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(54) Apparatus for predicting state of a battery pack using discrete wavelet transforms

(57) Apparatus (10) for predicting state of a battery
pack (P1) having a plurality of cells apparatus comprises
means (110) for providing cell voltage data (V1 - Vn) over
a predetermined time period, means (120) for performing
a discrete wavelet transform on the voltage data to obtain
low frequency component data (Aj1 - Ajn) and high fre-
quency component data (Dj1-Djn), means (130, 140) for

determining standard deviation values for the low fre-
quency component data and/or the high frequency com-
ponent data, means (170) for predicting state of health
SOH of the battery pack based on the determined stand-
ard deviation values and means (180, 190) for predicting
state of charge SOC of the battery pack based on the
low frequency component data.
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Description

[0001] The present invention relates to an apparatus for predicting a state of a battery pack, and more particularly, to
a state of health (SOH) and a state of charge (SOC) of a battery pack by using discrete wavelet transforms.
[0002] Along with an increase in as serious problems such as environmental destruction, resource exhaustion, and
the like, interest in systems capable of storing energy and efficiently utilizing the stored energy is increasing. In addition,
interest in new renewable energy capable of generating energy without inducing pollution is also increasing. An energy
storage system, which is a system for linking together a power generation system for generating the new renewable
energy, a battery system for storing electrical energy, and an existing system, has been actively researched and developed
to meet modern environmental changes.
[0003] In the energy storage system, the battery system may store the new renewable energy generated by the power
generation system and the electrical energy provided from the existing system and may provide the stored electrical
energy to a load or the existing system. In the battery system, estimation of the remaining capacity of a battery is one
of important functions. Accurate calculation of the remaining capacity of the battery to control charging and discharging
of the battery may enable efficient operation of the energy storage system.
[0004] In regard to the remaining capacity of the battery, a resistance and a capacity are deteriorated according to a
use environment or a used period, thereby resulting in a decrease in an available capacity or an increase in the resistance,
and a decrease in a state of health (SOH) that indicates the performance of the battery compared with an initial manu-
facturing stage of the battery. Due to the decrease in the SOH of the battery, the estimation of the remaining capacity
of the battery is inaccurate compared with the initial manufacturing stage of the battery. When the estimation of the
remaining capacity of the battery is inaccurate, not only operating efficiency of the energy storage system decrease, but
also a risky status may develop. For example, when a calculated remaining capacity is 30% even though an actual
remaining capacity is 80%, a vehicle controller may determine that charging is necessary, thereby overcharging the
battery. On the other hand, the battery may be overdischarged. Such overcharging or overdischarging of the battery
may cause fire or explosion of the battery. Thus, for an efficient operation and risk prevention with respect to the battery
system, the SOH of the battery needs to be accurately estimated.
[0005] There exist various SOH estimating methods. A first method is a method of directly measuring a remaining
capacity, which is a condition considered to define an SOH of a battery, through a full-charge and full-discharge process.
The first method is not efficient since the full-charge and full-discharge process is mandatory.
[0006] A second method is a method of detecting an SOH by directly connecting a hardware load of a predetermined
frequency to a battery and measuring an impedance of the load. The second method is also not efficient, due to a circuit
configuring method, errors, durability, costs of sensors, and the like.
[0007] A third method is a method of acquiring current data and voltage data for a predetermined period and determining
an indirect impedance and a remaining capacity from the acquired data. The third method also has low accuracy and
is very complicated due to inherent nonlinearity and disturbances. In addition, while a magnitude of a resistance com-
ponent increases as a battery ages, a correlation between a remaining capacity and the resistance component does
not unconditionally exist.
[0008] Thus, an SOH of a battery needs to be accurately predicted based on an easily obtainable battery pack voltage.
[0009] In addition, a conventional battery management system (BMS) has used a method of estimating a state of
charge (SOC) by current integration to determine the SOC of a battery cell or pack. The conventional BMS has also
used a method of previously determining a relationship between the SOC and factors such as an open circuit voltage
(OCV) or a discharge voltage, an internal resistance, a temperature, a discharge current, etc., detecting at least two
factors, and detecting the SOC corresponding to the detected factors.
[0010] In the SOC estimation method using current integration, problems occur in that an initial value is not correct,
measurement errors are accumulated, and an input current is not wholly converted to electric energy, which deteriorates
accuracy. Even if the relationship between the SOC and the OCV, etc. is determined, since batteries differ in terms of
their characteristics, there are problems in that the relationship between the SOC and the OCV, etc. needs to be exper-
imentally calculated through a complicated experiment for each battery, and a calculated value is also not accurate.
[0011] To overcome these disadvantages, as a method of concurrently using the above two methods, an adaptive
method of estimating an SOC based on an extended Kalman filter (EKF) using an equivalent circuit model of a battery
is proposed. Information related to the estimated SOC is obtained through a state equation, the obtained information is
applied to a measurement equation, and an estimation voltage generated according to the relationship between the
SOC and the OCV is compared to an actual voltage. In this regard, in a case where a charging and discharging current
profile has an instant high current or a fast dynamic, since an error occurs in the equivalent circuit model, the above
estimation of the SOC based on the equivalent circuit model is inaccurate.
[0012] In such an adaptive method, the above disadvantage may be solved and estimation performance may be
increased by increasing an inner state of a system, but an algorithm becomes complicated and expense increases. To
solve these problems, although degradation of the SOC estimation performance is inhibited by reducing the inner state
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of the system to a minimum and adding a noise model to the algorithm, increases in algorithm complexity due to the
addition of the noise model and expenses are still problematic.
[0013] Accordingly, simplification of the algorithm while maintaining the estimation performance of the algorithm and
a reduction in expense are required.
[0014] According to the invention there is provided apparatus for predicting state of a battery pack having a plurality
of cells, the apparatus comprising means for providing cell voltage data (V1 - Vn) over a predetermined time period,
means for performing a discrete wavelet transform on the voltage data to obtain low frequency component data (Aj1 -
Ajn) and high frequency component data (Dj1 - Djn), means for determining standard deviation values for the low
frequency component data or the high frequency component data, or both, means for predicting state of health SOH of
the battery pack based on the determined standard deviation values, and means for predicting state of charge SOC of
the battery pack based on the low frequency component data (Aj1 - Ajn).
[0015] The means for determining standard deviation values is further configured to determine standard deviation
values for the cell voltage data.
[0016] The means for providing cell voltage data comprises a cell voltage detection unit arranged to measure cell
voltages of cells in the battery pack over the predetermined time period and to digitise the cell voltages to provide the
cell voltage data.
[0017] The means for determining the standard deviation values may comprise a first standard deviation calculator
for calculating first standard deviation values for each of the cell voltage data, low frequency component data and the
high frequency component data; and a second standard deviation calculator for calculating respective second standard
deviation values for each of the cell voltage data standard deviation values, the low frequency component data standard
deviation values and the high frequency component data standard deviation values.
[0018] The means for predicting the SOH of the battery pack may comprise an SOH prediction unit arranged to receive
the second standard deviation values from the second standard deviation calculator. The second standard deviation
calculator may further be arranged to calculate respective third standard deviation values for each of initial cell voltage
data standard deviation values, initial low frequency component data standard deviation values and initial high frequency
component data standard deviation values.
[0019] The apparatus may further comprise a storage unit for storing the third standard deviation values. The third
standard deviation values may be arranged to be provided to the SOH prediction unit from the storage unit.
[0020] A first component (SOHv) of the predicted value for the state of health based on the cell voltage data may be
calculated as: 

where σ(σv) is the standard deviation of cell voltage standard deviations, σ0(σv) is the standard deviation of initial cell
voltage standard deviations and α is a first coeefficient.
[0021] A second component (SOHAj) of the predicted value for the state of health based on the low frequency component
data may be calculated as: 

