit voltage value N x Va2
(Xmin) of the second battery module 20 is defined from a lower limit voltage value
Va2 (Xmin) of the second cell 21.

As described above, the lower limit voltage value Vpmin of the battery pack 1
(storage battery 2) is set to the higher one of the lower limit voltage value M x Val
(Xmin) of the first battery module 10 and the lower limit voltage value N x Va2
(Xmin) of the second battery module 20. From the equation (A1), the lower limit
voltage value N x Va2 (Xmin) of the second battery module 20 is higher than the
lower limit voltage value M x Val (Xmin) of the first battery module 10. That is, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmin% which is the lower limit SOC, the voltage of the second battery module 20 is
higher than the voltage of the first battery module 10. Therefore, in the present em-
bodiment, the lower limit voltage value N x Va2 (Xmin) of the second battery module
20 is set as the lower limit voltage value Vpmin of the battery pack 1, and the battery
pack 1 (storage battery 2) is operated in a state where the voltage is the lower limit
voltage value N x Va2 (Xmin) of the second battery module 20 or more.

FIG.2 is a schematic diagram showing a relationship of DC resistance (DCR:
direct current resistance) during charging to SOC for each of the first cell and the
second cell of the embodiment. In FIG.2, the abscissa axis shows the SOC of a single
cell, and the ordinate axis shows the DC resistance of a single cell. When lithium
titanate is used as the negative electrode active material, a change in DC resistance of
the first cell 11 is shown by a change pattern a.1. When niobium-titanium composite

oxide is used as the negative electrode active material, a change in DC resistance of the
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first cell 11 is shown by a change pattern a2. When graphite is used as the negative
electrode active material and lithium nickel cobalt manganese composite oxide is used
as the positive electrode active material, a change in DC resistance of the second cell
21 is shown by a change pattern 1. When graphite is used as the negative electrode
active material and lithium iron phosphorus oxide is used as the positive electrode
active material, a change in DC resistance of the second cell 21 is shown by a change
pattern 32. Furthermore, in FIG.2, in each of the change patterns al, a2, 31, and (32,
the DC resistance is shown by a relative value at which a value at a measurement point
having the highest DC resistance among the plurality of measurement points is 1. The
DC resistance during charging can be determined by a hybrid pulse power charac-
terization (HPPC) test, and FIG.2 shows a measurement result at 25°C.

As shown in FIG.2, the relationship of the DC resistance to the SOC in a single
cell varies depending on the types of the negative electrode active material and the
positive electrode active material, the capacities of the negative electrode active
material and the positive electrode active material, and the like. However, in many
types of cells, the resistance tends to be high in the range where the SOC is 0% to 30%
(range v1 in FIG.2), that is, in a region where the SOC is low. That is, in many types of
cells, the resistance tends to be higher in the range where the SOC is 0% to 30% than
the resistance in a range where the SOC is 30% to 70%. A reason why the resistance of
the cell is high in the region where the SOC is low is considered to be that diffusion re-
sistance is high because a lithium filled state (filling rate) at the positive electrode is
high in the region where the SOC is low.

In the present embodiment, the battery pack 1 is charged with the lower limit
voltage value Vpmin as the initial voltage value, for example. In this case, at the start
of charging and immediately after the start of charging, the voltages of the battery
modules 10 and 20 are the same or substantially the same as each other at either the
lower limit voltage value Vpmin or the value slightly higher than the lower limit
voltage value Vpmin. Thus, at the start of charging and immediately after the start of
charging, the SOC of the second battery module 20 is lower than the SOC of the first
battery module 10, and the SOC of the second cell 21 containing a carbonaceous
material as the negative electrode active material is lower than the SOC of the first cell
11 containing titanium composite oxide as the negative electrode active material. Since
Xmin is 0 to 30, the SOC of the second battery module 20 (second cell 21) is in a low
region, such as the range of 0% to 30%, at the start of charging and immediately after
the start of charging.

Here, from a relationship of the resistance to the SOC in the cell alone shown in
FIG.2, when the battery pack 1 is operated as described above, at the start of charging
the battery pack 1 and immediately after the start of the charging, the resistance of the
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first cell 11, that is, the resistance of the first battery module 10 is low. At the start of
charging the battery pack 1 and immediately after the start of the charging, the re-
sistance of the second cell 21 is higher than the resistance of the first cell 11, and the
resistance of the second battery module 20 is higher than the resistance of the first
battery module 10. As a result, even when the battery pack 1 is rapidly charged with a
large current with the lower limit voltage value Vpmin or the like as the initial voltage
value, a large current is input only to the first battery module 10 at the start of charging
and immediately after the start of charging, etc. Since the input of a large current to the
second battery module 20 is suppressed, precipitation of lithium at each negative
electrode of the second cell 21 is effectively prevented. Therefore, the safety of the
storage battery 2 (battery pack 1) is ensured in the charging with a large current, and
the durability of the battery pack 1 is ensured.

Hereinafter, Example 1 which is an example of the present embodiment will be
described. FIG.3 is a schematic diagram showing a configuration and a voltage range
of each of the first battery module and the second battery module in Example 1. FIG.4
is a schematic diagram showing a relationship of the voltage to the SOC for each of the
first battery module and the second battery module in Example 1. In FIG.4, the
abscissa axis shows each SOC of the battery module, and the ordinate axis shows the
voltage of the battery module. Furthermore, in FIG.4, a change in a voltage M x V1 of
the first battery module 10 is shown by a solid line, and a change in a voltage N x V2
of the second battery module 20 is shown by a broken line.

As shown in FIG.3, etc., in Example 1, the 42 first cells 11 were electrically
connected in series to form the first battery module 10 in which the number of the first
cells 11 connected in series was 42 (M = 42), and the 26 second cells 21 were elec-
trically connected in series to form the second battery module 20 in which the number
of the second cells 21 connected in series was 26 (N =26). The storage battery 2
(battery pack 1) was formed by electrically connecting the first battery module 10 and
the second battery module 20 in parallel. As the first cell 11, a nonaqueous electrolyte
cell containing lithium titanate, having a spinel structure, as a negative electrode active
material and having a capacity (fully charged capacity) of 20 Ah was used. As the
second cell 21, a nonaqueous electrolyte cell containing graphite as the negative
electrode active material and having a capacity (fully charged capacity) of 20 Ah was
used.

In Example 1, the lower limit SOC was set to 10% (Xmin = 10) in each of the first
cell 11 and the second cell 21. The lower limit voltage value of the first cell 11 was set
to 2.10 V, which was an open circuit voltage Val (10) of the first cell 11 at SOC =
10%. The lower limit voltage value of the second cell 21 was set to 3.47 V, which was
an open circuit voltage Va2 (10) of the second cell 21 at SOC = 10%. Thus, the lower
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limit voltage value of the first battery module 10 in which the 42 first cells 11 were
connected in series was set to 88.3 V, and the lower limit voltage value of the second
battery module 20 in which the 26 second cells 21 were connected in series was set to
90.3 V. Therefore, in Example 1, when the SOCs of the battery modules 10 and 20
were the same at Xmin% which was the lower limit SOC, the voltage of the second
battery module 20 was higher than the voltage of the first battery module 10. Fur-
thermore, in Example 1, the condition of the above formula (A1) was satisfied in the
range where the SOC was 0% to 30%, that is, in the region where the SOC was low
(see range y2 in FIG.4).

