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(54) DEVICE AND METHOD FOR TESTING PERFORMANCE OF BATTERY CELL

(57) Provided are apparatus and method of testing
electrochemical performance of a battery cell in a non-
destructive manner. The apparatus according to an em-
bodiment of the present disclosure includes: a memory
configured to store first profile data, second profile data,
a first positive electrode upper limit, a first positive elec-
trode lower limit, a first negative electrode upper limit,
and a first negative electrode lower limit that are deter-
mined in advance through a preliminary experiment with
respect to each of a plurality of reference cells; a sensing
unit configured to measure an open-circuit voltage of a
test cell according to a variation in a state of charge (SOC)
of the test cell; and a controller electrically connected to
the memory and the sensing unit. The controller is con-
figured to test performance of the test cell in a nonde-
structive manner based on data regarding the reference
cells and data measured by the sensing unit stored in
the memory.
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to an apparatus
and method of testing performance of a battery cell, and
more particularly, to an apparatus and method of testing
an electrochemical performance of a battery cell in a non-
destructive manner.
[0002] The present application claims priority to Kore-
an Patent Application No. 10-2016-0109271 filed on Au-
gust 26, 2016 in the Republic of Korea, the disclosure of
which is incorporated herein by reference.

BACKGROUND ART

[0003] Recently, demand for portable electronic devic-
es such as laptops, video cameras, mobile phones, etc.
has been rapidly increasing, and electric vehicles, energy
storing batteries, robots, satellites, etc. have been devel-
oped. Accordingly, research onto a high-performance
battery that is repeatedly rechargeable has been actively
conducted.
[0004] Nickel cadmium batteries, nickel hydrogen bat-
teries, nickel zinc batteries, lithium secondary batteries,
etc. are currently commercialized, and the lithium sec-
ondary batteries among those batteries are highlighted
due to such advantages as free charging/discharging be-
cause a memory effect rarely occurs in the lithium sec-
ondary batteries when being compared with nickel-based
secondary batteries, very low self-discharging rate, and
high energy density.
[0005] A battery cell included in a battery basically in-
cludes a positive electrode, a negative electrode, and an
electrolyte. As operating ions (e.g., lithium ions) involved
in electrochemical reaction of a battery cell move from a
positive electrode to a negative electrode or from a neg-
ative electrode to a positive electrode, charging/dis-
charging of the battery cell is executed.
[0006] A battery cell is manufactured through an acti-
vation process. In an activation process, charging/dis-
charging of a battery cell are executed a predetermined
number of times under a preset condition, in a state in
which the battery cell is connected to a charging/dis-
charging apparatus. When a performance test method
according to the related art is used, a maximum capacity
value that is actually extractable from a battery cell may
be estimated according to a ratio between a charging
capacity and a discharging capacity of a battery cell,
which are measured during performing an activation
process. The maximum capacity value may be referred
to as a full charge capacity (FCC).
[0007] However, according to the performance test
method according to the related art, there is a limitation
that only information about usage area including a volt-
age window, etc. at opposite ends of the battery cell may
be only roughly identified, but information about usage
area of each of the positive and negative electrodes of

the battery cell may not be identified.
[0008] Also, since some of the lithium ions are irrevers-
ibly lost due to solid electrolyte interface (SEI), etc. gen-
erated because lithium ions react with carbon used in a
negative electrode during the activation process, the
maximum capacity value of the battery cell becomes less
than a predetermined design capacity. However, the per-
formance test method according to the related art may
not provide information about a factor resulting in the
difference between the predetermined design capacity
value and the maximum capacity value of the battery cell
after the activation process.
[0009] To address the above problem, a three-elec-
trode test method has been suggested. According to the
three-electrode test method, a potential of each of a pos-
itive electrode and a negative electrode in a battery cell
is compared with that of a reference electrode to measure
a usage area and a maximum capacity of each of the
positive and negative electrodes in the battery cell. How-
ever, in order to execute the three-electrode test method,
the battery cell including the positive electrode and the
negative electrode has to be disassembled to additionally
attach a reference electrode to the battery cell. Moreover,
since the reference electrode may affect electrochemical
characteristics of the battery cell, the measurement result
of the battery cell having the reference electrode may not
correspond to the actual electrochemical characteristics
of the battery cell having no reference electrode.

DISCLOSURE

Technical Problem

[0010] The present disclosure is designed to solve the
problems of the related art, and therefore the present
disclosure is directed to providing an apparatus and
method of precisely testing performance of a battery cell
without disassembling the battery cell to attach a refer-
ence electrode, etc.
[0011] The other objects and advantages of the
present disclosure will be apparent from the following
description and the exemplary embodiments of the
present disclosure. Also, it will be readily understood that
the objects and advantages of the present disclosure are
realized by the means and combinations thereof set forth
in the appended claims.

Technical Solution

[0012] Various embodiments of the present disclosure
to achieve the above goal are as follows.
[0013] In one aspect of the present disclosure, there
is provided an apparatus for testing performance of a
battery cell, the apparatus including: a memory config-
ured to store first profile data, second profile data, a first
positive electrode upper limit, a first positive electrode
lower limit, a first negative electrode upper limit, and a
first negative electrode lower limit that are determined in
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advance through a preliminary experiment with respect
to each of a plurality of reference cells; a sensing unit
configured to measure an open-circuit voltage of a test
cell according to a variation in a state of charge (SOC)
of the test cell; and a controller electrically connected to
the memory and the sensing unit and configured to test
performance of the test cell in a nondestructive manner.
The first profile data indicates a variation in an open-
circuit voltage of a positive electrode of the reference cell
according to a variation in an amount of lithium ions
stored in the positive electrode of the reference cell, and
the second profile data indicates a variation in an open-
circuit voltage of a negative electrode of the reference
cell according to a variation in an amount of lithium ions
stored in the negative electrode of the reference cell. The
first positive electrode upper limit corresponds to the
amount of lithium ions stored in the positive electrode of
the reference cell at an upper limit within a predetermined
SOC range, the first positive electrode lower limit corre-
sponds to the amount of lithium ions stored in the positive
electrode of the reference cell at a lower limit within the
predetermined SOC range, the first negative electrode
upper limit corresponds to the amount of lithium ions
stored in the negative electrode of the reference cell at
an upper limit within the predetermined SOC range, and
the first negative electrode lower limit corresponds to the
amount of lithium ions stored in the negative electrode
of the reference cell at a lower limit within the predeter-
mined SOC range. The controller is configured to gen-
erate third profile data indicating a variation in the open-
circuit voltage of each of the plurality of the reference
cells with respect to the predetermined SOC range,
based on the first profile data, the second profile data,
the first positive electrode upper limit, the first positive
electrode lower limit, the first negative electrode upper
limit, and the first negative electrode lower limit, and to
generate fourth profile data indicating a variation in an
open-circuit voltage at opposite ends of the test cell with
respect to the predetermined SOC range measured by
the sensing unit. The controller is configured to estimate
a second positive electrode upper limit, a second positive
electrode lower limit, a second negative electrode upper
limit, and a second negative electrode lower limit of the
test cell, based on the third profile data and the fourth
profile data. The second positive electrode upper limit
corresponds to the amount of lithium ions stored in a
positive electrode of the test cell at an upper limit within
the predetermined SOC range, the second positive elec-
trode lower limit corresponds to an amount of lithium ions
stored in the positive electrode of the test cell at a lower
limit within the predetermined SOC range, the second
negative electrode upper limit corresponds to an amount
of lithium ions stored in a negative electrode of the test
cell at an upper limit within the predetermined SOC range,
and the second negative electrode lower limit corre-
sponds to an amount of lithium ions stored in the negative
electrode of the test cell at a lower limit of the predeter-
mined SOC range.