where σ(σAj) is the standard deviation of low frequency component standard deviations, σ0(σAj) is the standard deviation
of initial low frequency component standard deviations and β is a second coeefficient.
[0022] A third component (SOHDj) of the predicted value for the state of health based on the high frequency component
data may be calculated as: 
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where σ(σDJ) is the standard deviation of high frequency component standard deviations, σ0(σDj) is the standard deviation
of initial high frequency component standard deviations and γ is a third coeefficient.
[0023] The predicted value for the state of health SOH may be calculated as the mean or weighted mean of the first,
second and third components.
[0024] The apparatus may further comprise a coefficient storage unit for storing the coefficients to be provided to the
SOH prediction unit. The coefficients may be calculated in advance based on characteristics of the battery pack, or
based on characteristics of a system that includes the battery pack. The first, second and third coefficients α, β, γ may
be calculated from the standard deviations of the cell voltage standard deviations, the low frequency component standard
deviations and the high frequency component standard deviations respectively.
[0025] The first, second and third coefficients α, β, γ may be calculated as the ratio of the maximum value to the
minimum value of the standard deviations of the cell voltage standard deviations, the low frequency component standard
deviations and the high frequency component standard deviations respectively.
[0026] The means for predicting the SOC of the battery pack comprises an SOC estimation unit for estimating cell
SOCs (SOC1 - SOCn) of the plurality of cells based on the low frequency component data (Aj1 - Ajn), and an SOC
prediction unit for predicting the SOC of the battery pack based on the cell SOCs (SOC1 - SOCn) of the plurality of cells.
[0027] According to the present invention, there is further provided a method of predicting state of health SOH of a
battery pack having a plurality of cells, the method comprising providing cell voltage data (V1 - Vn) over a predetermined
time period, performing a discrete wavelet transform on the voltage data to obtain low frequency component data (Aj1
- Ajn) and high frequency component data (Dj1 - Djn), determining standard deviation values for at least one of the cell
voltage data, low frequency component data and the high frequency component data and predicting the SOH of the
battery pack based on the determined standard deviation values.
[0028] The above and other features and advantages of the present invention will become more apparent by describing
in detail exemplary embodiments thereof with reference to the attached drawings in which:

FIG. 1 is a schematic block diagram of a battery state prediction apparatus of a battery pack according to an
embodiment of the present invention;
FIG. 2 illustrates a scale function and a wavelet function;
FIG. 3 is a schematic block diagram for describing a discrete wavelet transform in terms of filtering;
FIG. 4 illustrates coefficients of a low-pass filter and a high-pass filter;
FIG. 5 is a block diagram for describing a process of decomposing voltage data by performing discrete wavelet
transform multi-resolution analysis;
FIG. 6 illustrates down-sampling;
FIG. 7 illustrates a frequency band of approximate voltage data of an nth level and frequency bands of detailed
voltage data of first to nth levels;
FIG. 8A is a graph of cell voltage data V(x) of an arbitrary one of a plurality of battery cells included in a battery pack;
FIG. 8B illustrates graphs of low frequency component data A1(x) to A5(x) of first to fifth levels, which are extracted
from the cell voltage data V(x) by performing discrete wavelet transform multi-resolution analysis;
FIG. 8C illustrates graphs of high frequency component data D1(x) to D5(x) of the first to fifth levels, which are
extracted from the cell voltage data V(x) by performing discrete wavelet transform multi-resolution analysis;
FIG. 9A is a graph of cell voltage data V of 14 battery cells included in a battery pack;
FIG. 9B is a graph of low frequency component data A5 of the fifth level, which is extracted by performing discrete
wavelet transform multi-resolution analysis on each of the cell voltage data V;
FIG. 9C is a graph of high frequency component data D5 of the fifth level, which is extracted by performing discrete
wavelet transform multi-resolution analysis on each of the cell voltage data V;
FIGS. 10A to 10I are graphs showing cell voltage data V of 14 battery cells included in second to tenth battery packs
P2 to P10, graphs showing low frequency component data A5 of the fifth level, and graphs showing high frequency
component data D5 of the fifth level; and
FIGS. 11A and 11B are graphs verifying the accuracy of SOC estimation, according to an embodiment of the present
invention.
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[0029] Referring to FIG. 1, the battery state prediction apparatus 10 may be connected to the battery pack P1 and
may include a voltage detection unit 110, a discrete wavelet transform (DWT) unit 120, a first statistics processing unit
130, a second statistics processing unit 140, an initial value storage unit 150, a coefficient storage unit 160, an SOH
prediction unit 170, an SOC estimation unit 180, and an SOC prediction unit 190.
[0030] The battery pack P1 includes a plurality of battery cells capable of receiving electrical energy from the outside,
storing the electrical energy, and supplying the stored electrical energy to the outside. The battery cells in the battery
pack P1 may be connected in series or parallel to each other or connected to each other in a form of a combination of
a series connection and a parallel connection.
[0031] The battery pack P1 may be included in a battery system (not shown). The battery system may include the
battery pack P1, a protection circuit for protecting the battery pack P1, and a battery management system (BMS) for
controlling the protection circuit to protect the battery pack P1. For example, in a case of a flow of overcurrent or
overdischarging, the BMS may open a switch of the protection circuit to open terminals of the battery pack P1. In addition,
the BMS may collect various kinds of data, such as voltage data, current data, and temperature data, by monitoring
states, e.g., a temperature, a voltage, a current, and the like, of the battery cells in the battery pack P1. The BMS may
perform a cell balancing operation of the battery cells according to the collected data and an internal algorithm. The
battery state prediction apparatus 10 may be included in the BMS.
[0032] The battery system including the battery pack P1 may be a portion of an energy storage system for stably
supplying power to a load by linking to a power generation system and a grid system. The energy storage system may
store electrical energy generated by the power generation system in a battery or supply the generated electrical energy
to the grid system, supply the stored electrical energy to the grid system, or store electrical energy supplied from the
grid system in the battery. In addition, the energy storage system may supply the electrical energy generated by the
power generation system or the electrical energy stored in the battery to the load. To this end, the energy storage system
may include a power conversion system (PCS), the battery system, a first switch, and a second switch.
[0033] The PCS may include power conversion devices, such as an inverter, a converter, a rectifier, and the like, and
a general controller to convert electrical energy provided from the power generation system, the system, and the battery
system to a proper form of electrical energy and supply the converted electrical energy to a location as required. The
general controller may monitor states of the power generation system, the system, the battery system, and the load and
control the first switch, the second switch, the battery system, and the power conversion devices according to an algorithm
or a command of an operator. The battery state prediction apparatus 10 may be included in the general controller of the
energy storage system.
[0034] Although only one battery pack P1 is shown in FIG. 1, the battery pack P1 may be connected in series, in
parallel, or in a combination form of a series connection and a parallel connection to other battery packs (not shown) to
store or supply electrical energy of a higher voltage or a larger capacity.
[0035] The voltage detection unit 110 generates first to nth cell voltage data V1, V2, V3, ..., Vn by receiving first to nth
cell voltages v1, v2, v3, ..., vn from first to nth battery cells of the battery pack P1 and digitizing the received first to nth
cell voltages v1, v2, v3, ..., vn.
[0036] In detail, the first cell voltage data V1 is generated by digitizing the first cell voltage v1 of the first battery cell,
and the second cell voltage data V2 is generated by digitizing the second cell voltage v2 of the second battery cell. In
this manner, the nth cell voltage data Vn is generated by digitizing the nth cell voltage vn of the nth battery cell.
[0037] The first to nth cell voltages v1, v2, v3, ..., vn may be cell voltages of all battery cells included in the battery pack
P1. Alternatively, the first to nth cell voltages v1, v2, v3, ..., vn may be cell voltages of n battery cells selected from among
all battery cells included in the battery pack P1. The first to nth cell voltages v1, v2, v3, ..., vn have analog values varying
over a time t. A same current profile may be applied to the battery cells included in the battery pack P1.
[0038] The first to nth cell voltage data V1, V2, V3, ..., Vn have digital values generated by digitizing the first to nth cell
voltages v1, v2, v3, ..., vn over the time t, respectively, and are defined according to a time x. The time x corresponds to
the time t. The voltage detection unit 110 may include a plurality of analog-digital converters (ADCs: not shown) for
converting the first to nth analog cell voltages v1, v2, v3, ..., vn to the first to nth digital cell voltage data V1, V2, V3, ..., Vn.
[0039] The voltage detection unit 110 may store the first to nth cell voltage data V1, V2, V3, ..., Vn needed to predict
an SOH of the battery pack P1. To this end, the voltage detection unit 110 may further include a memory device (not
shown).
[0040] The first to nth cell voltage data V1, V2, V3, ..., Vn needed to predict an SOH of the battery pack P1 may be
data of the first to nth cell voltages v1, v2, v3, ..., vn for a duration selected from, for example, several minutes to tens of
hours. For example, the voltage detection unit 110 may store the first to nth cell voltage data V1, V2, V3, ..., Vn obtained
by digitizing the first to nth analog cell voltages v1, v2, v3 , ..., vn for 24 hours. The data collection period is only illustrative
and may be a shorter time, such as 1 hour, or a longer time, such as 48 hours, than 24 hours.
[0041] In addition, a sampling rate of the voltage detection unit 110 may be 1 to 600 samples per minute. However,
the sampling rate does not limit the present disclosure and may be less than 1 sample per minute or greater than 600
samples per minute.
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[0042] The voltage detection unit 110 may provide the first to nth cell voltage data V1, V2, V3, ..., Vn collected for a
predetermined time to the DWT unit 120.
[0043] The DWT unit 120 may generate first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of a jth level
and first to nth high frequency component data Dj1, Dj2, Dj3, ..., Djn of the jth level by performing discrete wavelet transform
multi-resolution analysis on the first to nth cell voltage data V1, V2, V3, ..., Vn provided from the voltage detection unit
110. In the current embodiment, it is assumed that the multi-resolution analysis of the discrete wavelet transform is
performed up to the jth level, where j is a natural number greater than 2.
[0044] The first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth level and the first to nth high frequency
component data Dj1, Dj2, Dj3, ..., Djn of the jth level also have digital values defined according to the time x.
[0045] Although it has been described in the current embodiment that the first to nth low frequency component data
Aj1, Aj2, Aj3, ..., Ajn and the first to nth high frequency component data Dj1, Dj2, Dj3, ..., Djn of a final level, i.e., the jth
level, are extracted, first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn and first to nth high frequency component
data Dj1, Dj2, Dj3, ..., Djn of an intermediate level not the final level, i.e., a kth level, may be extracted by the DWT unit
120, where k is a natural number that is greater than 1 and less than j.
[0046] The DWT unit 120 may extract the first low frequency component data Aj1 of the jth level and the first high
frequency component data Dj1 of the jth level by performing the multi-resolution analysis of the discrete wavelet transform
for the first cell voltage data V1. In addition, the DWT unit 120 may extract the second low frequency component data
Aj2 of the jth level and the second high frequency component data Dj2 of the jth level by performing the discrete wavelet
transform multi-resolution analysis on the second cell voltage data V2. In this manner, the DWT unit 120 may extract
the nth low frequency component data Ajn of the jth level and the nth high frequency component data Djn of the jth level
by performing the multi-resolution analysis of the discrete wavelet transform for the nth cell voltage data Vn.
[0047] The discrete wavelet transform will be described in detail below with reference to FIGS. 2 to 7.
[0048] The SOC estimation unit 180 receives the first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the
jth level from the DWT unit 120, and generates the first to nth cell SOCs SOC1, SOC2, SOC3, ..., SOCn based on the
first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth level. The SOC prediction unit 190 generates the
SOC of the battery pack P1 based on the the first to nth cell SOCs SOC1, SOC2, SOC3, ..., SOCn according to the
connection relation of the plurality of battery cells in the battery pack P1.
[0049] The SOC estimation unit 180 may estimate the first to nth cell SOCs SOC1, SOC2, SOC3, ..., SOCn of each of
the plurality of battery cells based on an extended Kalman filter (EKF). A battery terminal voltage and an input current
are necessary for estimating the SOC based on the EKF. An open circuit voltage (OCV) calculation equation and an
OCV and SOC relationship need to be determined by using a parameter value of an equivalent circuit model of the
battery. According to the present example, the first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth
level extracted by the DWT unit 120 is provided to the SOC estimation unit 180 instead of the voltage data of terminal
voltages of the battery cells. Data such as current data may be input into the SOC estimation unit 180 in addition to the
first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth level. Also, the OCV calculation equation and the
OCV and SOC relationship according to the equivalent circuit model of the battery may be built in the SOC estimation
unit 180. However, the equivalent circuit model applied to the SOC estimation unit 180 may not include a noise model.
[0050] In the case where the plurality of battery cells are connected in parallel in the battery pack P1, the SOC prediction
unit 190 may predict that the SOC of the battery pack P1 is an arithmetic mean of the first to nth cell SOCs SOC1, SOC2,
SOC3, ..., SOCn. In the case where the plurality of battery cells are connected in serial in the battery pack P1, the SOC
prediction unit 190 may predict that the SOC of the battery pack P1 is an minimum value of the first to nth cell SOCs
SOC1, SOC2, SOC3, ..., SOCn. The present invention is not limited to the example ways, and the SOC prediction unit
190 may predict the SOC of the battery pack P1 by using other ways or calculation equations based on the first to nth
cell SOCs SOC1, SOC2, SOC3, ..., SOCn.
[0051] The first statistics processing unit 130 may generate first to nth cell voltage standard deviations σ(V1), σ(V2),
σ(V3), ..., σ(Vn), first to nth low frequency component standard deviations σ(Aj1), σ(Aj2), σ(Aj3), ..., σ(Ajn), and first to nth
high frequency component standard deviations σ(Dj1), σ(Dj2), σ(Dj3), ..., σ(Djn) by receiving the first to nth cell voltage
data V1, V2, V3, ..., Vn, the first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth level, and the first to
nth high frequency component data Dj1, Dj2, Dj3, ..., Djn of the jth level and calculating a standard deviation for each of them.
[0052] The first statistics processing unit 130 generates the first to nth cell voltage standard deviations σ(V1), σ(V2),