In Example 1, the battery pack 1 was operated with a lower limit voltage value N
x Va2 (10) of the second battery module 20 as the lower limit voltage value Vpmin of
the battery pack 1. Furthermore, in Example 1, a current of 100 A was input to the
battery pack 1, and the battery pack 1 was charged at a constant current from the lower
limit voltage value Vpmin. That is, charging was started with the lower limit voltage
value Vpmin as the initial voltage value. FIG.5 is a schematic diagram showing a
change over time in the current flowing through each of the first cell and the second
cell in charging from the lower limit voltage value of the battery pack in Example 1.
FIG.6 is a schematic diagram showing a change over time in the SOC of each of the
first cell and the second cell in charging from the lower limit voltage value of the
battery pack in Example 1. In FIGS.5 and 6, the abscissa axis shows the time when the
start time of charging is 0. In FIG.5, the ordinate axis shows the current, and in FIG.6,
the ordinate axis shows the SOC. In FIG.5, the current for charging the battery pack 1
is shown as a negative value. Furthermore, in FIGS.5 and 6, a change of a parameter
related to the first cell 11 is shown by a solid line, and a change of a parameter related
to the second cell 21 is shown by a broken line.

As shown in FIGS.5, 6, etc., in the charging of the battery pack 1 of Example 1, at
the start of charging and immediately after the start of charging, that is, while about
200 seconds had passed since the start of charging, a large current flowed through the
first cell 11, and input of a large current to the second cell 21 was suppressed. Fur-
thermore, in the charging of the battery pack 1 of Example 1, the SOC of the second
cell 21 was lower than the SOC of the first cell 11 including at the start of charging and
immediately after the start of charging. When a certain amount of time had passed
since the start of charging, the current flowing through the second cell 21 increased in
response to an increase in the SOC of the first cell 11 to some extent.

In the battery pack 1 of the present embodiment including Example 1, when the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmin% (Xmin is any value of O to 30) which is the lower limit SOC, the voltage of the
second battery module 20 is higher than the voltage of the first battery module 10. That
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is, the condition of the above formula (A1) is satisfied in the range where the SOC is
0% to 30%. Thus, in the present embodiment, when charging is performed such that
the lower limit voltage value Vpmin (N x Va2 (Xmin) in the present embodiment) or a
value slightly higher than the lower limit voltage value Vpmin is set as an initial
voltage value, the SOC of the second battery module 20 (second cell 21) is in a low
region such as the range of 0% to 30% at the start of charging and immediately after
the start of charging. At the start of charging and immediately after the start of
charging, charging is performed in a state where the SOC of the first battery module 10
(first cell 11) is higher than the SOC of the second battery module 20. Thus, the re-
sistance of the second battery module 20 is higher than the resistance of the first
battery module 10 at the start of charging and immediately after the start of charging.

Since the resistance of the second battery module 20 is higher than the resistance
of the first battery module 10, it is suppressed that a large current flows through each
of the second cells 21 at the start of charging and immediately after the start of
charging. As a result, even when the second battery module 20 is disposed in a low
temperature environment, precipitation of lithium in each of the second cells 21 is ef-
fectively prevented. Therefore, the safety of the storage battery 2 (battery pack 1) is
ensured in the charging with a large current, and the durability of the battery pack 1 is
ensured. Since the resistance of the first battery module 10 is low at the start of
charging and immediately after the start of charging, a large current flows through each
of the first cells 11. Therefore, the battery pack 1 can be charged with a large current
while ensuring safety and the like, and the input characteristics of the storage battery 2
are ensured.

In the present embodiment, by arranging the battery modules 10 and 20 and the
flow path 6 as shown in FIG.1, the heat generated in the first battery module 10 is
transferred to the second battery module 20. As a result, when charging of the battery
pack 1 is started, the temperature of the second battery module 20 rises rapidly.
Therefore, it is possible to increase the current flowing through the second cell 21 at an
early stage after the start of charging while ensuring the safety of the battery pack 1.

In the present embodiment, since the second battery module 20 is formed from the
second cell 21 containing a carbonaceous material as the negative electrode active
material, an energy density of the second battery module 20 is high. The storage
battery 2 is formed by connecting the second battery module 20 in parallel with the
first battery module 10. Therefore, in the storage battery 2 (battery pack 1) of the
present embodiment, both safety in charging with a large current and high energy
density are ensured.

Here, Comparative Example 1 will be described as a comparative example of the

present embodiment. FIG.7 is a schematic diagram showing a configuration and a
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voltage range of each of the first battery module and the second battery module in
Comparative Example 1. FIG.8 is a schematic diagram showing a relationship of the
voltage to the SOC for each of the first battery module and the second battery module
in Comparative Example 1. In FIG.8, the abscissa axis shows the SOC of the battery
module, and the ordinate axis shows the voltage of the battery module. Furthermore, in
FIG.8, a change in the voltage M x V1 of the first battery module 10 is shown by a
solid line, and a change in the voltage N x V2 of the second battery module 20 is
shown by a broken line.

As shown in FIG.7, etc., in Comparative Example 1, the first battery module 10 in
which the number of the first cells 11 connected in series was 45 (M = 45) was formed.
In the second battery module 20, the number of the second cells 21 connected in series
was 26 (N = 26) as in Example 1. As in Example 1, the storage battery 2 (battery pack
1) was formed by connecting the battery modules 10 and 20 in parallel. As each of the
first cell 11 and the second cell 21, the same nonaqueous electrolyte cell as in Example
1 was used.

In Comparative Example 1, the lower limit SOC was set to 10% (Xmin = 10) in
each of the cells 11 and 21 as in Example 1. The lower limit voltage value of the first
cell 11 was set to 2.10 V, which was the open circuit voltage Val (10) of the first cell
11 at SOC = 10%, and the lower limit voltage value of the second cell 21 was set to
3.47 V, which was the open circuit voltage Va2 (10) of the second cell 21 at SOC =
10%. However, in Comparative Example 1, since the number of the first cells 11
connected in series in the first battery module 10 was 45, the lower limit voltage value
of the first battery module 10 was set to 92.5 V. The lower limit voltage value of the
second battery module 20 was set to 90.3 V as in Example 1. Therefore, in Com-
parative Example 1, when the SOCs of the battery modules 10 and 20 were the same at
Xmin% which was the lower limit SOC, the voltage of the second battery module 20
was lower than the voltage of the first battery module 10. Furthermore, in Comparative
Example 1, the condition of the above formula (A1) was not satisfied in the range
where the SOC was 0% to 30%, that is, in the region where the SOC was low (see
range y3 in FIG.8).

In Comparative Example 1, the battery pack 1 was operated with a lower limit
voltage value N x Val (10) of the first battery module 10 as the lower limit voltage
value Vpmin of the battery pack 1. Then, a current of 100 A was input to the battery
pack 1, and the battery pack 1 was charged with a constant current. At that time,
charging was performed from a state where the open circuit voltage of the battery pack
1 was 93.1 V, that is, from an initial voltage value of 93.1 V. FIG.9 is a schematic
diagram showing a change over time in a current flowing through each of the first cell

and the second cell in charging from an initial voltage value of the battery pack in
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Comparative Example 1. FIG.10 is a schematic diagram showing a change over time in
the SOC of each of the first cell and the second cell in charging from the initial voltage
value of the battery pack in Comparative Example 1. In FIGS.9 and 10, the abscissa
axis shows the time when the start time of charging is 0. In FIG.9, the ordinate axis
shows the current, and in FIG.10, the ordinate axis shows the SOC. In FIG.9, the
current for charging the battery pack 1 is shown as a negative value. Furthermore, in
FIGS.9 and 10, a change of the parameter related to the first cell 11 is shown by a solid
line, and a change of the parameter related to the second cell 21 is shown by a broken
line.