[0014] The controller may be configured to declare a
cost function indicating a sum of squares of a residual
between the third profile data and the fourth profile data
with respect to a plurality of sample values within the
predetermined SOC range, and to estimate the second
positive electrode upper limit, the second positive elec-
trode lower limit, the second negative electrode upper
limit, and the second negative electrode lower limit of the
test cell, which make a value of the cost function minimum
through a predetermined probability model.
[0015] The controller may be configured to estimate
the second positive electrode upper limit, the second pos-
itive electrode lower limit, the second negative electrode
upper limit, and the second negative electrode lower limit
of the test cell, which make the value of the cost function
minimum, by using an optimization algorithm given in ad-
vance or a Bayesian estimation method.
[0016] The memory may be configured to further store
a maximum capacity value of the test cell. The controller
may be configured to calculate a first capacity value in-
dicating a maximum capacity of the positive electrode of
the test cell by using equation 1 below, and to calculate
a second capacity value indicating a maximum capacity
of the negative electrode of the test cell by using equation
2 below 

where Qt
F denotes the maximum capacity value, pf’ de-

notes the second positive electrode upper limit, pi’ de-
notes the second positive electrode lower limit, nf’ de-
notes the second negative electrode upper limit, ni’ de-
notes the second negative electrode lower limit, Qt

P de-
notes the first capacity value, and Qt

N denotes the second
capacity value.
[0017] The controller may be configured to calculate
an irreversible capacity of the test cell by using equation
3 below 

where Qloss denotes the irreversible capacity.
[0018] The controller may be configured to calculate a
ratio between the maximum capacity of the negative elec-
trode of the test cell and the maximum capacity of the
positive electrode of the test cell by using equation 4 be-
low 
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where RNP denotes the ratio between the maximum ca-
pacity of the negative electrode of the test cell and the
maximum capacity of the positive electrode of the test
cell.
[0019] The controller may be configured to generate
the fourth profile data by averaging a voltage profile dur-
ing charging the test cell and a voltage profile during dis-
charging the test cell within the predetermined SOC
range.
[0020] The controller may be configured to generate
the fourth profile data based on a voltage at opposite
ends of the test cell, which is measured through a voltage
relaxation method, within the predetermined SOC range.
[0021] In another aspect of the present disclosure,
there is also provided a method of testing performance
of a battery cell, the method including: (a) storing first
profile data, second profile data, a first positive electrode
upper limit, a first positive electrode lower limit, a first
negative electrode upper limit, and a first negative elec-
trode lower limit that are determined in advance through
a preliminary experiment with respect to each of a plu-
rality of reference cells; (b) generating third profile data
indicating a variation in an open-circuit voltage of the
each of the plurality of reference cells within a predeter-
mined state of charge (SOC) range, based on the first
profile data, the second profile data, the first positive elec-
trode upper limit, the first positive electrode lower limit,
the first negative electrode upper limit, and the first neg-
ative electrode lower limit; (c) measuring an open-circuit
voltage of a test cell according to a variation in an SOC
of the test cell; (d) generating fourth profile data indicating
a variation in an open-circuit voltage at opposite ends of
the test cell with respect to the predetermined SOC
range, based on measured open-circuit voltage of the
test cell; and (e) estimating a second positive electrode
upper limit, a second positive electrode lower limit, a sec-
ond negative electrode upper limit, and a second nega-
tive electrode lower limit of the test cell, based on the
third profile data and the fourth profile data. The first pro-
file data indicates a variation in an open-circuit voltage
of a positive electrode of the reference cell according to
a variation in an amount of lithium ions stored in the pos-
itive electrode of the reference cell, and the second profile
data indicates a variation in an open-circuit voltage of a
negative electrode of the reference cell according to a
variation in an amount of lithium ions stored in the neg-
ative electrode of the reference cell. The first positive
electrode upper limit corresponds to the amount of lithium
ions stored in the positive electrode of the reference cell
at an upper limit within the predetermined SOC range,
the first positive electrode lower limit corresponds to the
amount of lithium ions stored in the positive electrode of
the reference cell at a lower limit within a predetermined

SOC range, the first negative electrode upper limit cor-
responds to the amount of lithium ions stored in the neg-
ative electrode of the reference cell at an upper limit within
the predetermined SOC range, the first negative elec-
trode lower limit corresponds to the amount of lithium
ions stored in the negative electrode of the reference cell
at a lower limit within the predetermined SOC range, the
second positive electrode upper limit corresponds to the
amount of lithium ions stored in a positive electrode of
the test cell at an upper limit within the predetermined
SOC range, and the second positive electrode lower limit
corresponds to an amount of lithium ions stored in the
positive electrode of the test cell at a lower limit within
the predetermined SOC range, the second negative elec-
trode upper limit corresponds to an amount of lithium ions
stored in a negative electrode of the test cell at an upper
limit within the predetermined SOC range, and the sec-
ond negative electrode lower limit corresponds to an
amount of lithium ions stored in the negative electrode
of the test cell at a lower limit of the predetermined SOC
range.
[0022] The operation (e) may include: (e-1) declaring
a cost function indicating a sum of squares of a residual
between the third profile data and the fourth profile data
with respect to a plurality of sample values within the
predetermined SOC range, and (e-2) estimating the sec-
ond positive electrode upper limit, the second positive
electrode lower limit, the second negative electrode up-
per limit, and the second negative electrode lower limit
of the test cell, which make a value of the cost function
minimum through a predetermined probability model.
[0023] The operation (e-2) may include estimating the
second positive electrode upper limit, the second positive
electrode lower limit, the second negative electrode up-
per limit, and the second negative electrode lower limit
of the test cell, which make the value of the cost function
minimum, by using an optimization algorithm given in ad-
vance or a Bayesian estimation method.

Advantageous Effects

[0024] According to at least one of embodiments of the
present disclosure, performance test of a battery cell may
be performed without disassembling the battery cell in
order to attach a reference electrode, etc. That is, infor-
mation about electrochemical performance of each of a
positive electrode and a negative electrode of a battery
cell may be obtained in a nondestructive manner.
[0025] Also, according to at least one of the embodi-
ments of the present disclosure, a usage area of each of
a positive electrode and a negative electrode in the bat-
tery cell may be estimated.
[0026] Also, according to at least one of the embodi-
ments of the present disclosure, a maximum capacity of
each of the positive and negative electrodes in the battery
cell per unit area may be estimated.
[0027] Also, according to at least one of the embodi-
ments of the present disclosure, a capacity ratio between
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the positive electrode and the negative electrode of the
battery cell may be estimated.
[0028] Also, according to at least one of the embodi-
ments of the present disclosure, it may be rapidly
checked whether a manufactured battery cell is defec-
tive.
[0029] The effects of the present disclosure are not
limited to the aforementioned effects, and other effects
of the present disclosure may be understood by the fol-
lowing description and will become apparent from the
embodiments of the present disclosure.

