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ABSTRACT 

Techniques suitable for performing a State of Health estimation for a rechargeable battery energy 

storage system during operation of the rechargeable battery energy storage system are disclosed. The 

rechargeable battery energy storage system comprises a plurality of parallel strings that are 

individually controllable. At least one string from the plurality of parallel strings is selected. The 

selected at least one string is placed into a SoH calibration mode for performing a SoH calibration 

while concurrently at least one other string of the plurality of parallel strings is maintained in operative 

mode. The selected at least one string is caused to return to operative mode after the SoH calibration 

has been completed for the selected at least one string.  

(Figure 1)
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Device and method for controlling an interface for a power utility 

FIELD 

The present disclosure relates to methods and devices for performing a State of Health (SoH) 

5 estimation for a rechargeable battery energy storage system. The present disclosure relates in 

particular to methods and devices for performing a SoH estimation for a rechargeable battery energy 

storage system that comprises a plurality of parallel strings of battery cells.  

BACKGROUND 

10 Battery energy storage systems (BESSs) are considered to be an important contributor to 

stability of future power grids with a significant fraction of renewable energy, but also to clean e

mobility. Batteries degrade over time. Hence, an important quantity to monitor is a State of Health 

(SoH). The SoH may be characterized one or several key performance indicators (KPIs). The KPIs 

may be maximum remaining capacity and internal resistance. Specifically, SoH may provide a 

15 measure of the current capacity and internal resistance of a battery relative to the values of the same 

respective parameters of the battery when it is new. It is an important indicator in determining the 

capability of a battery to store and deliver energy. It is often also considered as a measure of the 

degradation of the battery used in determining when a battery has reached its end of life. Hence, SoH 

can have implications both in the proper control and maintenance of the battery system.  

20 Conventionally, accurate estimation of the BESS SoH requires operating the battery in a 

specific way: Starting at a specific state of charge, a specific current profile should be applied both 

in charge and discharge directions, until certain cutoff voltages are met. This is referred to as SoH 

calibration cycle. The SoC range covered hereby should be as large as possible, in order to maximize 

accuracy. Conventionally, performing such a SoH calibration cycle temporarily takes the whole 

25 BESS out of operation. In certain critical applications, this can have significant impact on the 

capability of the energy storage system to provide ancillary services (e.g., frequency stabilization, 

load regulation, voltage support etc.), which in turn can impact the reliability of the system to which 

they are connected. In order to estimate the SoH of a large BESS, it is today taken offline for a couple 

of hours, while one or several SoH calibration cycles are applied. This adds to the operation costs.  

30 Methods for estimating the SoH online using operational data rather than data recorded during 

a calibration cycle (e.g., based on least squares methods, artificial neural networks and Kalman filters 

and their variants) can be less accurate than full discharge cycles necessary for achieving accurate 

estimation. For illustration, full discharge cycles occur infrequently, if at all, during normal 

operation, and the loading on the system is not consistent during the measurement cycle.  

35 SoH calculations that also use online data and conventional dedicated SoH for the entire BESS 

provide a bulk measure of the state of health of the entire BESS system. Thus the resulting values
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can have insufficient accuracy, as they do not allow the SoH of individual strings to be assessed.  

Often the degradation is not equal for different strings of battery cells, as environmental conditions 

can differ in different locations of the BESS. For illustration, the location relative to Heating, 

Ventilation, & Air Conditioning (HVAC) and/or relative to the outer walls or doors of a BESS 

5 container may be different for different strings. Determining the SoH only for all strings in 

combination limits the possibilities of performing advanced inhomogeneous operation of parallel 

strings of a BESS system. Further still, using existing approaches it is not possible to distinguish the 

degradation of individual strings of battery cells. This can lead to difficulties in establishing the root 

cause of reduced capacity or failure in a BESS system, which in turn can lead to maintenance being 

10 performed inefficiently.  

A. Oudalov et al., "Optimizing a Battery Energy Storage System for Primary Frequency 

Control," IEEE Transactions on Power Systems, vol. 22, no. 3, 2007 discloses a technique of 

increasing battery lifetime by avoiding high frequency charge-discharge sequences.  

DE 10 2014 210 010 Al discloses a method of operating an electrical energy storage system, 

15 which is connected to an electrical energy supply grid for providing a setpoint power and contains a 

plurality of storage units, which are electrically connected at a point of common coupling and among 

which the setpoint power is distributed. The total efficiency of the energy storage system is matched 

to the setpoint power by adjusting individual power components to be provided by the storage units.  

Neither one of these documents addresses the need of performing SoH calibration cycles.  

20 US 2016/0370433 Al describes a method of gathering information relating to physical 

quantities in order to determine the state of ageing of each of the batteries from the plurality of 

batteries, selecting a battery from the plurality of batteries based on information gathered and/or 

information relating to a planning of the use of the batteries and/or a user instruction, during the 

energy storage phase, charging as a priority the selected battery until a predefined maximum charge 

25 level, dependent on the state of ageing, is reached, during the energy release phase, discharging as a 

priority the selected battery, if it has reached the maximum charge level during the storage phase, 

until a predefined minimum charge level, dependent on the state of ageing, is reached, or making the 

selected battery inactive if it has not yet reached the predefined maximum charge level, then 

measuring a level of energy yielded by the selected battery, calculating a residual capacity of the 

30 selected battery based on the measurement of the level of energy yielded by the battery.  

US 2017/0033410 Al describes a battery cabinet group including a plurality of battery 

cabinets each including a plurality of battery modules connected to each other. The battery module 

is a replacement unit. A deterioration inspecting block obtains a characteristic of each of the battery 

modules to inspect a deterioration status thereof. A numbering block numbers each of the battery 

35 modules in an order from a small deterioration to a large deterioration based on the characteristic 

obtained by the deterioration inspecting block. A re-arrangement determining block determines a re-
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arrangement position of each of the battery modules in such a way that numbers given by the 

numbering block are in sequence in the same battery cabinet.  

US 2017/0033410 Al aims atproviding a secondary battery system and a method of arranging 

battery modules which are capable of recovering a system performance and maintaining the system, 

5 performance in the long term.  

Various shortcomings are associated with such conventional techniques. For illustration, 

during the described information gathering process there is an increased risk that the battery system 

will be unable to deliver the desired energy upon demand. This may impact the availability of the 

BESS. This can also have a significant impact on the capability of the energy storage system to 

10 provide ancillary services (such as frequency response, load regulation, voltage support etc.), which 

in turn can impact the reliability of the system to which they are connected.  

Any discussion of documents, acts, materials, devices, articles or the like which has been 

included in the present specification is not to be taken as an admission that any or all of these matters 

form part of the prior art base or were common general knowledge in the field relevant to the present 

15 disclosure as it existed before the priority date of each of the appended claims.  

SUMMARY 

There is still a need in the art for improved devices and methods that mitigate at least some of 

the shortcomings of conventional techniques. There is in particular a need in the art for methods and 

20 devices that allow dedicated state of health (SoH) calibration cycles to be performed for string(s) of 

a rechargeable battery energy storage system (BESS) without requiring the full BESS to be taken out 

of operation. There is a need in the art for such methods and devices that allow the SoH to be 

determined individually for each one of several strings of the BESS.  

These needs are not addressed in conventional systems as described above. According to 

25 embodiments of the invention, at least one of a plurality of parallel strings of a BESS and is taken 

out of the normal operation for performing a SoH calibration. The SoH calibration of the at least one 

selected string may include one or several dedicated SoH cycles, in each of which the string is 

essentially completely charged and discharged (e.g., charged to 80% or more and discharged to 20% 

or less). The remaining strings that are not placed in a SoH calibration mode may serve the difference 

30 to the required load profile from the remaining strings. The risk that the battery system may be unable 

to deliver the desired energy upon demand may thus be mitigated or eliminated. The capability of 

the BESS to provide ancillary services (such as frequency response, load regulation, voltage support 

etc.) is not mitigated as in conventional approaches.  

A method of performing SoH estimation for a rechargeable battery energy storage system 

35 during operation of the rechargeable battery energy storage system is provided. The rechargeable 

battery energy storage system comprises a plurality of parallel strings that are individually
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controllable. The method comprises selecting at least one string from the plurality of parallel strings.  