As shown in FIGS.9, 10, etc., in the charging of the battery pack 1 of Com-
parative Example 1, a large current flowed through the second cell 21 at the start of
charging and immediately after the start of charging. Furthermore, in the charging of
the battery pack 1 of Comparative Example 1, the SOC of the second cell 21 was
higher than the SOC of the first cell 11 including at the start of charging and im-
mediately after the start of charging.

In the first embodiment, the number of the first cells connected in series and the
number of the second cells connected in series are set so as to satisfy the condition of
the above formula (A1) in the range where the SOC was 0% to 30%. By setting the
number of cells connected in series as described above, when the SOCs of the first
battery module and the second battery module are the same at Xmin% (Xmin is any
value of 0 to 30) which is the lower limit SOC, the voltage of the second battery
module is higher than the voltage of the first battery module. As a result, it is
suppressed that a large current flows through the second cell at the start of charging
and immediately after the start of charging. Therefore, it is possible to provide a
storage battery in which both safety in charging with a large current and high energy
density are ensured.

(Second Embodiment)

Next, the second embodiment will be described. In the following description, the
description of the same portions as those in the first embodiment and the like will be
omitted.

Hereinafter, a method of operating a battery pack 1 (storage battery 2) of the
present embodiment will be described. The following description of the operation
method will be described with reference to FIGS.7 and 8 related to Example 2
described later. Also in the present embodiment, an open circuit voltage Val (X) at
SOC = X% is defined in a first cell 11 alone. In a second cell 21 alone, an open circuit
voltage Va2 (X) at SOC = X% is defined. Also in the present embodiment, when the
values of the SOCs of the cell 11 and the cell 21 are the same, the open circuit voltage

of the first cell 11 alone is lower than the open circuit voltage of the second cell 21
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alone, and a relationship of Val (X) < Va2 (X)) is established. When SOC = X%, the
open circuit voltage of a first battery module 10 is M x Val (X) by using the number
M of the first cells 11 connected in series in the first battery module 10. Furthermore,
when SOC = X%, the open circuit voltage of the second battery module 20 is N x Va2
(X) by using the number N of the second cells 21 connected in series in the second
battery module 20.

In the battery pack 1 of the present embodiment, since the battery modules 10 and
20 are connected in parallel, the voltages of the battery modules 10 and 20 are the
same or substantially the same as each other during the operation of the battery pack 1.
Further, in the battery pack 1 (storage battery 2), an upper limit voltage value Vpmax
is set. The upper limit voltage value Vpmax of the battery pack 1 (storage battery 2) is
set to the lower one of the upper limit voltage value of the first battery module 10 and
the upper limit voltage value of the second battery module 20 from the viewpoint of
ensuring safety and durability. Furthermore, in the battery pack 1, for example, at the
start of discharging and immediately after the start of discharging, etc., it is necessary
to suppress flow of a large current through each of the second cells 21 containing a car-
bonaceous material as the negative electrode active material, and prevent excessive
heat generation of each of the second cells 21 and expansion of local bias in SOC dis-
tribution inside the second cell 21. A cell for increasing the capacity such as the second
cell 21 is generally designed to increase the capacity by increasing a density of an
electrode or increasing a thickness of the electrode. In a cell designed to increase the
capacity in this way, it is required to suppress uneven distribution of lithium ions
inside the electrode by suppressing discharging with a large current, that is, to suppress
deterioration by suppressing occurrence of local bias in the SOC distribution. Thus, in
the present embodiment, when discharging is performed from the storage battery 2
such that the upper limit voltage value Vpmax or a value slightly lower than the upper
limit voltage value Vpmax is set as an initial voltage value, the battery pack 1 is
operated under a condition that resistance of the second cell 21 is higher than re-
sistance of the first cell 11 at the start of discharging and immediately after the start of
discharging, etc. As a result, it is suppressed that a large current is rapidly output from
each of the second cells 21 at the start of discharging and immediately after the start of
discharging, etc.

In order to operate the battery pack 1 under the above-mentioned conditions, in
the present embodiment, the number M of the first cells 11 connected in series in the
first battery module 10 and the number N of the second cells 21 connected in series in
the second battery module 20 are set so as to satisfy a formula (A2) in a range where
the SOC of each of the first cell 11 and the second cell 21 is 70% to 100%. Thus, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
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any value in the range of 70% to 100%, the voltage of the second battery module 20 is
lower than the voltage of the first battery module 10. If the voltages of the battery
modules 10 and 20 are the same at either the upper limit voltage value Vpmax of the
battery pack 1 described above or the value slightly lower than the upper limit voltage
value Vpmax, the SOC of the second battery module 20 is higher than the SOC of the
first battery module 10.

M x Val (X) >N x Va2 (X) (70 £ X = 100) (A2)

In each of the first cell 11 and the second cell 21, the voltage when the SOC is
Xmax% is defined as the upper limit voltage value. Here, Xmax indicates an upper
limit SOC of each of the cells 11 and 21, and is any value of 70 to 100. An upper limit
voltage value M x Val (Xmax) of the first battery module 10 is defined from an upper
limit voltage value Val (Xmax) of the first cell 11, and an upper limit voltage value N
x Va2 (Xmax) of the second battery module 20 is defined from an upper limit voltage
value Va2 (Xmax) of the second cell 21.

As described above, the upper limit voltage value Vpmax of the battery pack 1
(storage battery 2) is set to the lower one of the upper limit voltage value M x Val
(Xmax) of the first battery module 10 and the upper limit voltage value N x Va2
(Xmax) of the second battery module 20. From the equation (A2), the upper limit
voltage value N x Va2 (Xmax) of the second battery module 20 is lower than the upper
limit voltage value M x Val (Xmax) of the first battery module 10. That is, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmax% which is the upper limit SOC, the voltage of the second battery module 20 is
lower than the voltage of the first battery module 10. Therefore, in the present em-
bodiment, the upper limit voltage value N x Va2 (Xmax) of the second battery module
20 is set as the upper limit voltage value Vpmax of the battery pack 1, and the battery
pack 1 (storage battery 2) is operated in a state where the voltage is the upper limit
voltage value N x Va2 (Xmax) of the second battery module 20 or less.

As shown in FIG.2, in many types of cells, the resistance tends to be high in the
range where the SOC is 70% to 100% (range €1 in FIG.2), that is, in a region where the
SOC is high. That is, in many types of cells, the resistance tends to be higher in the
range where the SOC is 70% to 100% than the resistance in the range where the SOC
is 30% to 70%. In particular, in the first cell 11 containing titanium composite oxide as
the negative electrode active material (see change patterns al and a2 in FIG.2), the re-
sistance greatly increases in the region where the SOC is high. Thus, for example when
discharging is rapidly performed with a large current from the storage battery 2, it is
preferable that the first cell 11 is used in a state where the SOC is less than 70%, that
is, in a state where the SOC is out of the high region.