DESCRIPTION OF DRAWINGS

[0030] The accompanying drawings illustrate a pre-
ferred embodiment of the present disclosure and togeth-
er with the foregoing disclosure, serve to provide further
understanding of the technical features of the present
disclosure, and thus, the present disclosure is not con-
strued as being limited to the drawing.

FIG. 1 is a diagram showing a functional structure
of a test apparatus according to an embodiment of
the present disclosure.
FIGS. 2 and 3 are diagrams showing a positive elec-
trode open-circuit voltage profile of a reference cell
provided from first profile data described above with
reference to FIG. 1.
FIGS. 4 and 5 are diagrams showing a negative elec-
trode open-circuit voltage profile of a reference cell
provided from second profile data described above
with reference to FIG. 1.
FIG. 6 is a diagram showing open-circuit voltage pro-
file at opposite ends of a reference cell provided from
third profile data described above with reference to
FIG. 1.
FIG. 7 is a diagram showing opposite ends open-
circuit voltage profile of a test cell according to an
embodiment of the present disclosure.
FIGS. 8 and 9 are diagrams showing an example of
measuring an open-circuit voltage at opposite ends
of a test cell.
FIG. 10 is a diagram used to illustrate a method of
estimating a usage area of a test cell according to
an embodiment of the present disclosure.
FIG. 11 is a table illustrating a comparison result be-
tween an estimated performance and actual per-
formance of a test cell according to an embodiment
of the present disclosure.
FIG. 12 is a flowchart illustrating a method of testing
performance of a battery cell according to an em-
bodiment of the present disclosure.

MODE FOR DISCLOSURE

[0031] Prior to the description, it should be understood
that the terms used in the specification and the appended
claims should not be construed as limited to general and

dictionary meanings, but interpreted based on the mean-
ings and concepts corresponding to technical aspects of
the present disclosure on the basis of the principle that
the inventor is allowed to define terms appropriately for
the best explanation.
[0032] Therefore, the description proposed herein is
just a preferable example for the purpose of illustrations
only, not intended to limit the scope of the disclosure, so
it should be understood that other equivalents and mod-
ifications could be made thereto without departing from
the scope of the disclosure.
[0033] Also, in the detailed description of the embodi-
ments of the present disclosure, detailed depictions of
well-known related functions and configurations may be
omitted so as not to obscure the art of the present dis-
closure with superfluous detail.
[0034] It will be further understood that the terms "com-
prises" and/or "comprising," when used in this specifica-
tion, specify the presence of stated components, but do
not preclude the presence or addition of one or more
components. In addition, the term such as <control unit>
provided herein indicates a unit performing at least one
function or operation, and may be realized by hardware,
software, or a combination of hardware and software.
[0035] Moreover, when it is mentioned that a part is
"connected" with another part, it means not only "direct
connection" but also "indirect connection" with different
elements interposed between the two parts.
[0036] Hereinafter, a test apparatus and method ac-
cording to embodiments of the present disclosure will be
described in detail below. Hereinafter, a battery cell will
be referred to as a ’cell’ for convenience of description.
Also, various voltage profiles that will be described later
are not restricted to continuous format, but may have a
discrete format.
[0037] FIG. 1 is a diagram showing a functional con-
figuration of a test apparatus 100 according to an em-
bodiment of the present disclosure.
[0038] Referring to FIG. 1, the test apparatus 100 in-
cludes a memory 110, a sensing unit 120, and a controller
130.
[0039] The memory 110 is configured to store refer-
ence information that is predetermined to indicate per-
formance of each of a plurality of reference cells. The
reference information is used as a comparing criterion
for testing performance of a test cell that will be described
later. The reference information includes first profile data,
second profile data, a first positive electrode upper limit,
a first positive electrode lower limit, a first negative elec-
trode upper limit, and a first negative electrode lower limit.
The reference information is obtained through prelimi-
nary experiments on a reference cell at a beginning of
life (BOL). Here, BOL may denote a duration from an
initial time point of manufacturing a reference cell to a
time point when charging/discharging cycle reaches a
predetermined number of times.
[0040] In detail, the first profile data indicates a varia-
tion in an open-circuit voltage of a positive electrode of
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the reference cell according to a variation in an amount
of lithium ions stored in a positive electrode of the refer-
ence cell. For example, as charging of the reference cell
progresses, the amount of lithium ions stored in the pos-
itive electrode of the reference cell is gradually de-
creased, whereas a potential of the positive electrode of
the reference cell gradually increases.
[0041] The second profile data indicates a variation in
an open-circuit voltage of a negative electrode in the ref-
erence cell according to a variation in the amount of lith-
ium ions stored in the negative electrode of the reference
cell. For example, as the charging of the reference cell
progresses, the amount of lithium ions stored in the neg-
ative electrode of the reference cell gradually increases,
whereas a potential of the negative electrode of the ref-
erence cell gradually decreases.
[0042] The first positive electrode upper limit corre-
sponds to the amount of lithium ions stored in the positive
electrode of the reference cell at an upper limit within a
predetermined SOC range. In detail, the first positive
electrode upper limit denotes a stoichiometric value rep-
resenting a value within a range of 0 to 1, wherein the
value is obtained by subtracting a first experiment value
indicating an amount of operating ions (e.g., lithium ions)
stored in the positive electrode of the reference cell from
a first critical value at a time point when a state of charge
(SOC) of the reference cell reaches an upper limit of a
predetermined SOC range, based on the first critical val-
ue indicating a maximum amount of the operating ions
that may be stored in the positive electrode of the refer-
ence cell. For example, when the amount of operating
ions stored in the positive electrode of the reference cell
is 10% of the first critical value when the SOC of the
reference cell reaches the upper limit of the predeter-
mined SOC range, the first positive electrode upper limit
is (100%-10%)/100% = 0.90.
[0043] The first positive electrode lower limit corre-
sponds to the amount of lithium ions stored in the positive
electrode of the reference cell at a lower limit within a
predetermined SOC range. In detail, the first positive
electrode lower limit denotes a stoichiometric value rep-
resenting a value within a range of 0 to 1, wherein the
value is obtained by subtracting a second experiment
value indicating an amount of operating ions stored in
the positive electrode of the reference cell from the first
critical value at a time point when the SOC of the refer-
ence cell reaches a lower limit of a predetermined SOC
range, based on the first critical value. For example, when
the amount of operating ions stored in the positive elec-
trode of the reference cell is 80% of the first critical value
when the SOC of the reference cell reaches the lower
limit of the predetermined SOC range, the first positive
electrode lower limit is (100%-80%)/100% = 0.20. As the
SOC of the reference cell decreases, the amount of op-
erating ions stored in the positive electrode of the refer-
ence value increases, and thus, it is obvious to one of
ordinary skill in the art that the first positive electrode
lower limit is less than the first positive electrode upper