The method comprises placing the selected at least one string into a SoH calibration mode for 

performing a SoH calibration while concurrently maintaining at least one other string of the plurality 

of parallel strings in operative mode. The method comprises causing the selected at least one string 

5 to return to operative mode after the SoH calibration has been completed for the selected at least one 

string.  

As used herein, the term "operative mode" is used to refer to an operation mode of a string in 

which the string contributes to the desired function of the BESS, which may be storing energy and/or 

providing energy, e.g., for providing ancillary services (such as stabilization or regulation purposes) 

10 or for other purposes.  

Maintaining the at least one other string in the operative mode comprises using the at least one 

other string for storing energy that is supplied to a grid or at least one power consumer.  

The method may comprise using the at least one other string in the operative mode to 

compensate for the fact that the selected at least one string is in the SoH calibration mode.  

15 The method may comprise, in response to the selected at least one string being placed into the 

SoH calibration mode, increasing a current flow into or out of the at least one other string that is 

maintained in operative mode, so as to ensure that the BESS meets a required load profile. The 

required load profile may be a load profile that ensures that the BESS provides frequency 

stabilization, load regulation, and/or voltage support for a grid. The grid may be a national or regional 

20 grid or an islanded grid.  

The method may comprise increasing the amount of current supplied to the at least one other 

string in the operative mode in response to the selected at least one string being placed into the SoH 

calibration mode, when energy is stored in the BESS.  

The method may comprise increasing the amount of current supplied by the at least one other 

25 string in the operative mode in response to the selected at least one string being placed into the SoH 

calibration mode, when energy is provided by the BESS to a grid or consumer.  

At any time during the SoH estimation, at least 50% of the total number of strings in the 

plurality of strings may be maintained in the operative mode.  

At any time during the SoH estimation, at least 70% of the total number of strings in the 

30 plurality of strings may be maintained in the operative mode.  

At any time during the SoH estimation, at least 80% of the total number of strings in the 

plurality of strings may be maintained in the operative mode.  

At any time during the SoH estimation, at least 90% of the total number of strings in the 

plurality of strings may be maintained in the operative mode.  

35 At any time during the SoH estimation, only one or two of the parallel strings may be 

concurrently placed in the SoH calibration mode.
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The method may further comprise performing one or several SoH calibration cycles for the 

selected at least one string while the selected at least one string is in the SoH calibration mode and 

before the selected at least one string is caused to return to the operative mode.  

The method may further comprise ranking and/or matching the plurality of parallel strings 

5 based on performance characteristics.  

The performance characteristics may include a degradation indicator for each of the plurality 

of parallel strings.  

The degradation indicator may be based on the SoH estimation results obtained in a preceding 

SoH estimation procedure, and/or based on current drawn from each of the plurality of parallel 

10 strings, e.g., while the plurality of parallel strings are disconnected from a grid.  

Ranking the plurality of parallel strings may comprise establishing a sequence of the parallel 

strings that is dependent on the performance characteristics.  

Matching the plurality of parallel strings may comprise identifying a plurality of pairs of 

strings. The identified pairs may be those strings that have performance characteristics that are most 

15 similar to each other, based on a metric. The identified pairs may be those strings for which a modulus 

of the difference in performance characteristics (e.g., the difference of a SoH quantifier or the 

difference in current drawn while the strings are disconnected from a grid) is less than a threshold or 

becomes minimum.  

The steps of selecting the at least one string, placing the selected at least one string into the 

20 SoH calibration mode, and causing the selected at least one string to return to the operative mode 

may be performed successively for at least a sub-set of the plurality of parallel strings. The method 

may comprise repeated the steps of selecting one or several strings, placing the one or several strings 

into the SoH calibration mode, and causing the one or several strings into to return to operative mode 

until all of the parallel strings have been placed into the SoH calibration mode and SoH calibration 

25 has been performed.  

The method may comprise determining an order in which strings are selected for SoH 

calibration.  

The order may be determined based on the ranking. For illustration, the strings may be 

successively placed into the SoH calibration mode (one-by-one or in sets of two or more strings) in 

30 an order that is determined by the performance characteristics.  

The order may be determined based on the matching. For illustration, the strings may be 

successively placed into the SoH calibration mode, such that pairs of strings identified based on the 

performance characteristics are concurrently placed into the SoH calibration mode.  

Selecting at least one string may comprise selecting a first string and selecting a second string, 

35 wherein, during at least part of the SoH calibration, the second string acts as an energy sink for energy 

discharged from the first string.
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Placing the selected at least one string into the SoH calibration mode may comprise controlling 

a power flow through a converter that is interconnected between the selected at least one string and 

a point of common coupling in accordance with a calibration load profile.  

The converter connected to the selected at least one string may be controlled in accordance 

5 with the calibration load profile and independently of a load profile of the BESS towards the grid or 

consumer connected to the point of common coupling.  

Power flows through converters interconnected between the at least one other string 

maintained in the operative mode may be controlled such that the power flows are dependent on the 

load profile of the BESS towards the grid or consumer connected to the point of common coupling 

10 and, optionally, also the calibration load profile of the selected at least one string that is placed into 

the SoH calibration mode.  

Placing the selected at least one string into the SoH calibration mode may comprise 

disconnecting the selected at least one string from a point of common coupling and temporarily 

connecting the selected at least one string to a SoH cycle energy source and/or energy sink.  

15 The SoH cycle energy source and/or energy sink may be disconnected from a point of common 

coupling of the plurality of parallel strings at least during the SoH calibration.  

The SoH cycle energy source may be a dedicated SoH energy source used only for SoH 

calibration.  

The SoH cycle energy source and/or energy sink may be another one of the strings.  

20 Cells of the selected at least one string may be charged and/or discharged in accordance with 

a calibration load profile during the SoH calibration.  

The calibration load profile may be predetermined or operator-defined.  

The calibration load profile used for charging and/or discharging the selected at least one string 

during SoH calibration may be independent of the load of the remaining at least one other string that 

25 concurrently remains in the operative mode. For illustration, the calibration load profile used for 

charging and/or discharging the selected at least one string during SoH calibration may be 

independent of the rate at which energy is concurrently stored (e.g., from a grid or a local energy 

source, such as a renewable energy source) in the at least one other string that is operated in the 

operative mode. The calibration load profile used for charging and/or discharging the selected at least 

30 one string during SoH calibration may be independent of the rate at which energy is concurrently 

provided (e.g., to a grid or consumer) by the at least one other string that is operated in the operative 

mode.  

The selected at least one string is charged to a first level that exceeds a first threshold and is 

discharged to a second level that is less than a second threshold during each successive SoH 

35 calibration cycle performed during the SoH calibration.  

The first threshold may be 80% or more, 90% or more, 95% or more, or 97% or more.
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The second threshold may be 20% or less, 10% or less, 5% or less, or 3% or less.  

A SoH calibration cycle performed during the SoH calibration may involve charging and 

discharging a string over an interval from 20% or less to 80% or more, from 10% or less to 90% or 

more, from 5% or less to 95% or more, or from 3% or less to 97% or more of its nominal capacity.  

5 Maintaining the at least one other string in the operative mode may comprise maintaining all 

strings of the plurality of parallel strings except for the selected at least one string in the operative 

mode.  

The BESS may provide at least one ancillary service to a grid.  

The at least one ancillary service may be selected from a group consisting of frequency 

10 response, load regulation, and voltage support.  

The method may comprise automatically determining a time at which the SoH estimation is to 

be initiated.  

The time at which the SoH estimation is to be initiated may be determined based on historical 

load profiles of the BESS. The time at which the SoH estimation is to be initiated may be determined 

15 based on a priori information for the load profile of the BESS.  

Performing the SoH calibration of a selected string may respectively comprise determining 

several parameters defined by an equivalent circuit model (ECM) of the selected at least one string 

or each cell of the selected at least one string.  

The several parameters may be determined independently of the state of charge (SoC) 

20 estimates of a battery management system (BMS).  

The several parameters may comprise an internal resistance.  

The several parameters may comprise several internal resistances.  

The several parameters may comprise information on a relative capacity of two capacitances 

in the ECM.  

25 The relative capacity may include a quotient of the two capacitances.  

The several parameters may be determined using an iterative procedure. Each iteration may 

include a combined state and parameter estimation.  

The iterative procedure may use a measured cell open circuit voltage (OCV) as input.  