In the present embodiment, discharging is performed from the battery pack 1 with
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the upper limit voltage value Vpmax as the initial voltage value, for example. In this
case, at the start of discharging and immediately after the start of discharging, the
voltages of the battery modules 10 and 20 are the same or substantially the same as
each other at either the upper limit voltage value Vpmax or the value slightly lower
than the upper limit voltage value Vpmax. Thus, at the start of discharging and im-
mediately after the start of discharging, the SOC of the second battery module 20 is
higher than the SOC of the first battery module 10, and the SOC of the second cell 21
containing a carbonaceous material as the negative electrode active material is higher
than the SOC of the first cell 11 containing titanium composite oxide as the negative
electrode active material. Since Xmax is 70 to 100, the SOC of the second battery
module 20 (second cell 21) is in the high region, such as the range of 70% to 100%, at
the start of discharging and immediately after the start of discharging. Furthermore, at
the start of discharging and immediately after the start of discharging, the SOC of the
first battery module 10 (first cell 11) is out of the high region, such as the SOC being
less than 70%.

Here, from a relationship of the resistance to the SOC in the cell alone shown in
FIG.2, when the battery pack 1 is operated as described above, at the start of dis-
charging from the battery pack 1 and immediately after the start of the discharging, the
resistance of the first cell 11, that is, the resistance of the first battery module 10 is low.
Thus, at the start of discharging and immediately after the start of discharging, a large
current flows through the first battery module 10, and a large current is rapidly output
from the first battery module 10. At the start of discharging from the battery pack 1
and immediately after the start of the discharging, the resistance of the second cell 21
is higher than the resistance of the first cell 11, and the resistance of the second battery
module 20 is higher than the resistance of the first battery module 10. As a result, even
when rapid discharging is performed with a large current from the battery pack 1 with
the upper limit voltage value Vpmax or the like as the initial voltage value, it is
suppressed that a large current flows through the second battery module 20 at the start
of discharging and immediately after the start of discharging, etc. Thus, excessive heat
generation of each of the second cells 21, expansion of local bias in SOC distribution
inside each of the second cells 21, and the like are effectively prevented. Therefore, the
safety of the storage battery 2 (battery pack 1) is ensured in the discharging with a
large current, and the durability of the battery pack 1 is ensured.

Hereinafter, Example 2 which is an example of the present embodiment will be
described. In Example 2, the first battery module 10 and the second battery module 20
were formed in the same manner as in Comparative Example 1 described above, and
the battery pack 1 (storage battery 2) was formed in the same manner as in Com-

parative Example 1. Thus, in Example 2, the voltage range of each of the battery
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modules 10 and 20 and a relationship of the voltage to the SOC of each of the battery
modules 10 and 20 were the same as those in Comparative Example 1 (see FIGS.7 and
8).

However, in Example 2, discharging from the battery pack 1 was performed. In
Example 2, the upper limit SOC was set to 90% (Xmax = 90) in each of the first cell
11 and the second cell 21. The upper limit voltage value of the first cell 11 was set to
2.46 V, which was an open circuit voltage Val (90) of the first cell 11 at SOC = 90%.
The upper limit voltage value of the second cell 21 was set to 4.05 V, which was an
open circuit voltage Va2 (90) of the second cell 21 at SOC = 90%. Thus, the upper
limit voltage value of the first battery module 10 in which the 45 first cells 11 were
connected in series was set to 108.3 V, and the upper limit voltage value of the second
battery module 20 in which the 26 second cells 21 were connected in series was set to
105.5 V. Therefore, in Example 2, when the SOCs of the battery modules 10 and 20
were the same at Xmax% which was the upper limit SOC, the voltage of the second
battery module 20 was lower than the voltage of the first battery module 10. Thus, in
Example 2, an upper limit voltage value N x Va2 (90) of the second battery module 20
was used as the upper limit voltage value Vpmax of the battery pack 1 (see FIG.7).
Furthermore, in Example 2, the condition of the above formula (A2) was satisfied in a
range where the SOC was 70% to 100%, that is, in the region where the SOC was high
(see range €3 in FIG.8).

Comparative Example 2 which is a comparative example of the present em-
bodiment will be described. In Comparative Example 2, the first battery module 10 and
the second battery module 20 were formed in the same manner as in Example 1
described above, and the battery pack 1 (storage battery 2) was formed in the same
manner as in Example 1. Thus, in Comparative Example 2, the voltage range of each
of the battery modules 10 and 20 and the relationship of the voltage to the SOC of each
of the battery modules 10 and 20 were the same as those in Example 1 (see FIGS.3 and
4).

However, in Comparative Example 2, discharging from the battery pack 1 was
performed as in Example 2. In Comparative Example 2, when the SOCs of the battery
modules 10 and 20 were the same at Xmax% which was the upper limit SOC, the
voltage of the second battery module 20 was higher than the voltage of the first battery
module 10. Thus, in Comparative Example 2, an upper limit voltage value N x Val
(Xmax) of the first battery module 10 was used as the upper limit voltage value Vpmax
of the battery pack 1 (see FIG.3). Further, in Comparative Example 2, the condition of
the above formula (A2) was not satisfied in the range where the SOC was 70% to
100%, that is, in the region where the SOC was high (see range €2 in FIG.4). Fur-

thermore, in Comparative Example 2, if the voltages of the battery modules 10 and 20
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were the same at either the upper limit voltage value Vpmax of the battery pack 1 or
the value slightly lower than the upper limit voltage value Vpmax, the SOC of the first
battery module 10 was higher than the SOC of the second battery module 20.

In each of Example 2 and Comparative Example 2, a current of 100 A was output
from the battery pack 1, and a constant current was discharged from the battery pack 1.
At that time, in each of Example 2 and Comparative Example 2, discharging was
performed from a state where the open circuit voltage of the battery pack 1 was 103.4
V, that is, from an initial voltage value of 103.4 V. Therefore, in Example 2, dis-
charging was performed from the initial voltage value slightly lower than the upper
limit voltage value Vpmax of the battery pack 1.

FIG.11 is a schematic diagram showing a change over time in the current flowing
through each of the first cell and the second cell in discharging from the initial voltage
value of the battery pack in Example 2. FIG.12 is a schematic diagram showing a
change over time in the SOC of each of the first cell and the second cell in discharging
from the initial voltage value of the battery pack in Example 2. FIG.13 is a schematic
diagram showing a change over time in a current flowing through each of the first cell
and the second cell in discharging from the initial voltage value of the battery pack in
Comparative Example 2. FIG.14 is a schematic diagram showing a change over time in
the SOC of each of the first cell and the second cell in discharging from the initial
voltage value of the battery pack in Comparative Example 2. FIG.15 is a schematic
diagram showing a change over time in an output power of the battery pack in dis-
charging from the initial voltage value of each of the battery packs of Example 2 and
Comparative Example 2. In FIGS.11 to 15, the abscissa axis shows the time when the
start time of discharging is 0. In FIGS.11 and 13, the ordinate axis shows the current.
In FIGS.12 and 14, the ordinate axis shows the SOC. In FIG.15, the ordinate axis
shows electric power. In FIGS.11 and 13, the current discharged from the battery pack
1 is shown as a positive value. In FIGS.11 to 14, a change of the parameter related to
the first cell 11 is shown by a solid line, and a change of the parameter related to the
second cell 21 is shown by a broken line. In FIG.15, a change in Example 2 is shown
by a solid line, and a change in Comparative Example 2 is shown by a broken line.