limit.
[0044] The first negative electrode upper limit corre-
sponds to the amount of lithium ions stored in the nega-
tive electrode of the reference cell at an upper limit within
a predetermined SOC range. In detail, the first negative
electrode upper limit denotes a stoichiometric value rep-
resenting a third experiment value within a range of 0 to
1, wherein the third experiment value indicates an
amount of operating ions stored in the negative electrode
of the reference cell at a time point when the SOC of the
reference cell reaches an upper limit of a predetermined
SOC range, based on a second critical value indicating
a maximum amount of operating ions that may be stored
in the negative electrode of the reference cell. For exam-
ple, when the amount of operating ions stored in the neg-
ative electrode of the reference cell is 95% of the second
critical value when the SOC of the reference cell reaches
the upper limit of the predetermined SOC range, the first
negative electrode upper limit is 95%/100% = 0.95.
[0045] The first negative electrode lower limit corre-
sponds to the amount of lithium ions stored in the nega-
tive electrode of the reference cell at a lower limit within
a predetermined SOC range. In detail, the first negative
electrode lower limit denotes a stoichiometric value rep-
resenting a fourth experiment value within a range of 0
to 1, wherein the first experiment value indicates an
amount of operating ions stored in the negative electrode
of the reference cell at a time point when the SOC of the
reference cell reaches a lower limit of a predetermined
SOC range, based on the second critical value. For ex-
ample, when the amount of operating ions stored in the
negative electrode of the reference cell is 5% of the sec-
ond critical value when the SOC of the reference cell
reaches the lower limit of the predetermined SOC range,
the first negative electrode lower limit is 5%/100% = 0.05.
As the SOC of the reference cell decreases, the amount
of operating ions stored in the negative electrode of the
reference value decreases, and thus, it is obvious to one
of ordinary skill in the art that the first negative electrode
lower limit is less than the first negative electrode upper
limit.
[0046] Also, the memory 110 may additionally store
various data, commands, and software required in overall
operations of the test apparatus 100. The memory 110
may include a storage medium corresponding to at least
one type of a flash memory type, a hard disk type, a solid
state disk (SSD) type, a silicon disk drive (SDD) type, a
multimedia card micro type, a random access memory
(RAM), a static RAM (SRAM), a read-only memory
(ROM), an electrically erasable programmable read-only
memory (EEPROM), and a programmable ROM
(PROM).
[0047] The sensing unit 120 may include at least one
of a voltage sensor 121, a current sensor 122, and a
temperature sensor 123. At least one of the voltage sen-
sor 121, the current sensor 122, and the temperature
sensor 123 separately measures at least one of a voltage,
a current, and a temperature of a test cell 10 and transmits
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data representing the measured value to the controller
130, in response to a control signal provided from the
controller 130.
[0048] The controller 130 is configured to test the per-
formance of a test cell in a nondestructive manner by
referring to the data and commands stored in the memory
110 or by driving software. The controller 130 may exe-
cute the software for performing at least one of meas-
urement of voltage, current, and temperature of the test
cell, SOC calculation, SOH estimation, and temperature
management.
[0049] The controller 130 may be implemented by at
least one of application specific integrated circuits
(ASICs), digital signal processors (DSPs), digital signal
processing devices (DSPDs), programmable logic devic-
es (PLDs), field programmable gate arrays (FPGAs), mi-
croprocessors, and electric units for performing other
functions, as hardware.
[0050] The controller 130 may generate third profile
data representing a variation in the open-circuit voltage
at opposite ends in the reference cells with respect to a
predetermined SOC range, based on the first profile data,
the second profile data, the first positive electrode upper
limit, the first positive electrode lower limit, the first neg-
ative electrode upper limit, and the first negative elec-
trode lower limit of each of a plurality of reference cells.
In detail, the third profile data indicates a difference be-
tween a positive electrode open-circuit voltage profile of
the reference cell provided by the first profile data and a
negative electrode open-circuit voltage profile of the ref-
erence cell provided by the second profile data, that is,
the open-circuit voltage profile at opposite ends of the
reference cell.
[0051] In addition, the controller 130 may generate
fourth profile data related to a test cell that is separate
from the reference cell. Here, the test cell may be de-
signed and manufactured to have electrochemical char-
acteristics that are identical with those of the reference
cell. However, the test cell and at least one of the refer-
ence cells may have different performances from each
other due to an element such as a processing error.
[0052] In more detail, the controller 130 may generate
the fourth profile data representing the open-circuit volt-
age profile at opposite ends of the test cell with respect
to a predetermined SOC range, based on voltage data
of the test cell provided from the sensing unit 120. That
is, the fourth profile data represents a variation in the
open-circuit voltage at opposite ends of the test cell with
respect to a predetermined SOC range.
[0053] When the generation of the fourth profile data
is finished, the controller 130 may estimate a second pos-
itive electrode upper limit, a second positive electrode
lower limit, a second negative electrode upper limit, and
a second negative electrode lower limit of the test cell,
based on the third profile data and the fourth profile data.
[0054] Here, the second positive electrode upper limit
corresponds to an amount of operating ions estimated
to be stored in the positive electrode of the test cell when