σ(V3), ..., σ(Vn) by calculating a standard deviation for each of the first to nth cell voltage data V1, V2, V3, ..., Vn for a
predetermined time. The first cell voltage standard deviation σ(V1) has a standard deviation value of the first cell voltage
data V1 having a digital value varying over the time x. In this manner, the nth cell voltage standard deviation σ(Vn) has
a standard deviation value of the nth cell voltage data Vn having a digital value varying over the time x.
[0053] A small value of a kth cell voltage standard deviation σ(Vk) indicates that a variation of a kth cell voltage vk of
a kth battery cell for the predetermined time is small, and a large value of the kth cell voltage standard deviation σ(Vk)
indicates that a variation of the kth cell voltage vk of the kth battery cell for the predetermined time is large. Herein, the
kth battery cell indicates an arbitrary battery cell in the battery pack P1.
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[0054] In addition, the kth cell voltage standard deviation σ(Vk), which is greater than the first cell voltage standard
deviation σ(V1), may indicate that an internal impedance of the kth battery cell is greater than an internal impedance of
the first battery cell since a same current profile is applied to the kth battery cell and the first battery cell. Herein, the first
battery cell indicates an arbitrary battery cell other than the kth battery cell from among the battery cells in the battery
pack P1.
[0055] The first statistics processing unit 130 generates the first to nth low frequency component standard deviations
σ(Aj1), σ(Aj2), σ(Aj3), ..., σ(Ajn) by calculating a standard deviation for each of the first to nth low frequency component
data Aj1, Aj2, Aj3, ..., Ajn of the jth level for the predetermined time. The first low frequency component standard deviation
σ(Aj1) has a standard deviation value of the first low frequency component data Aj1 of the jth level of the first battery cell,
which has a digital value varying over the time x. In this manner, the nth low frequency component standard deviation
σ(Ajn) has a standard deviation value of the nth low frequency component data Ajn of the jth level of the nth battery cell,
which has a digital value varying over the time x.
[0056] A small value of a kth low frequency component standard deviation σ(Ajk) indicates that a variation of a com-
ponent in a first frequency band of a kth cell voltage vk of a kth battery cell for the predetermined time is small, and a
large value of the kth low frequency component standard deviation σ(Ajk) indicates that a variation of the component in
the first frequency band of the kth cell voltage vk of the kth battery cell for the predetermined time is large. Herein, the
kth battery cell indicates an arbitrary battery cell in the battery pack P1. The component in the first frequency band of
the kth cell voltage vk of the kth battery cell corresponds to jth low frequency component data Ajk of the jth level extracted
from kth cell voltage data Vk of the kth battery cell and may be obtained by removing high frequency component noise
from the kth cell voltage vk of the kth battery cell.
[0057] The first statistics processing unit 130 generates the first to nth high frequency component standard deviations
σ(Dj1), σ(Dj2), σ(Dj3), ..., σ(Djn) by calculating a standard deviation for each of the first to nth high frequency component
data Dj1, Dj2, Dj3, ..., Djn of the jth level for the predetermined time. A kth high frequency component standard deviation
σ(Djk) has a standard deviation value of a kth high frequency component data Djk of the jth level of the kth battery cell,
which has a digital value varying along the time x. Herein, the kth battery cell indicates an arbitrary battery cell in the
battery pack P1.
[0058] A small value of the kth high frequency component standard deviation σ(Djk) indicates that a variation of a
component in a second frequency band of a kth cell voltage vk of the kth battery cell for the predetermined time is small,
and a large value of the kth high frequency component standard deviation σ(Djk) indicates that a variation of the component
in the second frequency band of the kth cell voltage vk of the kth battery cell for the predetermined time is large. The
component in the second frequency band of the kth cell voltage vk of the kth battery cell corresponds to jth high frequency
component data Djk of the jth level extracted from kth cell voltage data Vk of the kth battery cell.
[0059] For example, the first frequency band indicates a frequency band lower than an arbitrary frequency fs, and the
second frequency band indicates a frequency band higher than the arbitrary frequency fs and lower than double the
arbitrary frequency fs.
[0060] In addition, the kth high frequency component standard deviation σ(Djk), which is greater than the first high
frequency component standard deviation σ(Dj1), may indicate that an internal impedance of the kth battery cell in the
second frequency band is greater than an internal impedance of the first battery cell in the second frequency band. That
is, even though a same current profile is applied to the kth battery cell and the first battery cell, a voltage response of
the kth battery cell in the second frequency band is greater than a voltage response of the first battery cell in the second
frequency band.
[0061] The second statistics processing unit 140 generates a standard deviation σ(σv) of cell voltage standard devi-
ations, a standard deviation σ(σAj) of low frequency component standard deviations, and a standard deviation σ(σDj) of
high frequency component standard deviations by receiving the first to nth cell voltage standard deviations σ(V1), σ(V2),
σ(V3), ..., σ(Vn), the first to nth low frequency component standard deviations σ(Aj1), σ(Aj2), σ(Aj3), ..., σ(Ajn), and the
first to nth high frequency component standard deviations σ(Dj1), σ(Dj2), σ(Dj3), ..., σ(Djn) and performing a standard
deviation calculation thereon.
[0062] The second statistics processing unit 140 generates the standard deviation σ(σv) of cell voltage standard
deviations by calculating a standard deviation for the first to nth cell voltage standard deviations σ(V1), σ(V2), σ(V3), ...,
σ(Vn) generated by the first statistics processing unit 130.
[0063] A small value of the standard deviation σ(σv) of cell voltage standard deviations indicates that a difference
between every voltage of the battery cells in the battery pack P1 is small, i.e., that a voltage balance among the battery
cells in the battery pack P1 is maintained. For example, when the battery pack P1 is changed from a charging state to
a discharging state, voltages of the battery cells in the battery pack P1 vary with a constant potential.
[0064] On the contrary, a large value of the standard deviation σ(σv) of cell voltage standard deviations indicates that
a difference between every voltage of the battery cells in the battery pack P1 is large, i.e., that a voltage unbalance
among the battery cells in the battery pack P1 is large. For example, when the battery pack P1 is changed from a charging
state to a discharging state, voltages of the battery cells in the battery pack P1 vary differently, e.g., when a predetermined
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current file is applied, a cell voltage of the first battery cell decreases by 0.5 V while a cell voltage of the second battery
cell decreases by 0.1 V.
[0065] The second statistics processing unit 140 generates the standard deviation σ(σAj) of low frequency component
standard deviations by calculating a standard deviation for the first to nth low frequency component standard deviations
σ(Aj1), σ(Aj2), σ(Aj3), ..., σ(Ajn) generated by the first statistics processing unit 130. In addition, the second statistics
processing unit 140 generates the standard deviation σ(σDJ) of high frequency component standard deviations by cal-
culating a standard deviation for the first to nth high frequency component standard deviations σ(Dj1), σ(Dj2), σ(Dj3), ...,
σ(Djn) generated by the first statistics processing unit 130. The second statistics processing unit 140 may provide the
standard deviation σ(σv) of cell voltage standard deviations, the standard deviation σ(σAj) of low frequency component
standard deviations, and the standard deviation σ(σDJ) of high frequency component standard deviations to the SOH
prediction unit 170.
[0066] In addition, the second statistics processing unit 140 generates a standard deviation σ0(σv) of initial cell voltage
standard deviations, a standard deviation σ0(σAj) of initial low frequency component standard deviations, and a standard
deviation σ0(σDj) of initial high frequency component standard deviations based on first to nth cell voltage standard
deviations σ(V1), σ(V2), σ(V3), ..., σ(Vn), first to nth low frequency component standard deviations σ(Aj1), σ(Aj2), σ(Aj3), ...,
σ(Ajn), and first to nth high frequency component standard deviations σ(Dj1), σ(Dj2), σ(Dj3), ..., σ(Djn) received from the
first statistics processing unit 130 during an initial time when the battery pack P1 initially starts.
[0067] The second statistics processing unit 140 provides the standard deviation σ0(σv) of initial cell voltage standard
deviations, the standard deviation σ0(σAj) of initial low frequency component standard deviations, and the standard
deviation σ0(σDj) of initial high frequency component standard deviations generated during the initial time to the initial
value storage unit 150.
[0068] The initial value storage unit 150 may store the standard deviation σ0(σv) of initial cell voltage standard deviations,
the standard deviation σ0(σAj) of initial low frequency component standard deviations, and the standard deviation σ0(σDj)
of initial high frequency component standard deviations and may provide the standard deviation σ0(σv) of initial cell
voltage standard deviations, the standard deviation σ0(σAj) of initial low frequency component standard deviations, and
the standard deviation σ0(σDj) of initial high frequency component standard deviations to the SOH prediction unit 170 if
they are needed to predict an SOH of the battery pack P1.
[0069] The coefficient storage unit 160 may store coefficients α, β, and γ that are needed for the SOH prediction unit
170 to perform SOH prediction and may provide the coefficients α, β, and γ to the SOH prediction unit 170 for the SOH
prediction of the battery pack P1.
[0070] The coefficient α is needed to predict a cell voltage base SOH(SOHv) of the battery pack P1 based on the
standard deviation σ(σv) of cell voltage standard deviations. The coefficient β is needed to predict a low frequency
component base SOH(SOHAj) of the battery pack P1 based on the standard deviation σ(σAj) of low frequency component
standard deviations. The coefficient γ is needed to predict a high frequency component base SOH(SOHDj) of the battery
pack P1 based on the standard deviation σ(σDJ) of high frequency component standard deviations.
[0071] The coefficients α, β, and γ may vary according to electrical characteristics and an arrangement structure of
the battery cells in the battery pack P1. An operator may determine the coefficients α, β, and γ in advance according to
the battery pack P1. The coefficients α, β, and γ may be determined by an algorithm of the whole system including the
battery pack P1. A process of determining the coefficients α, β, and γ by the algorithm will be described in more detail below.
[0072] The SOH prediction unit 170 may receive the standard deviation σ(σv) of cell voltage standard deviations, the
standard deviation σ(σAj) of low frequency component standard deviations, and the standard deviation σ(σDJ) of high
frequency component standard deviations from the second statistics processing unit 140. The standard deviation σ(σv)
of cell voltage standard deviations, the standard deviation σ(σAj) of low frequency component standard deviations, and
the standard deviation σ(σDJ) of high frequency component standard deviations are generated based on cell voltage
data collected for a predetermined data collection period, which are needed to predict an SOH of the battery pack P1.
In addition, the SOH prediction unit 170 may receive the standard deviation σ0(σv) of initial cell voltage standard deviations,
the standard deviation σ0(σAj) of initial low frequency component standard deviations, and the standard deviation σ0(σDj)
of initial high frequency component standard deviations from the initial value storage unit 150 and may receive the
coefficients α, β, and γ from the coefficient storage unit 160.
[0073] The SOH prediction unit 170 may calculate the cell voltage base SOH(SOHv) based on the standard deviation
σ(σv) of cell voltage standard deviations, the standard deviation σ0(σv) of initial cell voltage standard deviations, and the
coefficient α. In addition, the SOH prediction unit 170 may calculate the low frequency component base SOH(SOHAj)
based on the standard deviation σ(σAj) of low frequency component standard deviations, the standard deviation σ0(σAj)
of initial low frequency component standard deviations, and the coefficient β. In addition, the SOH prediction unit 170
may calculate the high frequency component base SOH(SOHDj) based on the standard deviation σ(σDj) of high frequency
component standard deviations, the standard deviation σ0(σDj) of initial high frequency component standard deviations,
and the coefficient γ.
[0074] The SOH prediction unit 170 may predict an SOH of the battery pack P1 by calculating a final SOH(SOH) based
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on the cell voltage base SOH(SOHv), the low frequency component base SOH(SOHAj), and the high frequency component
base SOH(SOHDj). The SOH prediction unit 170 may output the SOH(SOH). The SOH(SOH) may be provided to the
BMS in the battery system or the general controller in the energy storage system.
[0075] Calculation of the SOH prediction unit 170 will now be described in detail. First, the discrete wavelet transform
is described. A wavelet transform is used to decompose a source signal x(t) by transforming a magnitude and a horizontal
position of a circular wavelet function. A continuous wavelet transform (CWT) is defined by Equation 1 below. 