As shown in FIGS.11, 12, etc., in the discharging from the battery pack 1 of
Example 2, at the start of discharging and immediately after the start of discharging,
that is, while about 600 seconds had passed since the start of discharging, a large
current flowed through the first cell 11, and flow of a large current to the second cell
21 was suppressed. Furthermore, in the discharging from the battery pack 1 of
Example 2, the SOC of the second cell 21 was higher than the SOC of the first cell 11
including at the start of discharging and immediately after the start of discharging. On

the other hand, as shown in FIGS.13, 14, etc., in the discharging from the battery pack
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1 of Comparative Example 2, a current that was about the same as or slightly larger
than the current flowing through the cell 11 flowed through the second cell 21 at the
start of discharging and immediately after the start of discharging. Furthermore, in the
discharging from the battery pack 1 of Comparative Example 2, the SOC of the second
cell 21 was lower than the SOC of the first cell 11 including at the start of discharging
and immediately after the start of discharging.

As shown in FIG.15, in the discharging from the battery pack 1 of Example 2, the
output power from the battery pack 1 (storage battery 2) was larger than that of Com-
parative Example 2. That is, in the discharging from the battery pack 1 of Example 2, it
was suppressed that a large current flowed through the second cell 21 at the start of
discharging and immediately after the start of discharging, and, at the same time, high
output characteristics were achieved. As the reason why high output characteristics
were obtained, in Example 2, it is probable that discharging was performed in a state
where the SOC of the first battery module 10 (first cell 11) was out of a high region,
such as the SOC of the first battery module 10 being less than 70%, that is, the SOC
was out of a high resistance region.

In the battery pack 1 of the present embodiment including Example 2, when the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmax% (Xmax is any value of 70 to 100) which is the upper limit SOC, the voltage of
the second battery module 20 is lower than the voltage of the first battery module 10.
That is, the condition of the above formula (A2) is satisfied in the range where the
SOC is 70% to 100%. Thus, in the present embodiment, when discharging is
performed such that the upper limit voltage value Vpmax (N x Va2 (Xmax) in the
present embodiment) or a value slightly lower than the upper limit voltage value
Vpmax is set as an initial voltage value, the SOC of the second battery module 20
(second cell 21) is in a high region such as the range of 70% to 100% at the start of dis-
charging and immediately after the start of discharging. At the start of discharging and
immediately after the start of discharging, discharging is performed in a state where the
SOC of the first battery module 10 (first cell 11) is lower than the SOC of the second
battery module 20. Thus, the resistance of the second battery module 20 is higher than
the resistance of the first battery module 10 at the start of discharging and immediately
after the start of discharging.

Since the resistance of the second battery module 20 is higher than the resistance
of the first battery module 10, it is suppressed that a large current flows through each
of the second cells 21 at the start of discharging and immediately after the start of dis-
charging. As a result, excessive heat generation of each of the second cells 21,
expansion of local bias in SOC distribution inside each of the second cells 21, and the

like are effectively prevented. Therefore, the safety of the storage battery 2 (battery



20

WO 2022/018892 PCT/JP2021/003748

[0063]

[0064]

[0065]

[0066]

[0067]

pack 1) is ensured in the discharging with a large current, and the durability of the
battery pack 1 is ensured.

In the present embodiment, discharging is performed in a state where the SOC of
the first battery module 10 (first cell 11) is out of the high region, such as the SOC of
the first battery module 10 being less than 70%. Thus, the resistance of the first battery
module 10 is low at the start of discharging and immediately after the start of dis-
charging. As a result, a large current flows through each of the first cells 11, and the
output from the battery pack 1 becomes large. Therefore, discharging can be performed
with a large current from the battery pack 1 while ensuring safety and the like, and the
output characteristics of the storage battery 2 are ensured.

In the present embodiment, since the second battery module 20 is formed from the
second cell 21 containing a carbonaceous material as the negative electrode active
material, an energy density of the second battery module 20 is high. The storage
battery 2 is formed by connecting the second battery module 20 in parallel with the
first battery module 10. Therefore, in the storage battery 2 (battery pack 1) of the
present embodiment, both safety in discharging with a large current and high energy
density are ensured.

In the second embodiment, the number of the first cells connected in series and
the number of the second cells connected in series are set so as to satisfy the condition
of the above formula (A2) in the range where the SOC is 70% to 100%. By setting the
number of cells connected in series as described above, when the SOCs of the first
battery module and the second battery module are the same at Xmax% (Xmax is any
value of 70 to 100) which is the upper limit SOC, the voltage of the second battery
module is lower than the voltage of the first battery module. As a result, it is
suppressed that a large current flows through the second cell at the start of discharging
and immediately after the start of discharging. Therefore, it is possible to provide a
storage battery in which both safety in discharging with a large current and high energy
density are ensured.

(Third Embodiment)

Next, the third embodiment will be described. In the following description, the de-
scription of the same portions as those in the above embodiments and the like will be
omitted.

Hereinafter, a method of operating a battery pack 1 (storage battery 2) of the
present embodiment will be described. The following description of the operation
method will be described with reference to FIGS.16 and 17 related to Example 3
described later. Also in the present embodiment, an open circuit voltage Val (X) at
SOC = X% is defined in a first cell 11 alone. In a second cell 21 alone, an open circuit
voltage Va2 (X) at SOC = X% is defined. Also in the present embodiment, when the
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values of the SOCs of the cell 11 and the cell 21 are the same, the open circuit voltage
of the first cell 11 alone is lower than the open circuit voltage of the second cell 21
alone, and a relationship of Val (X) < Va2 (X)) is established. When SOC = X%, the
open circuit voltage of a first battery module 10 is M x Val (X) by using the number
M of the first cells 11 connected in series in the first battery module 10. Furthermore,
when SOC = X%, the open circuit voltage of the second battery module 20 is N x Va2
(X) by using the number N of the second cells 21 connected in series in the second
battery module 20.

In the battery pack 1 of the present embodiment, since the battery modules 10 and
20 are connected in parallel, the voltages of the battery modules 10 and 20 are the
same or substantially the same as each other during the operation of the battery pack 1.
Furthermore, in the battery pack 1 (storage battery 2), the lower limit voltage value
Vpmin and the upper limit voltage value Vpmax described above are set. As described
above, the lower limit voltage value Vpmin of the battery pack 1 is set to the higher
one of the lower limit voltage value of the first battery module 10 and the lower limit
voltage value of the second battery module 20. As described above, the upper limit
voltage value Vpmax of the battery pack 1 is set to the lower one of the upper limit
voltage value of the first battery module 10 and the upper limit voltage value of the
second battery module 20.

Thus, in the present embodiment, when the storage battery 2 is charged such that
the lower limit voltage value Vpmin or a value slightly higher than the lower limit
voltage value Vpmin is set as an initial voltage value, as in the first embodiment, the
battery pack 1 is operated under a condition that resistance of the second cell 21 is
higher than resistance of the first cell 11 at the start of charging and immediately after
the start of charging, etc. As a result, it is suppressed that a large current is rapidly
input to each of the second cells 21 at the start of charging and immediately after the
start of charging, etc. In the present embodiment, when discharging is performed from
the storage battery 2 such that the upper limit voltage value Vpmax or a value slightly
lower than the upper limit voltage value Vpmax is set as an initial voltage value, as in
the second embodiment, the battery pack 1 is operated under a condition that resistance
of the second cell 21 is higher than resistance of the first cell 11 at the start of dis-
charging and immediately after the start of discharging, etc. As a result, it is
suppressed that a large current is rapidly output from each of the second cells 21 at the
start of discharging and immediately after the start of discharging, etc.