the SOC of the test cell is the upper limit of the predeter-
mined SOC range. In detail, the second positive elec-
trode upper limit denotes a stoichiometric value repre-
senting a value within a range of 0 to 1, wherein the value
is obtained by subtracting a first estimation value indicat-
ing an amount of operating ions estimated to be stored
in the positive electrode of the test cell when the SOC of
the test cell reaches the upper limit of a predetermined
SOC range from the first critical value, based on the first
critical value. For example, when the first estimation val-
ue is 5% of the first critical value, the second positive
electrode upper limit is (100%-5%)/100% = 0.95.
[0055] The second positive electrode lower limit cor-
responds to an amount of operating ions estimated to be
stored in the positive electrode of the test cell when the
SOC of the test cell is the lower limit of the predetermined
SOC range. In detail, the second positive electrode lower
limit denotes a stoichiometric value representing a value
within a range of 0 to 1, wherein the value is obtained by
subtracting a second estimation value indicating an
amount of operating ions estimated to be stored in the
positive electrode of the test cell from the first critical val-
ue at a time point when the SOC of the test cell reaches
a lower limit of a predetermined SOC range, based on
the first critical value. For example, when the second es-
timation value is 5% of the first critical value, the second
positive electrode lower limit is (100%-95%)/100% =
0.05. As the SOC of the test cell decreases, the amount
of operating ions stored in the positive electrode of the
test value increases, and thus, it is obvious to one of
ordinary skill in the art that the second positive electrode
lower limit is less than the second positive electrode up-
per limit.
[0056] The second negative electrode upper limit cor-
responds to an amount of operating ions estimated to be
stored in the negative electrode of the test cell when the
SOC of the test cell is the upper limit of the predetermined
SOC range. In detail, the second negative electrode up-
per limit denotes a stoichiometric value representing a
third estimation value within a range of 0 to 1, wherein
the third estimation value indicates an amount of oper-
ating ions estimated to be stored in the negative electrode
of the test cell at a time point when the SOC of the test
cell reaches an upper limit of a predetermined SOC
range, based on the second critical value. For example,
when the amount of operating ions stored in the negative
electrode of the test cell is 90% of the second critical
value when the SOC of the test cell reaches the upper
limit of the predetermined SOC range, the second neg-
ative electrode upper limit is 90%/100% = 0.90.
[0057] The second negative electrode lower limit cor-
responds to an amount of operating ions estimated to be
stored in the negative electrode of the test cell when the
SOC of the test cell is the lower limit of the predetermined
SOC range. In detail, the second negative electrode up-
per limit denotes a stoichiometric value representing a
fourth estimation value within a range of 0 to 1, wherein
the third estimation value indicates an amount of oper-
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ating ions estimated to be stored in the negative electrode
of the test cell at a time point when the SOC of the test
cell reaches the lower limit of a predetermined SOC
range, based on the second critical value. For example,
when the amount of operating ions stored in the negative
electrode of the test cell is 5% of the second critical value
when the SOC of the test cell reaches the lower limit of
the predetermined SOC range, the second negative elec-
trode lower limit is 10%/100% = 0.10. As the SOC of the
test cell decreases, the amount of operating ions stored
in the negative electrode of the test value decreases, and
thus, it is obvious to one of ordinary skill in the art that
the second negative electrode lower limit is less than the
second negative electrode upper limit.
[0058] Hereinafter, it will be assumed that a positive
electrode and a negative electrode of each of the refer-
ence cell and the test cell are LixMeO2 and LiyC6, and
operating ions involved in the electrochemical reaction
that causes charging/discharging of the reference cell
and the test cell are lithium ions Li+. Here, x denotes a
stoichiometric number representing an amount of lithium
ions stored in a positive electrode, and y is a stoichio-
metric number representing an amount of lithium ions
stored in a negative electrode. Also, Me may be a metal
element such as Ni, Mn, Mg, and Al. Also, it will be as-
sumed that the predetermined SOC range is from 0 to 1.
One of ordinary skill in the art would have easily appre-
ciated that the SOC of a cell having a value of 1 denotes
that a voltage at opposite ends of the cell reaches an
upper limit voltage and fully-charged state, and that the
SOC of a cell having a value of 0 denotes that a voltage
at opposite ends of the cell reaches a lower limit voltage
and fully-discharged state.
[0059] Although not shown in FIG. 1, the test apparatus
100 may further include an output unit. The output unit
outputs the data processed by the test apparatus to be
recognizable by a user. For example, the output unit may
include a display for outputting the data processed by
the test apparatus 100 in a visual format. As another ex-
ample, the output unit may include a speaker for output-
ting the data processed by the test apparatus 100 in an
audible format. The user may receive a test result of the
test cell via the output unit.
[0060] FIGS. 2 and 3 are diagrams showing a positive
electrode open-circuit voltage profile of a reference cell
provided from first profile data described above with ref-
erence to FIG. 1.
[0061] Referring to FIG. 2, a positive electrode open-
circuit voltage profile UP(x) of a reference cell, which is
measured while the amount x of the lithium ions stored
in the positive electrode (LixMeO2) of each reference cell
is adjusted within a range from a first experiment value
x1 to a second experiment value x2 through a preliminary
experiment, may be identified. Here, the positive elec-
trode open-circuit voltage of the reference cell is a differ-
ence between a positive electrode potential of the refer-
ence cell and a reference potential (e.g., 0V). According
to the positive electrode open-circuit voltage profile UP(x)

of the reference cell, it may be identified that the positive
electrode open-circuit voltage of the reference cell grad-
ually decreases as the amount x of the lithium ions stored
in the positive electrode of the reference cell increases
from the first experiment value x1 to the second experi-
ment value x2. The amount x of the lithium ions may be
determined according to Equation 1 below. 

[0062] In Equation 1 above, Pf denotes a first positive
electrode upper limit, Pi denotes a first positive electrode
lower limit, and SOC denotes a state of charge of the
reference cell. Here, since Pf and Pi are constants deter-
mined in advance, x depends on the variation in the SOC.
That is, when one of x and SOC is provided, the other
may be calculated. Referring to FIG. 3 with FIG. 2, the
controller 130 may convert the positive electrode open-
circuit voltage profile UP(x) into a positive electrode volt-
age profile UP(SOC) according to the state of charge of
the reference cell.
[0063] FIGS. 4 and 5 are diagrams showing a negative
electrode open-circuit voltage profile of a reference cell
provided from the second profile data described above
with reference to FIG. 1.
[0064] Referring to FIG. 4, a negative electrode open-
circuit voltage profile UN(y) of the reference cell, which
is measured while an amount y of lithium ions stored in
a negative electrode (LiyC6) of the reference cell is ad-
justed within a range between a third experiment value
y1 and a fourth experiment value y4, through a prelimi-
nary experiment may be identified. Here, the negative
electrode open-circuit voltage of the reference cell is a
difference between a negative electrode potential of the
reference cell and a reference potential. According to the
negative electrode open-circuit voltage profile UN(y) of
the reference cell, it may be identified that the negative
electrode open-circuit voltage of the reference cell grad-
ually decreases as the amount of the lithium ions stored
in the negative electrode of the reference cell increases
from the third experiment value y1 to the fourth experi-
ment value y2. The amount y of the lithium ions may be
determined according to Equation 2 below.

[0065] In Equation 2 above, Nf denotes a first negative
electrode upper limit, Ni denotes a first negative electrode
lower limit, and SOC denotes a state of charge of the
reference cell. Here, since Nf and Ni are constants de-
termined in advance, y depends on the variation in the
SOC. That is, when one of y and SOC is provided, the
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other may be calculated. Referring to FIG. 5 with FIG. 4,
the controller 130 may convert the negative electrode
open-circuit voltage profile UN(y) into a negative elec-
trode voltage profile UN(SOC) according to the state of
charge of the reference cell.
[0066] FIG. 6 is a diagram showing opposite ends
open-circuit voltage profile of a reference cell provided
from the third profile data described above with reference
to FIG. 1.
[0067] Referring to FIG. 6, an open-circuit voltage pro-
file at opposite ends UR(SOC) according to a state of
charge of one reference cell may be identified. The open-
circuit voltage profile at opposite ends UR(SOC) corre-
sponds to a difference between the positive electrode
voltage profile UP(SOC) shown in FIG. 3 and the negative
electrode voltage profile UN(SOC) shown in FIG. 5 within
a range of 0 to 1, e.g., a common SOC range. As de-
scribed above, the positive electrode voltage profile
UP(SOC) is related to the first profile data, the first positive
electrode upper limit, and the first positive electrode lower
limit, and the negative electrode voltage profile UN(SOC)
is related to the second profile data, the first negative
electrode upper limit, and the first negative electrode low-
er limit. Therefore, the controller 130 may generate third
profile data representing the open-circuit voltage profile
at opposite ends UR(SOC), based on the first profile data,
the second profile data, the first positive electrode upper
limit, the first positive electrode lower limit, the first neg-
ative electrode upper limit, and the first negative elec-
trode lower limit.
[0068] FIG. 7 shows an open-circuit voltage profile at
opposite ends of a test cell according to an embodiment,
and FIGS. 8 and 9 show an example of a method of meas-
uring an open-circuit voltage at opposite ends of the test
cell.
[0069] Referring to FIG. 7, in a range of 0 to 1, that is,
a predetermined SOC range, an open-circuit voltage pro-
file at opposite ends UT(SOC) of a test cell is shown,
wherein the open-circuit voltage profile at opposite ends
is measured by the sensing unit 120. As described above,
the controller 130 may generate fourth profile data based
on a voltage measurement value provided from the sens-
ing unit 120.
[0070] FIG. 8 exemplarily shows a voltage averaging
method. Referring to FIG. 8, the controller 130 may set
a voltage profile UT,A(SOC) as the open-circuit voltage
profile at opposite ends UT(SOC), wherein the voltage
profile UT,A(SOC) corresponds to an average between a
voltage profile UT,D(SOC) that is measured during dis-
charging a test cell in a fully-charged state to a fully-dis-
charged state with a predetermined constant current and
a voltage profile UT,C(SOC) that is measured during
charging a test cell in a fully-discharged state to a fully-
charged state with the constant current.
[0071] FIG. 9 exemplarily shows a voltage relaxation
method. The voltage relaxation method may be a kind of
a hybrid pulse power characterization (HPPC) discharg-
ing test method. The voltage relaxation method switches