The estimation of the several parameters of the ECM in each iteration may be based on a 

30 Python Optimization Modeling Objects (Pyomo) model.  

The plurality of parallel strings may form a stationary battery energy storage system, BESS.  

The plurality of parallel strings may be installed onboard a vehicle.  

Each string of the plurality of parallel strings may comprise a plurality of cells.  

The cells may be Li ion cells, without being limited thereto.  

35 The method may be performed by a control device.  

The method may be performed automatically by the control device.
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The control device may include at least one integrated semiconductor circuit that performs the 

method steps explained herein.  

The control device may control converters, switches or disconnectors of the BESS to 

selectively place the selected at least one string into the SoH calibration mode while concurrently 

5 maintaining the at least one other string in the operative mode. Controlling the converters may be 

particularly suitable to control the power flow during the SoH calibration.  

A control device for controlling a SoH estimation of a rechargeable battery energy storage 

system is also provided. The rechargeable battery energy storage system comprises a plurality of 

parallel strings that are individually controllable. The control device comprises an interface operative 

10 to be coupled to the plurality of parallel strings. The control device comprises at least one integrated 

semiconductor circuit coupled to the interface and operative to select at least one string from the 

plurality of parallel strings, control the rechargeable battery energy storage system to place the 

selected at least one string into a SoH calibration mode for a SoH calibration while concurrently 

maintaining at least one other string of the plurality of parallel strings in operative mode, and control 

15 the rechargeable battery energy storage system to cause the selected at least one string to return to 

operative mode after the SoH calibration has been completed for the selected at least one string.  

The control device may be operative to control the plurality of parallel strings such that the at 

least one other string that is maintained in the operative mode is used for storing energy that is 

supplied to a grid or at least one power consumer.  

20 The control device may be operative to control the plurality of parallel strings such that the at 

least one other string in the operative mode is used to compensate for the fact that the selected at 

least one string is in the SoH calibration mode.  

The control device may be operative to control the plurality of parallel strings such that, in 

response to the selected at least one string being placed into the SoH calibration mode, a current flow 

25 into or out of the at least one other string that is maintained in operative mode is increased, so as to 

ensure that the BESS meets a required load profile. The required load profile may be a load profile 

that ensures that the BESS provides frequency stabilization, load regulation, and/or voltage support 

for a grid. The grid may be a national or regional grid or an islanded grid.  

The control device may be operative to control the plurality of parallel strings such that the 

30 amount of current supplied to the at least one other string in the operative mode is increased in 

response to the selected at least one string being placed into the SoH calibration mode, when energy 

is stored in the BESS.  

The control device may be operative to control the plurality of parallel strings such that the 

amount of current supplied by the at least one other string in the operative mode is increased in 

35 response to the selected at least one string being placed into the SoH calibration mode, when energy 

is provided by the BESS to a grid or consumer.
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The control device may be operative to control the plurality of parallel strings such that at any 

time during the SoH estimation, at least 50% of the total number of strings in the plurality of strings 

may be maintained in the operative mode.  

The control device may be operative to control the plurality of parallel strings such that at any 

5 time during the SoH estimation, at least 70% of the total number of strings in the plurality of strings 

may be maintained in the operative mode.  

The control device may be operative to control the plurality of parallel strings such that at any 

time during the SoH estimation, at least 80% of the total number of strings in the plurality of strings 

may be maintained in the operative mode.  

10 The control device may be operative to control the plurality of parallel strings such that at any 

time during the SoH estimation, at least 90% of the total number of strings in the plurality of strings 

may be maintained in the operative mode.  

The control device may be operative to control the plurality of parallel strings such that at any 

time during the SoH estimation, only one or two of the parallel strings may be concurrently placed 

15 in the SoH calibration mode.  

The control device may be operative to control the plurality of parallel strings such that one or 

several SoH calibration cycles are performed for the selected at least one string while the selected at 

least one string is in the SoH calibration mode and before the selected at least one string is caused to 

return to the operative mode.  

20 The control device may be operative to rank and/or match the plurality of parallel strings based 

on performance characteristics.  

The control device may be operative to use performance characteristics that include a 

degradation indicator for each of the plurality of parallel strings.  

The degradation indicator may be based on the SoH estimation results obtained in a preceding 

25 SoH estimation procedure, and/or based on current drawn from each of the plurality of parallel 

strings, e.g., while the plurality of parallel strings are disconnected from a grid.  

The control device may be operative such that ranking the plurality of parallel strings 

comprises establishing a sequence of the parallel strings that is dependent on the performance 

characteristics.  

30 The control device may be operative such that matching the plurality of parallel strings 

comprises identifying a plurality of pairs of strings. The identified pairs may be those strings that 

have performance characteristics that are most similar to each other, based on a metric. The identified 

pairs may be those strings for which a modulus of the difference in performance characteristics (e.g., 

the difference of a SoH quantifier or the difference in current drawn while the strings are 

35 disconnected from a grid) is less than a threshold or becomes minimum.



10 

The control device may be operative to control the plurality of parallel strings such that it 

successively performs the steps of selecting the at least one string, placing the selected at least one 

string into the SoH calibration mode, and causing the selected at least one string to return to the 

operative mode for at least a sub-set of the plurality of parallel strings. The control device may be 

5 operative to control the plurality of parallel strings such that it successively performs the steps of 

selecting one or several strings, placing the one or several strings into the SoH calibration mode, and 

causing the one or several strings into to return to operative mode until all of the parallel strings have 

been placed into the SoH calibration mode and SoH calibration has been performed.  

The control device may be operative to determine an order in which strings are selected for 

10 SoH calibration.  

The control device may be operative such that the order is determined based on the ranking.  

For illustration, the control device may place the strings successively into the SoH calibration mode 

(one-by-one or in sets of two or more strings) in an order that is determined by the performance 

characteristics.  

15 The control device may be operative such that the order is determined based on the matching.  

For illustration, the control device may be operative such that pairs of strings identified based on the 

performance characteristics are concurrently placed into the SoH calibration mode.  

The control device may be operative to select a first string and a second string that are 

concurrently placed into the SoH calibration mode, wherein, during at least part of the SoH 

20 calibration, the second string acts as an energy sink for energy discharged from the first string.  

The control device may be operative to control a power flow through a converter that is 

interconnected between the selected at least one string and a point of common coupling in accordance 

with a calibration load profile to place the selected at least one string into the SoH calibration mode.  

The control device may be operative to control the power flow through the converter connected 

25 to the selected at least one string in accordance with the calibration load profile and independently 

of a load profile of the BESS towards the grid or consumer connected to the point of common 

coupling.  

The control device may be operative to control power flows through converters interconnected 

between the at least one other string maintained in the operative mode such that the power flows are 

30 dependent on the load profile of the BESS towards the grid or consumer connected to the point of 

common coupling and, optionally, also the calibration load profile of the selected at least one string 

that is placed into the SoH calibration mode.  

The control device may be operative to cause the selected at least one string to be disconnected 

from a point of common coupling and cause it to be temporarily connected to a SoH cycle energy 

35 source and/or energy sink to place it into the SoH calibration mode.
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The SoH cycle energy source and/or energy sink may be disconnected from a point of common 

coupling of the plurality of parallel strings at least during the SoH calibration.  

The SoH cycle energy source may be a dedicated SoH energy source used only for SoH 

calibration.  

5 The SoH cycle energy source and/or energy sink may be another one of the strings.  

The control device may be operative to control charging and/or discharging of cells of the 

selected at least one string in accordance with a calibration load profile during the SoH calibration.  

The calibration load profile may be predetermined or operator-defined.  

The control device may be operative such that the calibration load profile used for charging 

10 and/or discharging the selected at least one string during SoH calibration is independent of the load 

of the remaining at least one other string that concurrently remains in the operative mode. For 

illustration, the control device may be operative such that the calibration load profile used for 

charging and/or discharging the selected at least one string during SoH calibration may be 

independent of the rate at which energy is concurrently stored (e.g., from a grid or a local energy 

15 source, such as a renewable energy source) in the at least one other string that is operated in the 

operative mode. The control device may be operative such that the calibration load profile used for 

charging and/or discharging the selected at least one string during SoH calibration is independent of 

the rate at which energy is concurrently provided (e.g., to a grid or consumer) by the at least one 

other string that is operated in the operative mode.  