In order to operate the battery pack 1 under the above-mentioned conditions, in
the present embodiment, the number M of the first cells 11 connected in series in the
first battery module 10 and the number N of the second cells 21 connected in series in

the second battery module 20 are set so as to satisfy the above formula (A1) in a range
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where the SOC of each of the first cell 11 and the second cell 21 is 0% to 30% and the
above formula (A2) in a range where the SOC of each of the first cell 11 and the
second cell 21 is 70% to 100%. Thus, if the SOCs of the first battery module 10 and
the second battery module 20 are the same at any value in the range of 0% to 30%, the
voltage of the second battery module 20 is higher than the voltage of the first battery
module 10. If the SOCs of the first battery module 10 and the second battery module
20 are the same at any value in the range of 70% to 100%, the voltage of the second
battery module 20 is lower than the voltage of the first battery module 10. If the
voltages of the battery modules 10 and 20 are the same at either the lower limit voltage
value Vpmin of the battery pack 1 described above or the value slightly higher than the
lower limit voltage value Vpmin, the SOC of the second battery module 20 is lower
than the SOC of the first battery module 10. If the voltages of the battery modules 10
and 20 are the same at either the upper limit voltage value Vpmax of the battery pack 1
described above or the value slightly lower than the upper limit voltage value Vpmax,
the SOC of the second battery module 20 is higher than the SOC of the first battery
module 10.

In the present embodiment, for each of the cells 11 and 21, the lower limit SOC =
Xmin% (Xmin is any value of O to 30) is defined as in the first embodiment, and the
upper limit SOC = Xmax% (Xmax is any value of 70 to 100) is specified as in the
second embodiment. In the present embodiment, as in the first embodiment, a lower
limit voltage value Val (Xmin) of the first cell 11 and a lower limit voltage value M x
Val (Xmin) of the first battery module 10 are defined, and a lower limit voltage value
Va2 (Xmin) of the second cell 21 and a lower limit voltage value N x Va2 (Xmin) of
the second battery module 20 are defined. Furthermore, as in the second embodiment,
an upper limit voltage value Val (Xmax) of the first cell 11 and an upper limit voltage
value M x Val (Xmax) of the first battery module 10 are defined, and an upper limit
voltage value Va2 (Xmax) of the second cell 21 and an upper limit voltage value N x
Va2 (Xmax) of the second battery module 20 are defined.

In the present embodiment, since the formula (A1) is satisfied, the lower limit
voltage value N x Va2 (Xmin) of the second battery module 20 is higher than the
lower limit voltage value M x Val (Xmin) of the first battery module 10. That is, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmin% which is the lower limit SOC, the voltage of the second battery module 20 is
higher than the voltage of the first battery module 10. Therefore, in the present em-
bodiment, the lower limit voltage value N x Va2 (Xmin) of the second battery module
20 is set as the lower limit voltage value Vpmin of the battery pack 1, and the battery
pack 1 (storage battery 2) is operated in a state where the voltage is the lower limit

voltage value N x Va2 (Xmin) of the second battery module 20 or more.
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In the present embodiment, since the formula (A2) is satisfied, the upper limit
voltage value N x Va2 (Xmax) of the second battery module 20 is lower than the upper
limit voltage value M x Val (Xmax) of the first battery module 10. That is, if the
SOC:s of the first battery module 10 and the second battery module 20 are the same at
Xmax% which is the upper limit SOC, the voltage of the second battery module 20 is
lower than the voltage of the first battery module 10. Therefore, in the present em-
bodiment, the upper limit voltage value N x Va2 (Xmax) of the second battery module
20 is set as the upper limit voltage value Vpmax of the battery pack 1, and the battery
pack 1 (storage battery 2) is operated in a state where the voltage is the upper limit
voltage value N x Va2 (Xmax) of the second battery module 20 or less.

As shown in FIG.2, in many types of cells, the resistance tends to be high in a
region where the SOC is low (range y1 in FIG.2) and a region where the SOC is high
(range €1 in FIG.2). That is, in many types of cells, the resistance tends to be higher in
the range where the SOC is 0% to 30% and the range where the SOC is 70% to 100%
than the resistance in the range where the SOC is 30% to 70%. Thus, in the present
embodiment, the battery pack 1 is operated under a condition that a range of a change
in the SOC of the first cell 11 is within a range of a change in the SOC of the second
cell 21. That is, the battery pack 1 is operated under a condition that the lower limit of
the range of the change in the SOC of the first cell 11 is higher than the lower limit of
the range of the change in the SOC of the second cell 21, and the upper limit of the
range of the change in the SOC of the first cell 11 is lower than the upper limit of the
range of the change in the SOC of the second cell 21.

In the present embodiment, the battery pack 1 is charged with the lower limit
voltage value Vpmin as the initial voltage value, for example. In this case, as in the
first embodiment, at the start of charging and immediately after the start of charging,
the SOC of the second battery module 20 (second cell 21) is lower than the SOC of the
first battery module 10 (first cell 11). Since Xmin is 0 to 30, the SOC of the second
battery module 20 (second cell 21) is in a low region, such as the range of 0% to 30%,
at the start of charging and immediately after the start of charging. Thus, as in the first
embodiment, at the start of charging the battery pack 1 and immediately after the start
of the charging, the resistance of the first cell 11 (first battery module 10) is low, and
the resistance of the second cell 21 (second battery module 20) is higher than the re-
sistance of the first cell 11 (first battery module 10). As a result, even when the battery
pack 1 is rapidly charged with a large current with the lower limit voltage value Vpmin
or the like as the initial voltage value, a large current is input only to the first battery
module 10 at the start of charging and immediately after the start of charging, etc., and
input of a large current to the second battery module 20 is suppressed. By suppressing

the input of a large current to the second battery module 20 as described above, also in
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the present embodiment as in the first embodiment, the safety of the storage battery 2
(battery pack 1) is ensured in the charging with a large current, and the durability of
the battery pack 1 is ensured.

In the present embodiment, discharging is performed from the battery pack 1 with
the upper limit voltage value Vpmax as the initial voltage value, for example. In this
case, as in the second embodiment, at the start of discharging and immediately after the
start of discharging, the SOC of the second battery module 20 (second cell 21) is
higher than the SOC of the first battery module 10 (first cell 11). Since Xmax is 70 to
100, the SOC of the second battery module 20 (second cell 21) is in the high region,
such as the range of 70% to 100%, at the start of discharging and immediately after the
start of discharging. Furthermore, at the start of discharging and immediately after the
start of discharging, the SOC of the first battery module 10 (first cell 11) is out of the
high region, such as the SOC being less than 70%. Thus, as in the second embodiment,
at the start of discharging from the battery pack 1 and immediately after the start of the
discharging, the resistance of the first cell 11 (first battery module 10) is low, and a
large current is output rapidly from the first battery module 10. At the start of dis-
charging from the battery pack 1 and immediately after the start of the discharging, as
in the second embodiment, the resistance of the second cell 21 (second battery module
20) is higher than the resistance of the first cell 11 (first battery module 10). As a
result, even when rapid discharging is performed with a large current from the battery
pack 1 with the upper limit voltage value Vpmax or the like as the initial voltage value,
it is suppressed that a large current flows through the second battery module 20 at the
start of discharging and immediately after the start of discharging, etc. By suppressing
the flow of a large current to the second battery module 20 as described above, also in
the present embodiment as in the second embodiment, the safety of the storage battery
2 (battery pack 1) is ensured in the discharging with a large current, and the durability
of the battery pack 1 is ensured.