the test cell to a no-load state whenever the charging
state of the test cell sequentially reaches predetermined
SOC values, while the test cell in a fully-charged state is
discharged to a fully-discharged state with a predeter-
mined constant current. One of ordinary skill in the art
would have appreciated that the charging state of the
test cell may be represented as a value indicating a re-
maining capacity of a test cell within a range of 0 to 1
based on a design capacity value or a maximum capacity
value, after calculating the remaining capacity of the test
cell by adding up the discharging current flowing from
the test cell according to time. Also, the charging state
of the test cell may be represented in percentage (%).
[0072] At a time point when a predetermined relaxation
time (e.g., 1 hr.) has passed from each of the time points
of switching to the no-load state (see dashed-line circles
of FIG. 9), voltages at opposite ends of the test cell are
measured by the sensing unit 120, and a voltage profile
following the measured voltage values by using an ap-
proximation algorithm such as a curve fitting may be set
as the open-circuit voltage profile at opposite ends
UT(SOC).
[0073] The controller 130 may generate an open-cir-
cuit voltage profile at opposite ends UR(SOC, θ) estimat-
ed from a battery cell having an arbitrary usage area θ =
[pf, pi, nf, ni], based on the third profile data obtained from
each of a plurality of battery cells. In detail, the open-
circuit voltage profile at opposite ends UR(SOC, θ) is an
open-circuit voltage profile at opposite ends expected to
be shown when an SOC of an arbitrary battery cell is
adjusted within the predetermined SOC range, wherein
the arbitrary battery cell has a positive electrode upper
limit pi, a positive electrode lower limit pi, a negative elec-
trode upper limit nf, and a negative electrode lower limit ni.
[0074] FIG. 10 is a diagram used to illustrate a method
of estimating a usage area of a test cell according to an
embodiment of the present disclosure.
[0075] The controller 130 may declare a cost function
representing a sum of squares of a residual between the
open-circuit voltage profile at opposite ends UT(SOC)
and the open-circuit voltage profile at opposite ends
UR(SOC, θ) by using n predetermined sample values
within a range of 0 to 1, e.g., the predetermined SOC
range, as input values. The cost function may be ex-
pressed via following Equation 4. 

[0076] In Equation 4 above, SOCi is one of the sample
values, and S(θ) is the cost function.
[0077] It is assumed that the open-circuit voltage pro-
file at opposite ends UR(SOC, θ) and the open-circuit
voltage profile at opposite ends UT(SOC) completely
match with each other, when an arbitrary θ is given. In
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this case, an output value of the cost function is clearly
0, and the controller 130 may calculate that the usage
area of the test cell is equal to θ. In this aspect, the con-
troller 130 may estimate parameters representing the us-
age area of the test cell, which makes a value of the cost
function minimum, through a predetermined probability
model. Here, the usage area of the test cell reflects per-
formance of the test cell.
[0078] Algorithms below may be used to estimate the
usage area of the test cell from the cost function:

1) gradient base optimization algorithm: fmincon,
fminsearch, etc.;
2) global optimization algorithm: simulated anneal-
ing and genetic algorithm; and
3) Markov Chain Monte Carlo (MCMC) algorithm:
Metropolis-Hastings, Gibbs Sampling, etc.

[0079] Of course, other optimization algorithms or
Bayesian estimation method than the above-described
algorithms may be used to estimate usage area of the
test cell.
[0080] Referring to FIG. 10, histograms representing
posterior distribution with respect to each of four param-
eters Pf’, Pi’, Nf’, and Ni’ regarding the usage area of the
test cell, which is calculated from the cost function by
using the probability model, may be identified. In each
histogram, a transverse axis denotes parameters and a
longitudinal axis denotes probability.
[0081] For example, the controller 130 may estimate
that certain parameter values corresponding to predeter-
mined rules (e.g., having the largest probability value)
are respectively the second positive electrode upper limit,
the second positive electrode lower limit, the second neg-
ative electrode upper limit, and the second negative elec-
trode lower limit of the test cell from each posterior dis-
tribution.
[0082] The controller 130 may calculate a first capacity
value representing a maximum capacity of the positive
electrode of the test cell, by using Equation 5 below. 

[0083] In Equation 5 above, Qt
F denotes the maximum

capacity value of the test cell, pf’ denotes the estimated
second positive electrode upper limit, pi’ denotes the es-
timated second positive electrode lower limit, and Qt

P
denotes the first capacity value. The maximum capacity
value of the test cell may be calculated by the controller
130 based on data provided from the sensing unit 120.
[0084] The controller 130 may calculate a second ca-
pacity value representing a maximum capacity of the
negative electrode of the test cell, by using Equation 6
below. 

[0085] In Equation 6 above, nf’ denotes the estimated
second negative electrode upper limit, ni’ denotes the
estimated second negative electrode lower limit, and Qt

N
denotes the second capacity value.
[0086] In Equations 5 and 6 above, the first capacity
value and the second capacity value are maximum
charge amounts that may be stored respectively in the
positive electrode and the negative electrode of the test
cell, and it is obvious that the first and second capacity
values are greater than the maximum capacity value that
is the charge amount that may be actually extracted from
the test cell of a full cell type.
[0087] The controller 130 may calculate an irreversible
capacity of the test cell with respect to the predetermined
SOC range by using Equation 7 below.