[0076] In Equation 1, a and b are parameters respectively indicating a scale and a translation, ψ(t) denotes a wavelet
analysis function, and ψ* denotes a complex conjugate function. A result of Equation 1 is a wavelet coefficient of the
scale and translation parameters.
[0077] Substitution of a=2j and b = k2j into Equation 1 causes a DWT defined by Equation 2 below. In Equation 2,
integers j and k are scale and translation variables, respectively. 

[0078] In one-dimensional signal decomposition using wavelets, a scale function ϕ and a wavelet function ψ are used.
The wavelet function ψ is used to obtain a detailed component Dj from the source signal x(t), and the scale function ϕ
is used to decompose an approximate component Aj from the source signal x(t). FIG. 2 illustrates the scale function ϕ
and the wavelet function ψ. The scale function ϕ and the wavelet function ψ shown in FIG. 2 are based on Daubechies
3 (dB3) wavelets.
[0079] In the DWT, approximate information xa

j(t) and detailed information xd
j(t) obtained at an arbitrary scale j from

the source signal x(t) may be represented by Equation 3 below. 

[0080] In Equation 3, aj,k and dj,k denote an approximate coefficient (scale coefficient) and a detailed coefficient (wavelet
coefficient), respectively.
[0081] The source signal x(t) may be represented by Equation 4 below using the approximate information xa

j(t) and
the detailed information xd

j(t). 

[0082] In addition, aj,k and dj,k may be represented by Equation 5 below using the scale function ϕ and the wavelet
function ψ, respectively.
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[0083] The approximate information xa
j(t) corresponds to a scale function ϕj,k(t) of a low frequency component, and

the detailed information xd
j(t) corresponds to a wavelet function ψj,k(t) of a high frequency component. When the ap-

proximate information xa
j(t) and the detailed information xd

j(t) are simplified to A and D, respectively, the source signal
x(t) may be represented by Equation 6 below when multi-resolution decomposition of the source signal x(t) is performed
up to an nth level. 

[0084] By adding detailed information Dn to approximate information An, approximate information An-1 having a one-
level higher resolution is obtained. That is, An-1 = An + Dn. In addition, the source signal x(t) may be represented by A1 + D1.
[0085] FIG. 3 is a schematic block diagram for describing a DWT in terms of filtering. In the DWT, data x(n) may be
decomposed into approximate information A corresponding to a low frequency component and detailed information D
corresponding to a high frequency component. A low-pass filter (LPF) may be used to extract the approximate information
A from the data x(n). In addition, a high-pass filter (HPF) may be used to extract the detailed information D from the data
x(n). The LPF and the HPF are not actual filters, which are implemented physically or by a circuit, but may be implemented
by data processing.
[0086] FIG. 4 illustrates coefficients of the LPF and the HPF. For example, as shown in FIG. 4, coefficients of the LPF
may be {0.0352, -0.0854, -0.1350, 0.4599, 0.8069, 0.3327}, and coefficients of the HPF may be {-0.3327, 0.8069, -0.4599,
-0.1350, 0.0854, 0.0352}.
[0087] FIG. 5 is a block diagram for describing a process of decomposing voltage data V(x) by a multi-resolution
analysis of a DWT. Although it is shown in FIG. 5 that a DWT is repeatedly performed five times, the number of repetitions
of a DWT is not limited thereto. That is, a DWT may be performed only once or more than five times.
[0088] As described above, a DWT may be performed using the LPF and the HPF.
[0089] The voltage data V(x) may be decomposed into approximate voltage data A1(x) of the first level and detailed
voltage data D1(x) of the first level. The approximate voltage data A1(x) of the first level may be extracted using the LPF,
and the detailed voltage data D1(x) of the first level may be extracted using the HPF.
[0090] The approximate voltage data A1(x) of the first level may be decomposed into approximate voltage data A2(x)
of the second level and detailed voltage data D2(x) of the second level by a second DWT and down-sampling.
[0091] The approximate voltage data A2(x) of the second level may be decomposed into approximate voltage data
A3(x) of the third level and detailed voltage data D3(x) of the third level by a third DWT and down-sampling.
[0092] The approximate voltage data A3(x) of the third level may be decomposed into approximate voltage data A4(x)
of the fourth level and detailed voltage data D4(x) of the fourth level by a fourth DWT and down-sampling.
[0093] The approximate voltage data A4(x) of the fourth level may be decomposed into approximate voltage data A5(x)
of the fifth level and detailed voltage data D5(x) of the fifth level by a fifth DWT and down-sampling.
[0094] The approximate voltage data A5(x) of the fifth level and the detailed voltage data D5(x) of the fifth level, which
are extracted by performing discrete wavelet transform multi-resolution analysis on each of the first to nth cell voltage
data V1, V2, V3, ..., Vn of the first to nth battery cells, may be respectively provided to the first statistics processing unit
130 as the first to nth low frequency component data Aj1, Aj2, Aj3, ..., Ajn of the jth level and the first to nth high frequency
component data Dj1, Dj2, Dj3, ..., Djn of the jth level.
[0095] As shown in FIG. 5, the voltage data V(x) may be represented using the approximate voltage data A5(x) of the
fifth level and the detailed voltage data D1(x), D2(x), D3(x), D4(x), D5(x) of the first to fifth levels. In addition, approximate
voltage data An-1(x) of an (n-1)th level may be represented by a sum of approximate voltage data An(x) of the nth level
and detailed voltage data Dn(x) of the nth level.
[0096] In the current example, the voltage data V(x) may be restored from the approximate voltage data A5(x) of the
fifth level and the detailed voltage data D1(x), D2(x), D3(x), D4(x), D5(x) of the first to fifth levels. This restoring process
may be referred to as an inverse DWT (IDWT).
[0097] As shown in FIG. 5, the repetition of a DWT causes an increase in a total amount of data because the voltage
data V(x) is decomposed into approximate voltage data A(x) and detailed voltage data D(x). Thus, down-sampling may
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be performed after a DWT is performed.
[0098] Down-sampling involves selecting eventh or oddth data of approximate voltage data generated by a previous
DWT and removing non-selected data. FIG. 6 illustrates down-sampling. As shown in FIG. 6, n pieces of data are reduced
to n/2 pieces of data by down-sampling.
[0099] FIG. 7 illustrates a frequency band of the approximate voltage data An(x) of the nth level and frequency bands
of detailed voltage data D1(x), D2(x), ..., Dn(x) of the first to nth levels.
[0100] When it is assumed that the detailed voltage data D1(x) of the first level is data of a frequency band that is less
than a first frequency fs/2 and greater than a second frequency fs/4, the detailed voltage data D2(x) of the second level
corresponds to data of a frequency band that is less than the second frequency fs/4 and greater than a third frequency
fs/8. In addition, the detailed voltage data D3(x) of the third level corresponds to data of a frequency band that is less
than the third frequency fs/8 and greater than a fourth frequency fs/16. In addition, the detailed voltage data Dn(x) of the
nth level corresponds to data of a frequency band that is less than an nth frequency fs/2n and greater than an (n+1)th
frequency fs/2n+1. In addition, the approximate voltage data An(x) of the nth level corresponds to data of a frequency
band that is less than the (n+1)th frequency fs/2n+1.
[0101] A method of predicting an SOH of the battery pack P1 according to various embodiments of the present invention
will now be described with respect to a detailed example.
[0102] In the example below, it is assumed that the battery pack P1 includes 14 battery cells. The battery pack P1
may consist of 14 battery cells connected in series. According to another example, the battery pack P1 may include 70
battery cells connected in series, wherein 14 of the 70 battery cells are selected to predict an SOH. In addition, it is
assumed that discrete wavelet transform multi-resolution analysis is performed up to a fifth level.
[0103] Referring to FIG. 8A, a graph of the cell voltage data V(x) over a time x is illustrated. In the graph of FIG. 8A,
the cell voltage data V(x) is data obtained by measuring a cell voltage for 2880 minutes, i.e., 48 hours. Since the cell
voltage data V(x) is obtained by measuring a cell voltage of battery cells actually being used, the cell voltage may
increase due to charging and may decrease due to discharging for 48 hours. The cell voltage data V(x) may be generated
by the cell voltage detection unit 110. In detail, the cell voltage data V(x) may be generated by the BMS in the battery
system.
[0104] FIG. 8B illustrates graphs of low frequency component data A1(x) to A5(x) of the first to fifth levels, which are
extracted by performing discrete wavelet transform multi-resolution analysis on the cell voltage data V(x) shown in FIG.
8A. In addition, FIG. 8C illustrates graphs of high frequency component data D1(x) to D5(x) of the first to fifth levels,
which are extracted by performing discrete wavelet transform multi-resolution analysis on the cell voltage data V(x)
shown in FIG. 8A.
[0105] FIG. 9A is a graph of cell voltage data V of the 14 battery cells included in the battery pack P1. Referring to
FIG. 9A, first to fourteenth cell voltage data V1, V2, V3, ..., V14 of the first to fourteenth battery cells are shown without
being distinguished from each other.
[0106] The first to fourteenth cell voltage data V1, V2, V3, ..., V14 are collected for the first to fourteenth battery cells,
respectively. The first to fourteenth cell voltage data V1, V2, V3, ..., V14 may be collected by the cell voltage detection
unit 110.
[0107] The first to fourteenth cell voltage data V1, V2, V3, ..., V14 may be provided to the DWT unit 120 and the first
statistics processing unit 130, and the first statistics processing unit 130 may generate first to fourteenth cell voltage
standard deviations σ(V1), σ(V2), σ(V3), ..., σ(V14) by calculating a standard deviation for each of the first to fourteenth
cell voltage data V1, V2, V3, ..., V14.
[0108] The first to fourteenth cell voltage standard deviations σ(V1), σ(V2), σ(V3), ..., σ(V14) may be calculated as
shown in Table 1.