Hereinafter, Example 3 which is an example of the present embodiment will be
described. FIG.16 is a schematic diagram showing a configuration and a voltage range
of each of the first battery module and the second battery module in Example 3.
FIG.17 is a schematic diagram showing a relationship of the voltage to the SOC for
each of the first battery module and the second battery module in Example 3. In
FIG.17, the abscissa axis shows the SOC of the battery module, and the ordinate axis
shows the voltage of the battery module. Furthermore, in FIG.17, a change in the
voltage M x V1 of the first battery module 10 is shown by a solid line, and a change in
the voltage N x V2 of the second battery module 20 is shown by a broken line.

As shown in FIG.16, etc., in Example 3, the 45 first cells 11 were electrically

connected in series to form the first battery module 10 in which the number of the first
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cells 11 connected in series was 45 (M = 45), and the 26 second cells 21 were elec-
trically connected in series to form the second battery module 20 in which the number
of the second cells 21 connected in series was 26 (N =26). The storage battery 2
(battery pack 1) was formed by electrically connecting the first battery module 10 and
the second battery module 20 in parallel. As the first cell 11, a nonaqueous electrolyte
cell containing monoclinic niobium titanium composite oxide as the negative electrode
active material and having a capacity (fully charged capacity) of 20 Ah was used. As
the second cell 21, as in Example 1, etc., a nonaqueous electrolyte cell containing
graphite as the negative electrode active material and having a capacity (fully charged
capacity) of 20 Ah was used.

In Example 3, the lower limit SOC was set to 10% (Xmin = 10) in each of the first
cell 11 and the second cell 21. The lower limit voltage value of the first cell 11 was set
to 1.88 V, which was the open circuit voltage Val (10) of the first cell 11 at SOC =
10%, and the lower limit voltage value of the second cell 21 was set to 3.47 V, which
was the open circuit voltage Va2 (10) of the second cell 21 at SOC = 10%. Thus, the
lower limit voltage value of the first battery module 10 in which the 45 first cells 11
were connected in series was set to 84.3 V, and the lower limit voltage value of the
second battery module 20 in which the 26 second cells 21 were connected in series was
set to 90.3 V. Therefore, in Example 3, when the SOCs of the battery modules 10 and
20 were the same at Xmin% which was the lower limit SOC, the voltage of the second
battery module 20 was higher than the voltage of the first battery module 10. Fur-
thermore, in Example 3, the condition of the above formula (A1) was satisfied in the
range where the SOC was 0% to 30%, that is, in the region where the SOC was low
(see range v4 in FIG.17). In Example 3, the battery pack 1 was operated with a lower
limit voltage value N x Va2 (10) of the second battery module 20 as the lower limit
voltage value Vpmin of the battery pack 1.

In Example 3, the upper limit SOC was set to 90% (Xmax = 90) in each of the
first cell 11 and the second cell 21. The upper limit voltage value of the first cell 11
was set to 2.68 V, which was the open circuit voltage Val (90) of the first cell 11 at
SOC = 90%, and the upper limit voltage value of the second cell 21 was set to 4.05 V,
which was the open circuit voltage Va2 (90) of the second cell 21 at SOC = 90%.
Thus, the upper limit voltage value of the first battery module 10 was set to 120.6 V,
and the upper limit voltage value of the second battery module 20 was set to 105.5 V.
Therefore, in Example 3, when the SOCs of the battery modules 10 and 20 were the
same at Xmax% which was the upper limit SOC, the voltage of the second battery
module 20 was lower than the voltage of the first battery module 10. Furthermore, in
Example 3, the condition of the above formula (A2) was satisfied in a range where the
SOC was 70% to 100%, that is, in the region where the SOC was high (see range €4 in
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FI1G.17). In Example 3, the battery pack 1 was operated with an upper limit voltage
value N x Va2 (90) of the second battery module 20 as the upper limit voltage value
Vpmax of the battery pack 1.

In Example 3, a current of 100 A was input to the battery pack 1, and the battery
pack 1 was charged at a constant current from the lower limit voltage value Vpmin.
That is, charging was started with the lower limit voltage value Vpmin as the initial
voltage value. FIG.18 is a schematic diagram showing a change over time in the
current flowing through each of the first cell and the second cell in charging from the
lower limit voltage value of the battery pack in Example 3. FIG.19 is a schematic
diagram showing a change over time in the SOC of each of the first cell and the second
cell in charging from the lower limit voltage value of the battery pack in Example 3. In
FIGS.18 and 19, the abscissa axis shows the time when the start time of charging is 0.
In FIG.18, the ordinate axis shows the current, and in FIG.19, the ordinate axis shows
the SOC. In FIG.18, the current for charging the battery pack 1 is shown as a negative
value. Furthermore, in FIGS.18 and 19, a change of the parameter related to the first
cell 11 is shown by a solid line, and a change of the parameter related to the second
cell 21 is shown by a broken line.

As shown in FIGS.18 and 19, etc., in the charging of the battery pack 1 of
Example 3, at the start of charging and immediately after the start of charging, that is,
while about 200 seconds had passed since the start of charging, a large current flowed
through the first cell 11, and input of a large current to the second cell 21 was
suppressed. Therefore, it was demonstrated that the charging in Example 3 exhibited
the same action and effects as the first embodiment also in the present embodiment.

That is, even in the battery pack 1 of the present embodiment including Example
3, when charging is performed such that the lower limit voltage value Vpmin (N x Va2
(Xmin) in the present embodiment) or a value slightly higher than the lower limit
voltage value Vpmin is set as an initial voltage value, the SOC of the second battery
module 20 (second cell 21) is in a low region such as the range of 0% to 30% at the
start of charging and immediately after the start of charging. At the start of charging
and immediately after the start of charging, charging is performed in a state where the
SOC of the first battery module 10 (first cell 11) is higher than the SOC of the second
battery module 20. Thus, as in the first embodiment, it is suppressed that a large
current flows through each of the second cells 21 at the start of charging and im-
mediately after the start of charging. Therefore, the safety of the storage battery 2
(battery pack 1) is ensured in the charging with a large current, and the durability of
the battery pack 1 is ensured. Since a large current flows through each of the first cells
11 at the start of charging and immediately after the start of charging, the battery pack

1 can be charged with a large current while ensuring safety and the like.
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In Example 3, a current of 100 A was output from the battery pack 1, and a
constant current was discharged from the battery pack 1. At that time, in Example 3,
discharging was performed from a state where the open circuit voltage of the battery
pack 1 was 99.9 V, that is, from an initial voltage value of 99.9 V. Therefore, in
Example 3, discharging was performed from the initial voltage value slightly lower
than the upper limit voltage value Vpmax of the battery pack 1. FIG.20 is a schematic
diagram showing a change over time in the current flowing through each of the first
cell and the second cell in discharging from the initial voltage value of the battery pack
in Example 3. FIG.21 is a schematic diagram showing a change over time in the SOC
of each of the first cell and the second cell in discharging from the initial voltage value
of the battery pack in Example 3. In FIGS.20 and 21, the abscissa axis shows the time
when the start time of discharging is 0. In FIG.20, the ordinate axis shows the current,
and in FIG.21, the ordinate axis shows the SOC. In FIG.20, the current discharged
from the battery pack 1 is shown as a positive value. Furthermore, in FIGS.20 and 21,
a change of the parameter related to the first cell 11 is shown by a solid line, and a
change of the parameter related to the second cell 21 is shown by a broken line.