[0088] In Equation 7 above, Qloss denotes an irrevers-
ible capacity of the test cell. (Qt

P 3pi’) denotes an irre-
versible capacity of the positive electrode of the test cell,
and (Qt

N 3ni’) denotes an irreversible capacity of the
negative electrode of the test cell. If a value Qloss has a
positive value, it denotes that the irreversible capacity of
the positive electrode is relatively greater than the irre-
versible capacity of the negative electrode. On the con-
trary, if a value of Qloss has a negative value, it denotes
that the irreversible capacity of the positive electrode is
relatively less than the irreversible capacity of the nega-
tive electrode.
[0089] The controller 130 may calculate a ratio be-
tween the maximum capacity of the negative electrode
of the test cell and the maximum capacity of the positive
electrode of the test cell, by using Equation 8 below. 

[0090] In Equation 8 above, RNP denotes a ratio be-
tween the maximum capacity of the negative electrode
of the test cell and the maximum capacity of the positive
electrode of the test cell.
[0091] The above calculation results may be provided
to the user via the output unit.
[0092] FIG. 11 is a table 1100 illustrating a comparison
result between estimated performance and actual per-
formance of a test cell according to an embodiment of
the present disclosure. For convenience of description,
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numerical values in the table 1100 are expressed to two
decimal places.
[0093] Referring to FIG. 11, a first row of the table 1100
shows the maximum capacity values of the positive elec-
trode and the negative electrode of the test cell in a case
where the second positive electrode upper limit pf’, the
second positive electrode lower limit pi’, the second neg-
ative electrode upper limit nf’, and the second negative
electrode lower limit ni’ that are estimated with respect
to a test cell having a maximum capacity of 4.22 mAh/cm2

are respectively 0.8927, 0.0053126, 0.9265, and
0.068582. The controller 130 obtains the maximum ca-
pacity value 4.76 mAh/cm2 of the positive electrode by
using Equation 5, and obtains the maximum capacity val-
ue 4.92 mAh/cm2 of the negative electrode by using
Equation 6.
[0094] Next, a second row of the table 1100 shows the
maximum capacity value 4.73 mAh/cm2 of the positive
electrode and the maximum capacity value 4.94
mAh/cm2 of the negative electrode obtained through ac-
tual measurement on two half-cells corresponding re-
spectively to the positive electrode and the negative elec-
trode of the test cell.
[0095] In addition, a third row of the table 1100 shows
an error rate between the measured values shown in the
first row and the measured values shown in the second
row. As shown in FIG. 11, there are an error rate of
+0.63% with respect to the maximum capacity value of
the positive electrode and an error rate of -0.40% with
respect to the maximum capacity value of the negative
electrode, and these are very small values. That is, the
table 1100 strongly supports that the performance test
result corresponding to the actual performance of the test
cell may be obtained without disassembling the test cell
when the performance test apparatus 100 according to
the embodiment of the present disclosure is used.
[0096] FIG. 12 is a flowchart illustrating a method of
testing performance of a battery cell according to an em-
bodiment of the present disclosure. Processes illustrated
in FIG. 12 are performed by the performance test appa-
ratus described above.
[0097] At step 1210, first profile data, second profile
data, a first positive electrode upper limit, a first positive
electrode lower limit, a first negative electrode upper limit,
and a first negative electrode lower limit that are deter-
mined in advance through a preliminary experiment with
respect to each of a plurality of reference cells are stored.
[0098] At step 1220, third profile data representing a
variation in an open-circuit voltage of the reference cell
within a predetermined SOC range is generated based
on the first profile data, the second profile data, the first
positive electrode upper limit, the first positive electrode
lower limit, the first negative electrode upper limit, and
the first negative electrode lower limit.
[0099] At step 1230, an open-circuit voltage of a test
cell according to the variation in the SOC of the test cell
is measured.
[0100] At step 1240, fourth profile data indicating a var-

iation in an open-circuit voltage at opposite ends of the
test cell with respect to the predetermined SOC range is
generated based on the measured open-circuit voltage
of the test cell.
[0101] At step 1250, a second positive electrode upper
limit, a second positive electrode lower limit, a second
negative electrode upper limit, and a second negative
electrode lower limit of the test cell are estimated based
on the third profile data and the fourth profile data. In
detail, at step 1250, a cost function indicating a sum of
squares of a residual between the third profile data and
the fourth profile data with respect to a plurality of sample
values within the predetermined SOC range is declared,
and then, the second positive electrode upper limit, the
second positive electrode lower limit, the second nega-
tive electrode upper limit, and the second negative elec-
trode lower limit of the test cell, which make the value of
the cost function minimum by using the MCMC algorithm,
etc., may be estimated through a predetermined proba-
bility model.
[0102] The above-described embodiments of the
present disclosure are not embodied only by an appara-
tus and/or method. Alternatively, the above-described
embodiments may be embodied by a program perform-
ing functions, which correspond to the configuration of
the exemplary embodiments of the present disclosure,
or a recording medium on which the program is recorded,
and these embodiments may be easily devised from the
description of the above embodiments by one of ordinary
skill in the art to which the present invention pertains.
[0103] The present disclosure has been described in
detail. However, it should be understood that the detailed
description and specific examples, while indicating pre-
ferred embodiments of the disclosure, are given by way
of illustration only, since various changes and modifica-
tions within the scope of the disclosure will become ap-
parent to one of ordinary skill in the art from this detailed
description.
[0104] Also, it will be apparent to one of ordinary skill
in the art that modifications and variations may be made
without departing from the scope of the present disclo-
sure as defined by the appended claims, and thus, the
present disclosure is not limited to the configurations and
methods of the foregoing embodiments, but the entirety
or a portion of the embodiments may be selectively com-
bined to be configured into various modifications.

Claims

1. An apparatus for testing performance of a battery
cell, the apparatus comprising:

a memory configured to store first profile data,
second profile data, a first positive electrode up-
per limit, a first positive electrode lower limit, a
first negative electrode upper limit, and a first
negative electrode lower limit that are deter-
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mined in advance through a preliminary exper-
iment with respect to each of a plurality of refer-
ence cells;
a sensing unit configured to measure an open-
circuit voltage of a test cell according to a vari-
ation in a state of charge (SOC) of the test cell;
and
a controller electrically connected to the memory
and the sensing unit and configured to test per-
formance of the test cell in a nondestructive
manner,
wherein the first profile data indicates a variation
in an open-circuit voltage of a positive electrode
of the reference cell according to a variation in
an amount of lithium ions stored in the positive
electrode of the reference cell,
the second profile data indicates a variation in
an open-circuit voltage of a negative electrode
of the reference cell according to a variation in
an amount of lithium ions stored in the negative
electrode of the reference cell,
the first positive electrode upper limit corre-
sponds to the amount of lithium ions stored in
the positive electrode of the reference cell at an
upper limit within a predetermined SOC range,
the first positive electrode lower limit corre-
sponds to the amount of lithium ions stored in
the positive electrode of the reference cell at a
lower limit within the predetermined SOC range,
the first negative electrode upper limit corre-
sponds to the amount of lithium ions stored in
the negative electrode of the reference cell at
an upper limit within the predetermined SOC
range, and
the first negative electrode lower limit corre-
sponds to the amount of lithium ions stored in
the negative electrode of the reference cell at a
lower limit within the predetermined SOC range,
wherein the controller is configured to generate
third profile data indicating a variation in the
open-circuit voltage of each of the plurality of
the reference cells with respect to the predeter-
mined SOC range, based on the first profile data,
the second profile data, the first positive elec-
trode upper limit, the first positive electrode low-
er limit, the first negative electrode upper limit,
and the first negative electrode lower limit,
to generate fourth profile data indicating a vari-
ation in an open-circuit voltage at opposite ends
of the test cell with respect to the predetermined
SOC range measured by the sensing unit, and
to estimate a second positive electrode upper
limit, a second positive electrode lower limit, a
second negative electrode upper limit, and a
second negative electrode lower limit of the test
cell, based on the third profile data and the fourth
profile data, and
wherein the second positive electrode upper lim-