20 The control device may be operative such that the selected at least one string is charged to a 

first level that exceeds a first threshold and is discharged to a second level that is less than a second 

threshold during each successive SoH calibration cycle performed during the SoH calibration.  

The first threshold may be 80% or more, 90% or more, 95% or more, or 97% or more.  

The second threshold may be 20% or less, 10% or less, 5% or less, or 3% or less.  

25 The control device may be operative such that a SoH calibration cycle performed during the 

SoH calibration may involve charging and discharging a string over an interval from 20% or less to 

80% or more, from 10% or less to 90% or more, from 5% or less to 95% or more, or from 3% or less 

to 97% or more of its nominal capacity.  

The control device may be operative to control the plurality of parallel strings such that all 

30 strings of the plurality of parallel strings except for the selected at least one string are maintained in 

the operative mode.  

The control device may be operative to automatically determine a time at which the SoH 

estimation is to be initiated.  

The control device may be operative to determine the time at which the SoH estimation is to 

35 be initiated based on historical load profiles of the BESS. The control device may be operative to
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determine the time at which the SoH estimation is to be initiated based on a priori information for 

the load profile of the BESS.  

The control device may be operative to determine several parameters defined by an equivalent 

circuit model (ECM) of the selected at least one string or of each cell of the selected at least one 

5 string.  

The control device may be operative to determine the several parameters independently of the 

state of charge (SoC) estimates of a battery management system (BMS).  

The several parameters determined by the control device may comprise an internal resistance.  

The several parameters determined by the control device may comprise several internal 

10 resistances.  

The several parameters determined by the control device may comprise information on a 

relative capacity of two capacitances in the ECM.  

The relative capacity may include a quotient of the two capacitances.  

The control device may be operative to determine the several parameters using an iterative 

15 procedure. Each iteration may include a combined state and parameter estimation.  

The control device may be operative to use a measured cell open circuit voltage (OCV) as 

input for the iterative procedure.  

The control device may be operative to perform the estimation of the several parameters of the 

ECM in each iteration based on a Pyomo model.  

20 The control device may be operative to perform the method according to an embodiment.  

A rechargeable battery energy storage system comprises a plurality of parallel strings that are 

individually controllable and a control device according to an embodiment, the control device being 

coupled to the plurality of parallel strings.  

The BESS may operative provide at least one ancillary service to a grid.  

25 The at least one ancillary service may be selected from a group consisting of frequency 

response, load regulation, and voltage support.  

The plurality of parallel strings may form a stationary battery energy storage system, BESS.  

The plurality of parallel strings may be installed onboard a vehicle.  

Each string of the plurality of parallel strings may comprise a plurality of cells.  

30 The cells may be Li ion cells, without being limited thereto.  

The device, method, and system according to embodiments provide various advantages. Full 

charge and discharge cycles may be carried out on the selected at least one string, while the BESS 

remains operative to perform its desired function. The disclosed techniques are particularly suitable 

for BESSs that provide ancillary services, such as frequency stabilization, voltage regulation, etc.  

35 For security reasons, such BESSs are often dimensioned for large loads, while actually operating and 

much smaller loads for the vast majority of their lifetime. This makes it possible to take individual
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strings out of the operative mode for performing full charge and discharge cycles, while the BESS is 

still capable of performing its desired ancillary function for the grid.  

The device, method, and system according to embodiments also allow the SoH to be 

determined individually for each string. This allows the SoH to be determined not only for the BESS 

5 as a whole, but individually for each string. The SoH of individual strings can be assessed.  

According to an embodiment disclosed herein, there is provided a method of performing a 

State of Health (SoH) estimation for a rechargeable battery energy storage system during operation 

of the rechargeable battery energy storage system, wherein the rechargeable battery energy storage 

system comprises a plurality of parallel strings that are individually controllable, the method 

10 comprising: selecting at least one string from the plurality of parallel strings, placing the selected at 

least one string into a SoH calibration mode for performing a SoH calibration while concurrently 

maintaining at least one other string of the plurality of parallel strings in operative mode, and causing 

the selected at least one string to return to operative mode after the SoH calibration has been 

completed for the selected at least one string, wherein strings or pairs of strings are successively 

15 placed into the SoH calibration mode in an order determined based on performance characteristics 

that include a degradation indicator for each of the plurality of strings.  

According to an embodiment disclosed herein, there is provided a control device for 

controlling a State of Health (SoH) estimation of a rechargeable battery energy storage system, 

wherein the rechargeable battery energy storage system comprises a plurality of parallel strings that 

20 are individually controllable, the control device comprising: an interface operative to be coupled to 

the plurality of parallel strings, and at least one integrated semiconductor circuit coupled to the 

interface and operative to: select at least one string from the plurality of parallel strings, control the 

rechargeable battery energy storage system to place the selected at least one string into a SoH 

calibration mode for a SoH calibration while concurrently maintaining at least one other string of the 

25 plurality of parallel strings in operative mode, and control the rechargeable battery energy storage 

system to cause the selected at least one string to return to operative mode after the SoH calibration 

has been completed for the selected at least one string, wherein the control device is operative to 

successively place strings or pairs of strings into the SoH calibration mode in an order determined 

based on performance characteristics that include a degradation indicator for each of the plurality of 

30 parallel strings.  

Throughout this specification the word "comprise", or variations such as "comprises" or 

"comprising", will be understood to imply the inclusion of a stated element, integer or step, or group 

of elements, integers or steps, but not the exclusion of any other element, integer or step, or group of 

elements, integers or steps.  

35 

BRIEF DESCRIPTION OF THE DRAWINGS
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The subject-matter of the invention will be explained in more detail with reference to preferred 

exemplary embodiments which are illustrated in the attached drawings, in which: 

Figure 1 is a schematic representation of system having a control device according to an 

embodiment.  

5 Figure 2 is a schematic representation of system having a control device according to an 

embodiment.  

Figure 3 is a schematic representation of system having a control device according to an 

embodiment.  

Figure 4 is a flow chart of a method according to an embodiment.  

10 Figure 5 is a flow chart of a method according to an embodiment.  

Figure 6 is a flow chart of a method according to an embodiment.  

Figure 7 is a flow chart of a method according to an embodiment.  

Figures 8, 9, 10, and 11 are schematic representations of a system for explaining operation of 

the device and method according to embodiments.  

15 Figure 12 is a circuit diagram of an equivalent circuit model (ECM) of a string or cell that may 

be used in embodiments.  

Figure 13 illustrates a cell open circuit voltage and the hysteresis as a function of state of 

charge.  

Figure 14 is a flow chart of a method according to an embodiment.  

20 

DETAILED DESCRIPTION OF EMBODIMENTS 

Exemplary embodiments of the invention will be described with reference to the drawings in 

which identical or similar reference signs designate identical or similar elements. While some 

embodiments will be described in the context of a stationary battery energy storage system (BESS) 

25 or a BESS installed onboard a vehicle, the invention is not limited thereto. While embodiments of 

the invention are applicable to energy storage systems that each are based on Li-ion batteries, the 

invention is not limited thereto any may be applied to other types of BESS.  

The features of embodiments may be combined with each other, unless specifically noted 

otherwise.  

30 Identical or similar reference numerals are used to designate identical or similar elements in 

the drawings.  

Figure 1 is a schematic representation of a system 10. The system 10 comprises a rechargeable 

battery energy storage system (BESS). The rechargeable BESS comprises a plurality 20 of parallel 

strings 21-23 that are individually controllable. Each of the plurality of parallel strings 21-23 may 

35 comprise a plurality of cells. The plurality of parallel strings 21-23 may be coupled to a point of 

common coupling 35 via converters and/or transformers 31-34.
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The strings 21-23 each include at least one series connection of cells, e.g., Li ion cells. Some 

or all of the strings may include several series connections of cells, which are coupled in parallel to 

each other, as schematically illustrated in Fig. 1.  

The BESS may be coupled to a grid at the point of common coupling 35. The grid may be a 

5 national or regional power grid. The grid may be an islanded grid.  

The BESS may be operative to provide ancillary services to the grid, such as providing 

frequency stabilization, load regulation, and/or voltage support. A BESS operative to provide such 

ancillary services is often dimensioned to accommodate peak needs, but operates at much lower 

powers or loads that those for which it is designed throughout most of its operation. The techniques 

10 describes in detail herein are particularly suitable for such BESSs that must be able to provide certain 

performance characteristics, e.g., due to contractual obligations or to accommodate worst case 

scenarios, but that typically are operated at loads that are much smaller than the rated loads for which 

they are designed.  