As shown in FIGS.20, 21, etc., in the discharging from the battery pack 1 of
Example 3, at the start of discharging and immediately after the start of discharging, a
large current flowed through the first cell 11, and flow of a large current to the second
cell 21 was suppressed. Therefore, it was demonstrated that the discharging in
Example 3 exhibited the same action and effects as the second embodiment also in the
present embodiment.

That is, even in the battery pack 1 of the present embodiment including Example
3, when discharging is performed such that the upper limit voltage value Vpmax (N X
Va2 (Xmax) in the present embodiment) or a value slightly lower than the upper limit
voltage value Vpmax is set as an initial voltage value, the SOC of the second battery
module 20 (second cell 21) is in a high region such as the range of 70% to 100% at the
start of discharging and immediately after the start of discharging. At the start of dis-
charging and immediately after the start of discharging, discharging is performed in a
state where the SOC of the first battery module 10 (first cell 11) is lower than the SOC
of the second battery module 20. Thus, as in the second embodiment, it is suppressed
that a large current flows through each of the second cells 21 at the start of discharging
and immediately after the start of discharging. Therefore, the safety of the storage
battery 2 (battery pack 1) is ensured in the discharging with a large current, and the
durability of the battery pack 1 is ensured. Since a large current flows through each of
the first cells 11 at the start of discharging and immediately after the start of dis-
charging, discharging can be performed from the battery pack 1 with a large current

while ensuring safety and the like.
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In the present embodiment, since the second battery module 20 is formed from the
second cell 21 containing a carbonaceous material as the negative electrode active
material, an energy density of the second battery module 20 is high. The storage
battery 2 is formed by connecting the second battery module 20 in parallel with the
first battery module 10. Therefore, in the storage battery 2 (battery pack 1) of the
present embodiment, both safety in each of charging and discharging with a large
current and high energy density are ensured.

In the third embodiment, the number of the first cells connected in series and the
number of the second cells connected in series are set so as to satisfy the condition of
the above formula (A1) in a range where the SOC is 0% to 30% and the condition of
the above formula (A2) in the range where the SOC is 70% to 100%. By setting the
number of cells connected in series as described above, when the SOCs of the first
battery module and the second battery module are the same at Xmin% (Xmin is any
value of 0 to 30) which is the lower limit SOC, the voltage of the second battery
module is higher than the voltage of the first battery module. As a result, it is
suppressed that a large current flows through the second cell at the start of charging
and immediately after the start of charging. By setting the number of cells connected in
series as described above, when the SOCs of the first battery module and the second
battery module are the same at Xmax% (Xmax is any value of 70 to 100) which is the
upper limit SOC, the voltage of the second battery module is lower than the voltage of
the first battery module. As a result, it is suppressed that a large current flows through
the second cell at the start of discharging and immediately after the start of dis-
charging. Therefore, it is possible to provide a storage battery in which both safety in
each of charging and discharging with a large current and high energy density are
ensured.

In the storage battery of at least one embodiment or Example described above, the
voltages of the battery modules are at least one of M x Val (X) < N x Va2 (X) in the
range where the SOC of the cell is 0% to 30%, or M x Val (X) < N x Va2 (X) in the
range where the SOC of the cell is 70% to 100%. Accordingly, it is possible to provide
a storage battery in which both safety in charging or discharging with a large current
and high energy density are ensured.

While certain embodiments have been described, these embodiments have been
presented by way of example only, and are not intended to limit the scope of the in-
ventions. Indeed, the novel embodiments described herein may be embodied in a
variety of other forms; furthermore, various omissions, substitutions and changes in the
form of the embodiments described herein may be made without departing from the
spirit of the inventions. The accompanying claims and their equivalents are intended to

cover such forms or modifications as would fall within the scope and spirit of the in-
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Reference Signs List
[0091] 1...battery pack; 2...storage battery; 10...first battery module; 11...first cell;

20...second battery module; 21...second cell.
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Claims

A storage battery comprising:

a first battery module including a plurality of first cells connected in
series, each of the plurality of first cells containing titanium composite
oxide as a negative electrode active material; and

a second battery module including a plurality of second cells
connected in series, each of the plurality of second cells containing a
carbonaceous material as a negative electrode active material, the
second battery module being connected in parallel with the first battery
module,

wherein the first battery module and the second battery module
satisfy the following formula (1):

M x Val (X) < N x Va2 (X) (0= X £30) (1),

wherein Val (X) represents an open circuit voltage at SOC = X% of
each of the plurality of first cells, Va2 (X) represents an open circuit
voltage at SOC = X% of each of the plurality of second cells, M
represents the number of the plurality of first cells connected in series
in the first battery module, and N represents the number of the plurality
of second cells connected in series in the second battery module.

The storage battery according to claiml, wherein

each of the plurality of first cells contains lithium titanate having a
spinel structure as the negative electrode active material,

each of the plurality of second cells contains graphite as the negative
electrode active material, and

the first battery module and the second battery module satisfy the
following formula (2):

M x2.10 <N x 3.47 (2).

A storage battery comprising:

a first battery module including a plurality of first cells connected in
series, each of the plurality of first cells containing titanium composite
oxide as a negative electrode active material; and

a second battery module including a plurality of second cells
connected in series, each of the plurality of second cells containing a
carbonaceous material as a negative electrode active material, the
second battery module being connected in parallel with the first battery
module,

wherein the first battery module and the second battery module
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satisfy the following formula (3):

M x Val (X) >N x Va2 (X) (70 £ X £ 100) (3),

wherein Val (X) represents an open circuit voltage at SOC = X% of
each of the plurality of first cells, Va2 (X) represents an open circuit
voltage at SOC = X% of each of the plurality of second cells, M
represents the number of the plurality of first cells connected in series
in the first battery module, and N represents the number of the plurality
of second cells connected in series in the second battery module.

The storage battery according to claim3, wherein

each of the plurality of first cells contains lithium titanate having a
spinel structure as the negative electrode active material,

each of the plurality of second cells contains graphite as the negative
electrode active material, and

the first battery module and the second battery module satisfy the
following formula (4):

M x2.46 >N x4.05 (4).

A storage battery comprising:

a first battery module including a plurality of first cells connected in
series, each of the plurality of first cells containing titanium composite
oxide as a negative electrode active material; and

a second battery module including a plurality of second cells
connected in series, each of the plurality of second cells containing a
carbonaceous material as a negative electrode active material, the
second battery module being connected in parallel with the first battery
module,

wherein the first battery module and the second battery module
satisfy the following formulas (5) and (6):

M x Val (X) <N x Va2 (X) (0= X =30)(5); and

M x Val (X) >N x Va2 (X) (70 £ X £ 100) (6),

wherein Val (X) represents an open circuit voltage at SOC = X% of
each of the plurality of first cells, Va2 (X) represents an open circuit
voltage at SOC = X% of each of the plurality of second cells, M
represents the number of the plurality of first cells connected in series
in the first battery module, and N represents the number of the plurality
of second cells connected in series in the second battery module.

The storage battery according to claim5, wherein

each of the plurality of first cells contains monoclinic niobium

titanium composite oxide as the negative electrode active material,
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each of the plurality of second cells contains graphite as the negative
electrode active material, and

the first battery module and the second battery module satisfy the
following formulas (7) and (8):

M x 1.88 < N x 3.47 (7); and

M x 2.68 > N x 4.05 (8).
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[Fig. 13]
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[Fig. 15]
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[Fig. 18]
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