[0109] The second statistics processing unit 140 may generate a standard deviation σ(σv) of cell voltage standard
deviations by receiving the first to fourteenth cell voltage standard deviations σ(V1), σ(V2), σ(V3), ..., σ(V14) calculated
by the first statistics processing unit 130 and performing a standard deviation calculation for the received first to fourteenth
cell voltage standard deviations σ(V1), σ(V2), σ(V3), ..., σ(V14).

Table 1

σ(V1) 0.035099 σ(V2) 0.034938 σ(V3) 0.034994

σ(V4) 0.034610 σ(V5) 0.034659 σ(V6) 0.034021

σ(V7) 0.033722 σ(V8) 0.035657 σ(V9) 0.035878

σ(V10) 0.032827 σ(V11) 0.035987 σ(V12) 0.035743

σ(V13) 0.036270 σ(V14) 0.036108
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[0110] The calculated standard deviation σ(σv) of cell voltage standard deviations may be 0.001005.
[0111] FIG. 9B is a graph of low frequency component data A5 of the fifth level, which is extracted by performing
discrete wavelet transform multi-resolution analysis on each of the cell voltage data V. Referring to FIG. 9B, first to
fourteenth low frequency component data A51, A52, A53, ..., A514 of the fifth level generated from the first to fourteenth
cell voltage data V1, V2, V3, ..., V14 of the first to fourteenth battery cells are shown without being distinguished from
each other.
[0112] The first to fourteenth low frequency component data A51, A52, A53, ..., A514 of the fifth level are respectively
extracted from the first to fourteenth cell voltage data V1, V2, V3, ..., V14 of the first to fourteenth battery cells.
[0113] The DWT unit 120 may generate the first to fourteenth low frequency component data A51, A52, A53, ..., A514
of the fifth level by performing discrete wavelet transform multi-resolution analysis on the first to fourteenth cell voltage
data V1, V2, V3, ..., V14 of the first to fourteenth battery cells.
[0114] The first statistics processing unit 130 may generate first to fourteenth low frequency component standard
deviations σ(A51), σ(A52), σ(A53), ..., σ(A514) by receiving the first to fourteenth low frequency component data A51,
A52, A53, ..., A514 of the fifth level and calculating a standard deviation for each of the first to fourteenth low frequency
component data A51, A52, A53, ... A514 of the fifth level.
[0115] The first to fourteenth low frequency component standard deviations σ(A51), σ(A52), σ(A53), ..., σ(A514) may
be calculated as shown in Table 2 below.

[0116] The second statistics processing unit 140 may generate a standard deviation σ(σA5) of low frequency component
standard deviations by receiving the first to fourteenth low frequency component standard deviations σ(A51), σ(A52),
σ(A53), ..., σ(A514) calculated by the first statistics processing unit 130 and performing a standard deviation calculation
for the first to fourteenth low frequency component standard deviations σ(A51), σ(A52), σ(A53), ..., σ(A14).
[0117] The calculated standard deviation σ(σA5) of low frequency component standard deviations may be 0.001003.
[0118] FIG. 9C is a graph of high frequency component data D5 of the fifth level, which is extracted by performing
discrete wavelet transform multi-resolution analysis on each of the cell voltage data V. Referring to FIG. 9C, first to
fourteenth high frequency component data D51, D52, D53, ..., D514 of the fifth level generated from the first to fourteenth
cell voltage data V1, V2, V3, ..., V14 of the first to fourteenth battery cells are shown without being distinguished from
each other.
[0119] The first to fourteenth high frequency component data D51, D52, D53, ... D514 of the fifth level are respectively
extracted from the first to fourteenth cell voltage data V1, V2, V3, ..., V14 of the first to fourteenth battery cells.
[0120] The DWT unit 120 may generate the first to fourteenth high frequency component data D51, D52, D53, ..., D514
of the fifth level by performing discrete wavelet transform multi-resolution analysis on the first to fourteenth cell voltage
data V1, V2, V3, ..., V14 of the first to fourteenth battery cells.
[0121] The first statistics processing unit 130 may generate first to fourteenth high frequency component standard
deviations σ(D51), σ(D52), σ(D53), ..., σ(D514) by receiving the first to fourteenth high frequency component data D51,
D52, D53, ..., D514 of the fifth level and calculating a standard deviation for each of the first to fourteenth high frequency
component data D51, D52, D53, ..., D514 of the fifth level.
[0122] The first to fourteenth high frequency component standard deviations σ(D51), σ(D52), σ(D53), ..., σ(D514) may
be calculated as shown in Table 3 below.