According to some embodiments, at a time a single string selected from the plurality of parallel 

15 strings 21-23 (e.g., string 21) may be put into SoH calibration mode while the BESS is still fully in 

operation, and all the other remaining strings (e.g., strings 22 and 23) provide the difference to the 

required load profile of the BESS. One or several SoH calibration cycles may be performed on the 

string that is selected and placed into the SoH calibration mode. In this process, the selected string 

may be charged and discharged essentially completely. After SoH calibration has been completed 

20 for a string (e.g., string 21), the string can be put back into normal operation, and SoH calibration 

can be executed on a next string (e.g., any one of the remaining strings 22 and 23).  

According to other embodiments, two strings may be put simultaneously in SoH calibration 

mode and may be operated in reverse directions, i.e., charge one of the two strings that are in SoH 

calibration mode while the other string that is in SoH calibration mode is discharged. For illustration, 

25 if (in particular in a battery having a large number of strings, e.g., five or more strings or ten or more 

strings) two strings are concurrently placed in SoH calibration mode, the remaining strings may be 

operated to serve the load required by the BESS without offset.  

For string(s) placed into the SoH calibration mode, the power flow through the one or two 

converters 31-33 connected to the strings 21-23 placed into the SoH calibration mode may be 

30 controlled in accordance with a calibration load profile. The calibration load profile may involve 

essentially complete charging and discharging of the selected string(s) placed in the SoH calibration 

mode. The converters connected to the other strings that remain in operative mode may be controlled 

in accordance with the load profile of the complete BESS towards the point of common coupling 35 

and, optionally, also dependent on the calibration load profile.
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If the BESS is used for applications with load profiles that usually have a load that is much 

smaller than the rated load, such as frequency regulation, then the techniques disclosed herein can be 

readily applied throughout most, if not all, of the life operation time of the BESS.  

For other applications such as peak shaving, that require the rated load regularly, it is still 

5 possible to synchronize the SoH maintenance with the load profile. This can be achieved readily if 

the load profile is known in advance, but can still be done even if the load profile is not known in 

advance.  

As a result, accurate SoH estimations for each one of plural separate strings 21-23 are possible, 

enabling more advanced control and monitoring to be realized within the BESS system. This can be 

10 achieved without having to put the full BESS out of operation. When one or two of the strings 21-23 

are placed into the SoH calibration mode, all other strings may be operated so as to compensate the 

deficit that would be created by placing the one or two strings into the SoH calibration mode. The 

remaining strings that remain in the operative mode (i.e., that serve to fulfill the function for which 

the BESS is installed, such as frequency regulation, etc.) may also provide the energy required for 

15 charging the string(s) placed into the SoH calibration mode.  

The system 10 comprises a control device 40. The control device 40 may be operative to 

control the SoH estimation process. The control device 40 may include an interface 41 connected to 

the plurality of strings. The interface 41 may be operative to control the plurality of strings, e.g., via 

controlling converters 31-33, switches, or via communicating with a battery management system 

20 (BMS).  

The control device 40 includes one or several integrated circuits (ICs) 42. The IC(s) 42 may 

comprise one or several of a processor, a microprocessor, a controller, a microcontroller, an 

application specific integrated circuit (ASIC), or a combination thereof.  

The IC(s) 42 may be operative to execute a control module 43 for controlling the SoH 

25 estimation process. The IC(s) 42 may be operative to select at least one string from the plurality of 

parallel strings 21-23. The selection may be performed such that only one or only two of the strings 

21-23 are selected for placing them into a dedicated SoH calibration mode (in which they are not 

available for assisting the other strings in performing the desired function of the BESS), at any time 

during the SoH estimation. The IC(s) 42 may successively select all of the strings 21-23 and place 

30 them in the SoH calibration mode, with only one or two of the strings 21-23 being selected at any 

time during the SoH estimation. The selection may be performed in accordance with a rating or 

matching of strings, as will be explained below. The IC(s) 42 may optionally use historical 

information on previous SoH estimations or other degradation indicators to determine in which 

sequence the strings 21-23 are placed into the SoH calibration mode. In other implementations, the 

35 IC(s) 42 may select the strings 21-23 for placing them into the SoH calibration mode at pre

determined order or in a random order.
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Placing the selected one or more of the strings 21-23 into the SoH calibration mode may be 

done by controlling the power flow to and from the selected at least one string during the SoH 

calibration. Exemplary evaluation techniques that may be implemented by the control device 40 will 

be described below.  

5 The IC(s) 42 may be operative to cause the selected at least one string to be placed into a SoH 

calibration mode for performing a SoH calibration while concurrently maintaining at least one other 

string of the plurality of parallel strings, and preferably all strings apart from the selected at least one 

string, in operative mode. The strings that are maintained in operative mode remain coupled to the 

point of common coupling 35 and provide energy storage towards the grid or consumer connected to 

10 the point of common coupling 35. The strings that are maintained in operative mode are operated so 

as to compensate the fact that the selected at least one string is not available for assisting in 

performance on the normal BESS operation while it is being placed in the SoH calibration mode.  

The IC(s) 42 may be operative to output control signals or control commands to the converters 31

33 connected to the strings 21-23, to switches and/orto a BMS to place the selected at least one string 

15 into the SoH calibration mode. The IC(s) 42 may be operative to cause the selected at least one string 

to be disconnected from the point of common coupling 35 while SoH calibration is performed.  

Maintaining the at least one other string in operative mode may be implemented by controlling 

power flow to and from each string of the at least one other string maintained in operative mode such 

that the BESS meets the required load profile towards the point of common coupling 35. E.g., 

20 converters 31-33 connected to the at least one other string maintained in operative mode may be 

controlled based on the load profile of the BESS towards the point of common coupling. Optionally, 

when the at least one other string that is maintained in operative mode also acts SoH cycle source, 

power flow through the converters 31-33 connected to the at least one other string maintained in 

operative mode may additionally be dependent on the calibration load profile applied to the selected 

25 at least one string that is taken out of the operative mode and that is placed into the SoH calibration 

mode.  

The IC(s) 42 may cause the selected at least one string to be charged and discharged once or 

several times in one or several SoH calibration cycles. A calibration load profile may be applied in 

the SoH calibration cycles, which may be predefined or operator-defined, e.g., via a user interface of 

30 the control device 40. The SoH calibration cycle(s) may each involve essentially fully charging the 

selected at least one string (e.g., to at least 80%, 90%, 95% or 97% of its rated maximum state of 

charge) and essentially fully charging the selected at least one string (e.g., to less than 20%, 10%, 

5% or 3% of its rated maximum state of charge).  

The IC(s) 42 may control the selected at least one string to be charged and discharged once or 

35 several times in accordance with the calibration load profile by controlling the converter coupling 

the selected at least one string to the point of common coupling 35.
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During the SoH calibration of a selected string, e.g., of string 21, one or several of the other 

strings 22 and 23 may act as SoH cycle source that charges this string while it is being placed in the 

SoH calibration mode. The IC(s) 42 may control all converters 31-33 while a selected string (e.g.  

string 21) is placed into the calibration mode such that 

5 - the current flow through the converter 31 connected to the selected string 21 placed into the 

SoH calibration mode is in accordance with the calibration load profile and is independent 

of the overall current flow of the BESS towards the grid or consumer at the point of common 

coupling 35; and 

- the current flow through all converters 32, 33 connected to the other strings 22, 23 that remain 

10 in the operative mode is so as to provide the desired overall current flow of the BESS towards 

the grid or consumer, and optionally can provide the current required for the SoH cycling 

through the converter 31. If dedicated SoH cycle sources and/or sinks separate from the 

plurality of individually controllable strings are used, it is not required for the other strings 

22, 23 that are maintained in operative mode to provide the current required for the SoH 

15 cycling through the converter 31. Similarly, if pairs of strings are selected such that two 

strings are taken out of the operative mode and one of the selected strings acts as SoH source 

for the other and vice versa, it is not required for all of the remaining strings that remain in 

operative mode to supply the power for SoH cycling.  