it corresponds to the amount of lithium ions
stored in a positive electrode of the test cell at
an upper limit within the predetermined SOC
range,
the second positive electrode lower limit corre-
sponds to an amount of lithium ions stored in
the positive electrode of the test cell at a lower
limit within the predetermined SOC range,
the second negative electrode upper limit cor-
responds to an amount of lithium ions stored in
a negative electrode of the test cell at an upper
limit within the predetermined SOC range, and
the second negative electrode lower limit corre-
sponds to an amount of lithium ions stored in
the negative electrode of the test cell at a lower
limit of the predetermined SOC range.

2. The apparatus of claim 1, wherein the controller is
configured to declare a cost function indicating a sum
of squares of a residual between the third profile data
and the fourth profile data with respect to a plurality
of sample values within the predetermined SOC
range, and to estimate the second positive electrode
upper limit, the second positive electrode lower limit,
the second negative electrode upper limit, and the
second negative electrode lower limit of the test cell,
which make a value of the cost function minimum
through a predetermined probability model.

3. The apparatus of claim 2, wherein the controller is
configured to estimate the second positive electrode
upper limit, the second positive electrode lower limit,
the second negative electrode upper limit, and the
second negative electrode lower limit of the test cell,
which make the value of the cost function minimum,
by using an optimization algorithm given in advance
or a Bayesian estimation method.

4. The apparatus of claim 1, wherein the memory is
configured to further store a maximum capacity value
of the test cell, and
the controller is configured to calculate a first capac-
ity value indicating a maximum capacity of the pos-
itive electrode of the test cell by using equation 1
below, and to calculate a second capacity value in-
dicating a maximum capacity of the negative elec-
trode of the test cell by using equation 2 below 
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where Qt
F denotes the maximum capacity value, pf’

denotes the second positive electrode upper limit,
pi’ denotes the second positive electrode lower limit,
nf’ denotes the second negative electrode upper lim-
it, ni’ denotes the second negative electrode lower
limit, Qt

P denotes the first capacity value, and Qt
N

denotes the second capacity value.

5. The apparatus of claim 4, wherein the controller is
configured to calculate an irreversible capacity of the
test cell by using equation 3 below 

where Qloss denotes the irreversible capacity.

6. The apparatus of claim 4, wherein the controller is
configured to calculate a ratio between the maximum
capacity of the negative electrode of the test cell and
the maximum capacity of the positive electrode of
the test cell by using equation 4 below 

where RNP denotes the ratio between the maximum
capacity of the negative electrode of the test cell and
the maximum capacity of the positive electrode of
the test cell.

7. The apparatus of claim 1, wherein the controller is
configured to generate the fourth profile data by av-
eraging a voltage profile during charging the test cell
and a voltage profile during discharging the test cell
within the predetermined SOC range.

8. The apparatus of claim 1, wherein the controller is
configured to generate the fourth profile data based
on a voltage at opposite ends of the test cell, which
is measured through a voltage relaxation method,
within the predetermined SOC range.

9. A method of testing performance of a battery cell,
the method comprising:

(a) storing first profile data, second profile data,
a first positive electrode upper limit, a first pos-
itive electrode lower limit, a first negative elec-
trode upper limit, and a first negative electrode
lower limit that are determined in advance
through a preliminary experiment with respect
to each of a plurality of reference cells;
(b) generating third profile data indicating a var-

iation in an open-circuit voltage of the each of
the plurality of reference cells within a predeter-
mined state of charge (SOC) range, based on
the first profile data, the second profile data, the
first positive electrode upper limit, the first pos-
itive electrode lower limit, the first negative elec-
trode upper limit, and the first negative electrode
lower limit;
(c) measuring an open-circuit voltage of a test
cell according to a variation in an SOC of the
test cell;
(d) generating fourth profile data indicating a var-
iation in an open-circuit voltage at opposite ends
of the test cell with respect to the predetermined
SOC range, based on measured open-circuit
voltage of the test cell; and
(e) estimating a second positive electrode upper
limit, a second positive electrode lower limit, a
second negative electrode upper limit, and a
second negative electrode lower limit of the test
cell, based on the third profile data and the fourth
profile data,

wherein the first profile data indicates a variation in
an open-circuit voltage of a positive electrode of the
reference cell according to a variation in an amount
of lithium ions stored in the positive electrode of the
reference cell,
the second profile data indicates a variation in an
open-circuit voltage of a negative electrode of the
reference cell according to a variation in an amount
of lithium ions stored in the negative electrode of the
reference cell,
the first positive electrode upper limit corresponds
to the amount of lithium ions stored in the positive
electrode of the reference cell at an upper limit within
the predetermined SOC range,
the first positive electrode lower limit corresponds to
the amount of lithium ions stored in the positive elec-
trode of the reference cell at a lower limit within a
predetermined SOC range,
the first negative electrode upper limit corresponds
to the amount of lithium ions stored in the negative
electrode of the reference cell at an upper limit within
the predetermined SOC range,
the first negative electrode lower limit corresponds
to the amount of lithium ions stored in the negative
electrode of the reference cell at a lower limit within
the predetermined SOC range,
the second positive electrode upper limit corre-
sponds to the amount of lithium ions stored in a pos-
itive electrode of the test cell at an upper limit within
the predetermined SOC range,
the second positive electrode lower limit corre-
sponds to an amount of lithium ions stored in the
positive electrode of the test cell at a lower limit within
the predetermined SOC range,
the second negative electrode upper limit corre-
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sponds to an amount of lithium ions stored in a neg-
ative electrode of the test cell at an upper limit within
the predetermined SOC range, and
the second negative electrode lower limit corre-
sponds to an amount of lithium ions stored in the
negative electrode of the test cell at a lower limit of
the predetermined SOC range.

10. The method of claim 9, wherein the operation (e)
comprises:

(e-1) declaring a cost function indicating a sum
of squares of a residual between the third profile
data and the fourth profile data with respect to
a plurality of sample values within the predeter-
mined SOC range, and
(e-2) estimating the second positive electrode
upper limit, the second positive electrode lower
limit, the second negative electrode upper limit,
and the second negative electrode lower limit of
the test cell, which make a value of the cost func-
tion minimum through a predetermined proba-
bility model.

11. The method of claim 10, wherein the operation (e-
2) comprises estimating the second positive elec-
trode upper limit, the second positive electrode lower
limit, the second negative electrode upper limit, and
the second negative electrode lower limit of the test
cell, which make the value of the cost function min-
imum, by using an optimization algorithm given in
advance or a Bayesian estimation method.
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