Table 2

σ(A51) 0.034929 σ(A52) 0.034770 σ(A53) 0.034834

σ(A54) 0.034443 σ(A55) 0.034483 σ(A56) 0.033868

σ(A57) 0.033586 σ(A58) 0.035509 σ(A59) 0.035730

σ(A510) 0.032684 σ(A511) 0.035844 σ(A512) 0.035601

σ(A513) 0.036102 σ(A514) 0.035945

Table 3

σ(D51) 0.002436 σ(D52) 0.002455 σ(D53) 0.002420

σ(D54) 0.002408 σ(D55) 0.002464 σ(D56) 0.002226

σ(D57) 0.002054 σ(D58) 0.002262 σ(D59) 0.002199

σ(D510) 0.002022 σ(D511) 0.002222 σ(D512) 0.002194

σ(D513) 0.002502 σ(D514) 0.002441
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[0123] The second statistics processing unit 140 may generate a standard deviation σ(σD5) of high frequency com-
ponent standard deviations by receiving the first to fourteenth high frequency component standard deviations σ(D51),
σ(D52), σ(D53), ..., σ(D514) calculated by the first statistics processing unit 130 and performing a standard deviation
calculation for the first to fourteenth high frequency component standard deviations σ(D51), σ(D52), σ(D53), ..., σ(D514).
[0124] The calculated standard deviation σ(σD5) of high frequency component standard deviations may be
1.587865310-4.
[0125] The standard deviation σ0(σv) of initial cell voltage standard deviations, the standard deviation σ0(σAj) of initial
low frequency component standard deviations, and the standard deviation σ0(σDj) of initial high frequency component
standard deviations may also be generated using the same method as described above. However, in this case, there
is a difference in that the first to fourteenth cell voltage data V1, V2, V3, ..., V14 are collected from an initial time when
the battery pack P1 starts. In addition, the coefficients α, β, and γ vary according to the number of battery cells included
in the battery pack P1, the number of cell voltage data, an arrangement structure of the battery cells, and the like.
[0126] The SOH prediction unit 170 may receive the standard deviation σ(σv) of cell voltage standard deviations, the
standard deviation σ(σAj) of low frequency component standard deviations, and the standard deviation σ(σDj) of high
frequency component standard deviations from the second statistics processing unit 140, receive the standard deviation
σ0(σv) of initial cell voltage standard deviations, the standard deviation σ0(σAj) of initial low frequency component standard
deviations, and the standard deviation σ0(σDj) of initial high frequency component standard deviations from the initial
value storage unit 150, receive the coefficients α, β, and γ from the coefficient storage unit 160, and predict an SOH of
the battery pack P1 based on the received values.
[0127] The SOH prediction unit 170 may calculate the cell voltage base SOH(SOHv) based on the standard deviation
σ(σv) of cell voltage standard deviations, the standard deviation σ0(σv) of initial cell voltage standard deviations, and the
coefficient α.
[0128] A formula for calculating the cell voltage base SOH(SOHv) may be represented by Equation 7 below. 

[0129] The cell voltage base SOH(SOHv) having a value of 1 indicates a fresh state of the battery pack P1, and the
cell voltage base SOH(SOHv) having a value of 0 indicates an aged state of the battery pack P1.
[0130] The cell voltage base SOH(SOHv) may be calculated based on a difference between the standard deviation
σ(σv) of cell voltage standard deviations and the standard deviation σ0(σv) of initial cell voltage standard deviations and
a value obtained by multiplying the standard deviation σ0(σv) of initial cell voltage standard deviations by the coefficient
α. As the standard deviation σ(σv) of cell voltage standard deviations is greater than the standard deviation σ0(σv) of
initial cell voltage standard deviations, the cell voltage base SOH(SOHv) decreases more, indicating that the battery
pack P1 is ageing.
[0131] The SOH prediction unit 170 may calculate the low frequency component base SOH(SOHAj) based on the
standard deviation σ(σAj) of low frequency component standard deviations, the standard deviation σ0(σAj) of initial low
frequency component standard deviations, and the coefficient β.
[0132] A formula for calculating the low frequency component base SOH(SOHAj) may be represented by Equation 8
below. 

[0133] The low frequency component base SOH(SOHAj) having a value of 1 indicates a fresh state of the battery pack
P1, and the low frequency component base SOH(SOHAj) having a value of 0 indicates an aged state of the battery pack P1.
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[0134] The low frequency component base SOH(SOHAj) may be calculated based on a difference between the standard
deviation σ(σAj) of low frequency component standard deviations and the standard deviation σ0(σAj) of initial low frequency
component standard deviations and a value obtained by multiplying the standard deviation σ0(σAj) of initial low frequency
component standard deviations by the coefficient β. As the standard deviation σ(σAj) of low frequency component
standard deviations is greater than the standard deviation σ0(σAj) of initial low frequency component standard deviations,
the low frequency component base SOH(SOHAj) decreases more, indicating that the battery pack P1 is ageing.
[0135] The SOH prediction unit 170 may calculate the high frequency component base SOH(SOHDj) based on the
standard deviation σ(σDj) of high frequency component standard deviations, the standard deviation σ0(σDj) of initial high
frequency component standard deviations, and the coefficient γ.
[0136] A formula for calculating the high frequency component base SOH(SOHDj) may be represented by Equation
9 below. 

[0137] The high frequency component base SOH(SOHDj) may be calculated based on a difference between the
standard deviation σ(σDj) of high frequency component standard deviations and the standard deviation σ0(σDj) of initial
high frequency component standard deviations and a value obtained by multiplying the standard deviation σ0(σDj) of
initial high frequency component standard deviations by the coefficient γ. As the standard deviation σ(σDj) of high fre-
quency component standard deviations is greater than the standard deviation σ0(σDj) of initial high frequency component
standard deviations, the high frequency component base SOH(SOHDj) decreases more, indicating that the battery pack
P1 is ageing.
[0138] The SOH prediction unit 170 may predict an SOH of the battery pack P1 by calculating a final SOH(SOH) based
on the cell voltage base SOH(SOHv), the low frequency component base SOH(SOHAj), and the high frequency component
base SOH(SOHDj).
[0139] A formula for calculating the final SOH (SOH) may be represented by, for example, Equation 10 below. 

[0140] According to the example shown in Equation 10, the final SOH(SOH) may be an arithmetic mean of the cell
voltage base SOH(SOHv), the low frequency component base SOH(SOHAj), and the high frequency component base
SOH(SOHDj). However, the present disclosure is not limited to this example, the final SOH(SOH) may be calculated as
a weighted mean using first to third weight coefficients ω1, ω2, and ω3. For example, the final SOH(SOH) may be
determined by a sum of the product of the first weight coefficient ω1 and the cell voltage base SOH(SOHv), the product
of the second weight coefficient ω2 and the low frequency component base SOH(SOHAj), and the product of the third
weight coefficient ω3 and the high frequency component base SOH(SOHDj), wherein each of the third weight coefficients
ω1, ω2, and ω3 is equal to or greater than 0 and less than 1, and a sum of the third weight coefficients ω1, ω2, and ω3 is 1.
[0141] For example, the first weight coefficient ω1 may be 0.2, the second weight coefficient ω2 may be 0.3, and the
third weight coefficient ω3 may be 0.5. As another example, the first weight coefficient ω1 may be 0, the second weight
coefficient ω2 may be 0.6, and the third weight coefficient ω3 may be 0.4.
[0142] A method of determining values of the coefficients α, β, and γ needed to predict an SOH of the battery pack
P1 according to various embodiments of the present invention will now be described with respect to an example. In the
example below, it is assumed that second to tenth battery packs P2 to P10 each being the same as the battery pack
P1 (hereinafter, first battery pack P1) also exist. The first to tenth battery packs P1 to P10 include a same number of
battery cells and have a same arrangement structure of the battery cells. However, the first to tenth battery packs P1 to
P10 may independently exist. For example, some of the first to tenth battery packs P1 to P10 may be connected in
series to have a higher level output voltage, and the other battery packs may be connected to another power system or
connected in parallel. That is, current profiles applied to the first to tenth battery packs P1 to P10 may be different from
each other.
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[0143] As described above, FIG. 9A is a graph of cell voltage data V of the 14 battery cells included in the first battery
pack P1, FIG. 9B is a graph of low frequency component data A5 of the fifth level, which is extracted by performing
discrete wavelet transform multi-resolution analysis on each of the cell voltage data V, and FIG. 9C is a graph of high
frequency component data D5 of the fifth level, which is extracted by performing discrete wavelet transform multi-
resolution analysis on each of the cell voltage data V. The standard deviation σ(σv) of cell voltage standard deviations,
which is calculated for the first battery pack P1, is 0.001005, the standard deviation σ(σA5) of low frequency component
standard deviations, which is calculated for the first battery pack P1, is 0.001003, and the standard deviation σ(σD5) of
high frequency component standard deviations, which is calculated for the first battery pack P1, is 1.587865310-4.
[0144] FIGS. 10A to 10I are graphs showing cell voltage data V of 14 battery cells included in the second to tenth
battery packs P2 to P10, graphs showing low frequency component data A5 of the fifth level, and graphs showing high
frequency component data D5 of the fifth level. For the second to tenth battery packs P2 to P10, in the same manner
as the first battery pack P1, cell voltage data V may also be generated using the cell voltage detection unit 110, and the
DWT unit 120 may also extract low frequency component data A5 of the fifth level and high frequency component data
D5 of the fifth level based on the cell voltage data V. The first statistics processing unit 130 and the second statistics
processing unit 140 may also calculate a standard deviation σ(σv) of cell voltage standard deviations, a standard deviation
σ(σA5) of low frequency component standard deviations, and a standard deviation σ(σD5) of high frequency component
standard deviations for each of the second to tenth battery packs P2 to P10.
[0145] The standard deviation σ(σv) of cell voltage standard deviations, the standard deviation σ(σA5) of low frequency
component standard deviations, and the standard deviation σ(σD5) of high frequency component standard deviations
for each of the first to tenth battery packs P1 to P10 are as shown in Table 4 below.