The IC(s) 42 may cause the selected at least one string to return to operative mode after the 

20 SoH calibration has been completed for the selected at least one string. This may comprise outputting 

control signals or control commands to a converter or a switch connected to the selected at least one 

strings and/or to a BMS.  

The IC(s) 42 may also execute an evaluation module 44 to perform the SoH estimation for the 

selected at least one string while it is being placed in the SoH calibration mode. The IC(s) 42 may be 

25 operative to determine several parameters defined by an equivalent circuit model (ECM) of the 

selected at least one string or of each cell of the selected at least one string. The several parameters 

may comprise several internal resistances and information on a relative capacity of two capacitances 

in the ECM, as will be explained in more detail below.  

The IC(s) 42 may be operative to successively control place all parallel connected strings 21

30 23 into the SoH calibration mode and to determine the several parameters defined by the ECM, while 

all other strings not placed in the SoH calibration mode may contribute to the normal operation of 

the BESS towards the grid or a local consumer connected to the point of common coupling 35. The 

other strings not placed in the SoH calibration mode may optionally also act as SoH calibration cycle 

source that supplies energy to the selected at least one string placed into the SoH calibration mode.  

35 The SoH estimation may be implemented in such a way that, at any time during the SoH estimation, 

a maximum of one or two strings is in the SoH calibration mode.
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Figure 2 schematically a system 10 according to an embodiment. The system 10 may have a 

SoH cycle source and/or sink for providing and/or receiving power during performance of a SoH 

calibration when a selected at least one string 21-23 is placed into the SoH calibration mode. Switches 

51-53 may be provided that are controllable by the control device 40 for performing the SoH 

5 estimation. The control device 40 may control a switch (such as switch 51) to disconnect the selected 

at least one string (such as string 21) from the point of common coupling 35 and to connect the 

selected at least one string to the SoH cycle source/sink 47. The control device 40 may control a 

switch (such as switch 51) to re-connect the selected at least one string (such as string 21) to the point 

of common coupling 35 and to disconnect the selected at least one string from the SoH cycle 

10 source/sink 47, to cause the selected at least one string to return to the operative mode in which it 

contributes to the operation provided by the BESS towards the grid or consumer connected to the 

point of common coupling 35.  

The control device 40 may trigger additional actions, that affect both the selected at least one 

string that is placed into the calibration mode and the other strings that remain in the operative mode, 

15 when the selected at least one string is placed into the SoH calibration mode and when it is made to 

return to operative mode.  

Placing the selected at least one string into the SoH calibration mode may trigger the control 

device 40 to concurrently cause the other strings that remain in operative mode to compensate for 

the fact that the selected at least one string is not available for storing and/or providing charge towards 

20 the grid or consumer connected to the point of common coupling 35 while in the SoH calibration 

mode. The control device 40 may trigger the current provided to or from the other strings that remain 

in operative mode to be increased accordingly to compensate for the fact that the selected at least one 

string is temporarily taken out of normal operation. This may be implemented by, e.g., a 

corresponding command output by the control device 40 to the converters interconnected between 

25 the at least one other string that remains in operative mode and the point of common coupling.  

Alternatively or additionally, the control device 40 may output the control commands to a BMS or 

another entity that controls the charging and discharging in the BESS.  

Causing the selected at least one string to return to the operative mode may trigger the control 

device 40 to concurrently change the operation of the other strings that have previously remained in 

30 operative mode. For illustration, it is no longer required that those other strings compensate for the 

fact that a string was previously unavailable to contribute to the normal operation of the BESS 

towards the grid or consumer connected to the point of common coupling 35. The control device 40 

may trigger the current provided to or from the other strings that have previously remained in operative 

mode to be reduced accordingly to take into account the that selected at least one string is now 

35 returned to the operative mode. This may be implemented by, e.g., a corresponding command output 

by the control device 40 to the converters interconnected between the at least one other string that
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remains in operative mode and the point of common coupling. Alternatively or additionally, the 

control device 40 may output the control commands to a BMS or another entity that controls the 

charging and discharging in the BESS.  

Figure 3 is a diagram of a system 10 according to an embodiment. Two strings, such as first 

5 and second strings 21, 22 may be concurrently selected for performing SoH calibration. All other 

strings may remain in operative mode. The control device 10 may cause the selected first and second 

strings 21, 22 to operate such that one acts as SoH cycle source for the other that acts as SoH cycle 

sink, and vice versa. For illustration, during SoH calibration, a first string 21 may first be charged 

with energy from the second string 22, and the first string 21 may subsequently discharge into the 

10 second string 22. This may be done while both the first string and the second string are disconnected 

from the point of common coupling 35.  

The system 10 may have a switching matrix 45 that allows arbitrary combinations of pairs of 

strings to be connected to each other. The switching matrix 45 may be integrated into the control 

device 40 or may be provided separately therefrom and may be controlled by the IC(s) of the control 

15 device 40.  

The IC(s) 42 may be operative to select plural pairs of strings, with the different pairs being 

successively placed into the SoH calibration mode in such a way that two strings are concurrently in 

the SoH calibration mode. The decision on which strings are combined to form a pair may be made 

automatically by the IC(s) 42, e.g., using a suitable degradation indicator or other performance 

20 characteristics, as will be explained below.  

For any one of the systems of Figures I to 3, the SoH estimation may be performed as part of 

a condition monitoring system where, if the State of Health or the rate of change of the State of 

Health for a particular string exceeds a given threshold, a notification (e.g., an alarm or other 

information) is signaled to an end user and/or a maintenance action is scheduled. The control device 

25 40 may have an interface for outputting a notification (e.g., an alarm or other information) to an end 

user and/or for outputting information on a scheduled maintenance action.  

The methods and control devices according to the invention allow the current SoH of each 

string (e.g., each rack) to be calculated accurately. Rather than providing a bulk measure of the state 

of health of the entire BESS, the methods and devices according to the invention allow the health of 

30 each individual string (e.g., rack) to be ascertained. This ensures that the SoH estimation can be 

performed more reliably and with greater sensitivity. This mitigates the risk of false or missed alarms 

and the associated costs. Additionally, maintenance can be performed more efficiently as 

maintenance personal will know exactly which racks or cells need replacement or maintenance.  

When the BESS consists of parallel strings, which act as batteries by their own in the sense that they 

35 have, e.g., individual converters, the principles disclosed herein can be applied to each one of the 

parallel strings in a successive manner. Non-uniform operation of the strings can be realized, e.g., by
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means of controlling power flow in the individual converters and/or by disconnecting strings from a 

point of common coupling.  

Figure 4 is a flow chart of a method 60 according to an embodiment. The method 60 may be 

performed by the control device 40 or under the control of the control device 40.  

5 At step 61, a load of the BESS toward the point of common coupling 35 is determined. This 

may comprise receiving sensor readings, using historical load profile information of the BESS and/or 

using a priori knowledge of BESS load.  

At step 62, it is determined whether the SoH estimation can be performed at this time during 

ongoing operation of the BESS, i.e., while allowing the BESS to provide the performance. The 

10 determination may be performed using, e.g., the current load determined from sensor readings alone 

in combination with historical load profile information of the BESS and/or using a priori knowledge 

of BESS load. If the SoH estimation cannot be performed at this time, e.g. because the current BESS 

load is temporarily so high that it would not allow a string to be selected for temporarily taking it out 

of the operative mode and for performing SoH calibration without violating safety margin 

15 requirements, the method may return to step 61. Otherwise, the method may proceed to step 63.  

At step 63, at least one string may be selected. The selection of the string may be done in 

accordance with a pre-defined order. The order in which strings are selected may be dependent on 

performance characteristics or other knowledge on the BESS (e.g., position of the strings within a 

battery housing, which may affect deterioration). The string selection may be dependent on 

20 performance characteristics of all strings, e.g., a degradation indicator. The performance 

characteristics may be based on the preceding SoH estimation or other information that may be 

provided, e.g., by the BMS.  

At step 64, SoH calibration is performed while the selected string is in a SoH calibration mode 

that is different from the operative mode and in which the selected string does not contribute to the 

25 net power flow from the BESS to the grid or consumer connected to the point of common coupling 

35.  

A cell Open Circuit Voltage (OCV) may be monitored in dependence on a State of Charge 

(SoC) during the SoH calibration and may be used to determine the SoH. Exemplary techniques for 

determining the SoH will be described below. Estimating the SoH may comprise computing one or 

30 several internal resistances of an ECM and/or calculating a ratio of capacitances of the ECM.  

While the selected at least one string is in the SoH calibration mode, one or several SoH cycles 

may be performed. In each of the cycles, the string may be charged and discharged essentially 

completely. Step 63 may comprise charging and discharging the string over an interval from 20% or 

less to 80% or more, from 10% or less to 90% or more, from 5% or less to 95% or more, or from 3% 

35 or less to 97% or more of its nominal capacity
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At step 65, it is determined whether the SoH estimation has been completed for all strings of 

the BESS. If only part of the strings have been placed into the SoH calibration mode in this round of 

SoH estimation, the method may return to step 63 where one of the remaining strings is selected.  

When the SoH estimation has been completed for all strings of the BESS, the results may be 

5 output or may be used otherwise, e.g., for outputting information that is dependent on the SoH for 

all strings. The output information may include an alarm, another notification, and/or information on 

a scheduled or otherwise recommended maintenance action.  

Figure 5 is a flow chart of a method 70 according to an embodiment. The method 70 may be 

performed by the control device 40 or under the control of the control device 40. The method 70 may 

10 be performed to implement steps 63 and 64 of the method 60 of Figure 4.  

At step 71, a first string and a second string of the plurality of parallel strings are selected. The 

first and second strings may be selected based on a matching or ranking of strings. The matching or 

ranking may be dependent on performance characteristics or other knowledge on the BESS (e.g., 

position of the strings within a battery housing, which may affect deterioration). The matching or 

15 ranking may be dependent on performance characteristics of all strings, e.g., a degradation indicator.  

The performance characteristics may be based on the preceding SoH estimation or other information 

that may be provided, e.g., by the BMS.  

At step 72, while the first and second strings are placed into the SoH calibration mode, the 

first string is discharged to the second string. The cell OCV of the first and second strings may be 

20 monitored in this process.  

At step 73, while the first and second strings are placed into the SoH calibration mode, the 

second string is discharged to the first string. The cell OCV of the first and second strings may be 

monitored in this process.  

The cell OCV of the first and second strings may subsequently be used to estimate the SoH.  

25 Estimating the SoH may comprise computing one or several internal resistances of an ECM and/or 

calculating a ratio of capacitances of the ECM.  

Figure 6 is a flow chart of a method 75 according to an embodiment. The method 75 may be 

performed by the control device 40 or under the control of the control device 40.  

At step 76, a load profile of the BESS may be used to determine the time at which the SoH 

30 estimation may be performed. The load profile may be based on historical load profiles in the past 

and/or a priori knowledge based on predicted future loads. For illustration, for various ancillary 

services such as frequency stabilization, load regulation, voltage support, it is possible to identify in 

advance time periods that are sufficiently long to complete the SoH estimation by successively 

placing all strings into the SoH calibration mode, while ensuring that the remaining strings are able to 

35 meet the requirements that the BESS has to fulfill towards the grid or local consumer(s), preferably 

with a safety margin.
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Historical load profiles and/or predictions on future load profiles may be used. For isolated 

systems that are not connected to a national or regional grid and/or for systems that have distributed 

energy resources (DERs) (such as solar power cells, wind energy generators, or other renewable 

energy sources), information on weather forecasts may be taken into account to determine the time 

5 at which the SoH calibration may be performed.  

At step 77, the SoH estimation may be performed by successively placing the strings into the 

SoH calibration mode (e.g., one-by- one or in pairs), while the remaining strings accommodate the 

load profile of the BESS towards the point of common coupling. Step 77 may be implemented using 

steps 63-66 of the method 60 of Figure 4.  

10 Figure 7 is a flow chart of a method 80 according to an embodiment. The method 80 may be 

performed by the control device 40 or under the control of the control device 40.  

At step 81, a SoH estimation is performed. This may be done by successively placing the 

strings into the SoH calibration mode (e.g., one-by- one or in pairs), while the remaining strings 

accommodate the load profile of the BESS towards the point of common coupling. Step 81 may be 

15 implemented using steps 61-65 of the method 60 of Figure 4. The SoH estimation may include 

determining one or several internal resistances of an ECM and/or calculating a ratio of capacitances 

of the ECM of each stringorofcellsofeachstring of the plurality of independently controllable 

parallel strings.  

At step 82, the results of the SoH estimation may be processed. Processing the results of the 

20 SoH estimation may include determining, for each one of the plurality of independently controllable 

parallel strings, whether the SoH of the respective strings requires information to be output the user, 

a dedicated control action to be performed and/or a maintenance action to be scheduled. The control 

device 40 or a separate computer may process the results of the SoH estimation by comparing them 

against a database of historical BESS information (that may include information on previously 

25 observed operation conditions for BESSs of the same construction) or to one or several thresholds, 

which may be provided by the manufacturer of the BESS and which may indicate whether the state 

of any one of the strings is critical, requires maintenance, or requires other dedicated action.  

The processing of the SoH may comprise determining a rate of change of parameter(s) 

indicative of the SoH (such as internal resistances and/or a ratio of capacitances in the ECM). The 

30 rate of change may be used in addition to or alternatively to the absolute values of the parameter(s) 

indicative of the SoH. For illustration, the absolute values in combination with the rate of change of 

the parameter(s) (such as internal resistances and/or a ratio of capacitances in the ECM) may be used 

to predict whether strings move towards a critical condition or a condition that requires a specific 

action (such as a warning, control or maintenance action), and which strings move towards such a 

35 critical condition.
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At step 83, a warning, control or maintenance action may be initiated. The warning, control or 

maintenance action may selectively indicate which string(s) of the plurality of independently 

controllable parallel strings is in a condition which requires a warning to be output, a dedicated 

control action to be performed, or maintenance to be performed by a human operator.  

5 The SoH estimation may be used as part of a condition monitoring system where, if the SoH 

(or the rate of change of the SoH) for a particular string exceeds a given threshold, an alarm may be 

signaled to an end user and/or or a maintenance action may be scheduled.  

Some embodiments of the invention use a ranking of the strings, which determines which rack 

or battery string enters the SOH calibration mode first, and/or in which order the strings enter the 

10 SoH calibration mode. Each separate string of the battery may be prone to different environmental 

conditions due to, e.g., placement in the BESS (e.g. location relative to HVAC / outer walls or doors 

of the BESS container). This may result in different degradation rates of the strings.  

Figure 8 presents the circuit of a BESS with three strings 21-23 connected in parallel in its 

initial state. The outer circuit which contains a DC source 85 (symbolizing supply from grid) is the 

15 power circuit, whereas an inner circuit is dedicated to the SoH calibration cycle and may include a 

SoH cycle source/sink 86.  

In order to determine a ranking of the strings, the BESS may be connected to the grid 85 

through a main switch 50, as shown in Figure 9, until it is fully charged. Switches 51-53 are 

controlled so as to connect all of the strings 21-23 to the grid 85 and disconnect them from the SoH 

20 cycle source/sink 86.  

Figure 9 shows a configuration in which the BESS is then disconnected from the grid by 

opening the main switch 50. The current flow across the battery circuit may continue when there is 

a different degradation of the different strings 21-23 (e.g., a different self-discharge resistance). The 

most degraded batteries (e.g., strings 21 and 23) draw current from the rest of the strings (e.g., string 

25 22) to preserve voltage balance in the terminals of the BESS. In this way string 22 performs part of 

the discharge cycle. In other words, the degraded string(s) or cell(s) 21, 23 infect the rest of the 

battery cells.  

The strings 21-23 may be ranked based on the amount of current that they draw when main 

switch 50 is in the off state in which the BESS is disconnected from the grid 85. The bigger the 

30 amount of current drawn by the cell during this period, the sooner it should enter the SoH calibration 

cycle.  

Figure 10 shows the electrical circuit when string 21 is placed in the SoH calibration mode 

while the rest of the strings 22, 23 are normally operating.  

By using such a degradation based ranking of strings 21-23, the most degraded string (e.g., 

35 string 21) will be isolated soon in the SoH estimation. Moreover, its SoH after the calibration cycle
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may be improved when the cells of the string are not subject to a memory effect, as is the case for, 

e.g., Li ion cells.  

The implementation of the SoH estimation may be done in various ways, respectively for each 

one of the strings successively placed in the SoH calibration mode. While the implementation of the 

5 SoH implementation is not germane, the SoH estimation may generally determine parameters of an 

ECM of each string or each cell, using the OCV as input. Reference will be made to a "cell" below.  