[0146] The coefficient α may be determined from values of the standard deviations σ(σv) of cell voltage standard
deviations for the first to tenth battery packs P1 to P10. For example, the coefficient α may be determined as a ratio of
a maximum value to a minimum value of the standard deviations σ(σv) of cell voltage standard deviations for the first to
tenth battery packs P1 to P10.
[0147] The coefficient β may be determined from values of the standard deviations σ(σA5) of low frequency component
standard deviations for the first to tenth battery packs P1 to P10. For example, the coefficient β may be determined as
a ratio of a maximum value to a minimum value of the standard deviations σ(σA5) of low frequency component standard
deviations for the first to tenth battery packs P1 to P10.
[0148] The coefficient γ may be determined from values of the standard deviations σ(σD5) of high frequency component
standard deviations for the first to tenth battery packs P1 to P10. For example, the coefficient γ may be determined as
a ratio of a maximum value to a minimum value of the standard deviations σ(σD5) of high frequency component standard
deviations for the first to tenth battery packs P1 to P10.
[0149] A formula for calculating the coefficients α, β, and γ and the values of the coefficients α, β, and γ in the example
may be represented by Equation 11 below. 

Table 4

Pack σ(σv) σ(σA5) σ(σD5)

P1 10.05310-4 10.03310-4 15.88310-5

P2 3.83310-4 3.96310-4 3.80310-5

P3 22.86310-4 23.15310-4 13.71310-5

P4 35.74310-4 36.15310-4 35.53310-5

P5 6.06310-4 6.02310-4 6.24310-5

P6 20.43310-4 20.58310-4 13.03310-5

P7 2.02310-4 2.03310-4 2.18310-5

P8 8.11310-4 8.22310-4 8.76310-5

P9 7.04310-4 6.93310-4 7.13310-5

P10 5.01310-4 4.99310-4 4.90310-5
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[0150] In the example, the coefficient α may be determined as 17.61, the coefficient β may be determined as 17.81,
and the coefficient γ may be determined as 16.30.
[0151] According to an increase in products using a high voltage due to increased industrialization, a battery system
is generally in the form of a battery pack instead of being in the form of a unit battery cell. A battery pack includes a
plurality of battery cells connected in series, in parallel, or in a combination of series and parallel. In an ideal case, a
voltage unbalance does not exist between the battery cells. However, in reality, a voltage unbalance does actually exist
between the battery cells. The voltage unbalance between the battery cells increases as a charging state or a discharging
state continues over a long period of time. Thus, an ageing progression state of the battery pack may be detected based
on the voltage unbalance between the battery cells.
[0152] According to the one or more of the above embodiments of the present invention, by predicting an SOH of a
battery pack based on a voltage unbalance between battery cells, the SOH may be predicted using a cell voltage easily
obtainable without an additional configuration or circuit.
[0153] The graphs of FIGS. 11A and 11B include an SOC (indicated as "Ampere-counting") calculated by current
integration and an SOC estimated by the SOC estimation unit 180 using an EKF based on an ith low frequency component
data A5i of the fifth level according to the present invention. In FIG. 11A, an initial SOC is set as 0.8. In FIG. 11B, the
initial SOC is set as 0.2.
[0154] As shown in FIGS. 11A and 11B, even if the initial SOC is set differently, the SOC estimated based on the EKF
and the SOC calculated by the current integration have the same results. Even if a noise model is not applied, it may
be seen that the SOC estimation performance does not deteriorate by using ith low frequency component data A5i of
the fifth level.
[0155] A noise model has been used so as to increase the estimation performance of an SOC estimation algorithm
based on the EKF. However, an addition of the noise model causes increases in algorithm complexity and accordingly
expense. The present invention applies an algorithm that is concise and improved compared to the conventional method
of adding the noise mode while maintaining excellent SOC estimation performance, thereby solving time and expense
problems due to system development.
[0156] It will be understood by one of ordinary skill in the art that various modifications, combinations, and changes
can be made according to design conditions and factors within the scope of the invention as defined by the attached claims.

Claims

1. Apparatus for predicting state of a battery pack having a plurality of cells, the apparatus comprising:

means (110) for providing cell voltage data (V1 - Vn) over a predetermined time period;
means (120) for performing a discrete wavelet transform on the voltage data to obtain low frequency component
data (Aj1 - Ajn) and high frequency component data (Dj1 - Djn);
means (130, 140) for determining standard deviation values for the low frequency component data and/or the
high frequency component data;
means (170) for predicting state of health SOH of the battery pack based on the determined standard deviation
values; and
means (180, 190) for predicting state of charge SOC of the battery pack based on the low frequency component
data (Aj1 - Ajn).

2. The apparatus of claim 1, wherein the means (130, 140) for determining standard deviation values is further con-
figured to determine standard deviation values for the cell voltage data.
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3. The apparatus of claim 1 or 2, wherein the means for providing cell voltage data comprises a cell voltage detection
unit (110) arranged to measure cell voltages of cells in the battery pack over the predetermined time period and to
digitise the cell voltages to provide the cell voltage data.

4. The apparatus of any one of the preceding claims when dependent on claim 2, wherein the means for determining
the standard deviation values comprises:

a first standard deviation calculator (130) for calculating first standard deviation values for each of the cell voltage
data, low frequency component data and the high frequency component data; and
a second standard deviation calculator (140) for calculating respective second standard deviation values for
each of the cell voltage data standard deviation values, the low frequency component data standard deviation
values and the high frequency component data standard deviation values.

5. The apparatus of claim 4, wherein the means for predicting the SOH of the battery pack comprises an SOH prediction
unit (170) arranged to receive the second standard deviation values from the second standard deviation calculator
(140).

6. The apparatus of claim 4 or 5, wherein the second standard deviation calculator (140) is further arranged to calculate
respective third standard deviation values for each of initial cell voltage data standard deviation values, initial low
frequency component data standard deviation values and initial high frequency component data standard deviation
values.

7. The apparatus of claim 6, further comprising a storage unit (150) for storing the third standard deviation values.

8. The apparatus of claim 7, wherein the third standard deviation values are arranged to be provided to the SOH
prediction unit (170) from the storage unit (150).

9. The apparatus of any one of the preceding claims when dependent on claim 2, wherein a first component (SOHv)
of the predicted value for the state of health based on the cell voltage data is calculated as: 

where σ(σv) is the standard deviation of cell voltage standard deviations, σ0(σv) is the standard deviation of initial
cell voltage standard deviations and α is a first coeefficient;
and/or
wherein a second component (SOHAj) of the predicted value for the state of health based on the low frequency
component data is calculated as: 

where σ(σAj) is the standard deviation of low frequency component standard deviations, σ0(σAj) is the standard
deviation of initial low frequency component standard deviations and β is a second coeefficient;
and/or
wherein a third component (SOHDj) of the predicted value for the state of health based on the high frequency
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component data is calculated as: 

where σ(σDj) is the standard deviation of high frequency component standard deviations, σ0(σDj) is the standard
deviation of initial high frequency component standard deviations and γ is a third coeefficient.

10. The apparatus of claim 9, further comprising a coefficient storage unit (160) for storing the coefficients to be provided
to the SOH prediction unit (170).

11. Apparatus according to claim 9 or 10, wherein the predicted value for the state of health SOH is calculated as the
mean or weighted mean of the first, second and third components.

12. Apparatus according to claim 9, 10 or 11, wherein the coefficients are calculated in advance based on characteristics
of the battery pack, or based on characteristics of a system that includes the battery pack.

13. Apparatus according to any one of claims 9 to 12, wherein the first, second and third coefficients α, β, γ are calculated
from the standard deviations of the cell voltage standard deviations, the low frequency component standard deviations
and the high frequency component standard deviations respectively.

14. Apparatus according to claim 13, wherein the first, second and third coefficients α, β, γ are calculated as the ratio
of the maximum value to the minimum value of the standard deviations of the cell voltage standard deviations, the
low frequency component standard deviations and the high frequency component standard deviations respectively.

15. Apparatus according to any one of the preceding claims, wherein the means (180, 190) for predicting the SOC of
the battery pack comprises:

an SOC estimation unit (180) for estimating cell SOCs (SOC1 - SOCn) of the plurality of cells based on the low
frequency component data (Aj1 - Ajn); and
an SOC prediction unit (190) for predicting the SOC of the battery pack based on the cell SOCs (SOC1 - SOCn)
of the plurality of cells.
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