It will be appreciated that the cell may be a virtual cell formed by a string or rack, for example.  

The SoH estimation may be performed using mathematical programming, in particular non

linear programming. The SoH estimation may be based on a Python Optimization Modeling Objects 

10 (Pyomo) model and an optimization routine. The SoH estimation may co-estimate all relevant 

parameters of the ECM of the battery cell(s) in questions and the actual capacity of the cell(s).  

Figure 12 is an exemplary ECM for modeling a cell or string. The state is defined by the SoC 

and the two (double layer) capacitor voltages Ui and U2 . The parameters of the ECM are the internal 

resistances Ro, R, and R2. These internal resistances may be computed as fixed fractions of a total 

15 internal resistance Rch for charge and Rdisch for discharge. A quotient of the two capacitances C and 

C2 may be another parameter Q,ei.  

The OCV curve (i.e., OCV over SoC) may be used as input of the procedure. Figure 13 shows 

an exemplary OCV as a function of SoC. An hysteresis is indicated by broken lines. The hysteresis 

for charge and discharge may be included into the SoH estimation.  

20 In order to analyze the individual strings or virtual cells, an ECM as described above may be 

estimated for each virtual cell (which may represent a rack or string). This can be done via a 

combined state and parameter estimation. The relevant states are SoC, capacitor voltages, and energy 

throughput. An OCV offset is caused by the hysteresis effect. The relevant parameters are internal 

resistances and relative capacity. The estimation may be driven by the following two effects: 

25 - Overvoltage: When the sign or magnitude of the current changes, static and dynamic 

overvoltages can be observed. They are used to infer the internal resistances.  

- Voltage difference: Taking out the overvoltages, the relation of charge throughput and 

voltage difference leads to an estimate of the cell capacity. A higher voltage difference for 

the same integral of charge or discharge current indicates a lower capacity.  

30 The SoH estimation may be based on individual cell voltages (with the cell being a virtual cell 

that may represent, e.g., a rack or string) and rack currents in a given time window. The SoH 

estimation may be performed without using the BMS SoC estimates are not used.  

The estimation may follow a procedure of several model-based estimation steps. An 

exemplary implementation will be explained with reference to Figure 14.
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Figure 14 is a flow chart of a method 90 that may be used for estimating the SoH parameters.  

The method 90 may be automatically performed by the IC(s) 42 of the control device 40 or by a 

separate computing device.  

At step 91, the OCV signal is received. The OCV signal may be received separately for each 

5 string or rack (which may respectively modeled by a virtual cell) while SoH cycling is performed for 

the respective string.  

At step 92, the OCV signal can be smoothed. This can be done by a Pyomo model.  

At steps 93-95, the parameters and state of the ECM are estimated in an iterative routing. At 

step 93, the ECM parameters and optionally state are estimated. At step 94 an OCV offset due to the 

10 hysteresis in the model may be updated.  

A single estimation may respectively be performed by a Pyomo model. The model may be 

defined such that not the current is modeled, but its integral (i.e., the charge throughput so far). This 

facilitates better correction of measurement errors. The model may be defined such that the resistance 

is switched between charging and discharging resistance depending on the sign of the current.  

15 Overvoltage may be determined from current I, the internal resistance Ro and the two (double layer) 

capacitor voltages Ui and U2 as -1Ro + U1 + U2 . The voltage may be determined from the OCV and 

the OCV offset as sum of OCV and OCV offset. The OCV may be encoded as a linear combination 

of tanh terms, i.e., an artificial neural network (e.g., a 1-layer artificial neural network).  

The estimation of the ECM parameters at step 93 may respectively be based on the 

20 minimization of an objective function. The objective function may combine some or preferably all 

of the following objectives: 

- a low voltage error, 

- a low delta current error, 

- a low current error.  

25 These objectives may be combined as a linear combination with different weighting factors.  

The SoC and the capacitor voltage evolution may be determined from a constraint list imposed by 

the ECM.  

After solving the ECM so as to obtain the ECM parameters and the ECM state, the OCV offset 

may be updated (e.g., by imposing a hard limit and cutting the computed overvoltage off at the hard 

30 limit), and steps 93-95 may be iterated. A termination criterion may be checked at step 95. The 

termination criterion may involve a convergence criterion.  

At step 96, the ECM parameters may be used. Using the ECM parameters may include 

determining whether an alarm, control, or maintenance action is required for the respective string, 

based on the ECM parameters.  

35 Devices and methods according to embodiments can be applied to any BESS with two or more 

strings that can be independently controlled. Devices and methods according to embodiments can be
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applied to, e.g., BESSs having powers of 1 MW or more, e.g., 2 MW or more, e.g. 5 MW or more, 

without being limited thereto.  

The BESS may be a stationary BESS, which may be grid connected or islanded. Multiple 

strings (lineups) of the BESS can be controlled independently. If this condition is satisfied, the 

5 devices and methods according to embodiments can also be used for BESS for mobile applications 

(e.g., BESS installed in electric buses, trucks, cars, ships etc.).  

While the invention has been described in detail in the drawings and foregoing description, 

such description is to be considered illustrative or exemplary and not restrictive. Variations to the 

disclosed embodiments can be understood and effected by those skilled in the art and practicing the 

10 claimed invention, from a study of the drawings, the disclosure, and the appended claims. In the 

claims, the word "comprising" does not exclude other elements or steps, and the indefinite article 

"a" or "an" does not exclude a plurality. The mere fact that certain elements or steps are recited in 

distinct claims does not indicate that a combination of these elements or steps cannot be used to 

advantage, specifically, in addition to the actual claim dependency, any further meaningful claim 

15 combination shall be considered disclosed.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of performing a State of Health (SoH) estimation for a rechargeable battery energy 

storage system during operation of the rechargeable battery energy storage system, wherein the 

5 rechargeable battery energy storage system comprises a plurality of parallel strings that are 

individually controllable, the method comprising: 

selecting at least one string from the plurality of parallel strings, 

placing the selected at least one string into a SoH calibration mode for performing a SoH 

calibration while concurrently maintaining at least one other string of the plurality of parallel strings 

10 in operative mode, and 

causing the selected at least one string to return to operative mode after the SoH calibration 

has been completed for the selected at least one string, 

wherein strings or pairs of strings are successively placed into the SoH calibration mode in 

an order determined based on performance characteristics that include a degradation indicator for 

15 each of the plurality of strings.  

2. The method of claim 1, wherein the strings each include at least one series connection of 

cells.  

20 3. The method of claim 1 or claim 2, wherein maintaining the at least one other string in the 

operative mode comprises using the at least one other string for storing energy that is supplied to a 

grid or at least one power consumer.  

4. The method of any one of the preceding claims, wherein, at any time during the SoH 

25 estimation, at least 50% of the total number of strings in the plurality of strings are maintained in the 

operative mode.  

5. The method of any one of the preceding claims, further comprising performing one or several 

SoH calibration cycles for the selected at least one string while the selected at least one string is in 

30 the SoH calibration mode and before the selected at least one string is caused to return to the operative 

mode.  

6. The method of any one of the preceding claims, further comprising ranking and/or matching 

the plurality of parallel strings based on the performance characteristics.  

35 

7. The method of claim 6, wherein the performance characteristics include the degradation 

indicator for each of the plurality of parallel strings.
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8. The method of any one of the preceding claims, wherein the degradation indicator is based 

on SoH estimation results obtained in a preceding SoH estimation procedure and/or based on current 

drawn from each of the plurality of parallel strings while the plurality of parallel strings is 

disconnected from a grid.  

5 

9. The method of any one of the preceding claims, where the steps of selecting the at least one 

string, placing the selected at least one string into the SoH calibration mode, and causing the selected 

at least one string to return to the operative mode are performed successively for at least a sub-set of 

the plurality of parallel strings.  

10 

10. The method of claim 9, where the steps of selecting the at least one string, placing the 

selected at least one string into the SoH calibration mode, and causing the selected at least one string 

to return to the operative mode are performed successively for all strings, in the order that is 

determined based on ranking and/or matching the plurality of parallel strings based on the 

15 performance characteristics.  

11. The method of any one of the preceding claims, wherein selecting at least one string 

comprises: 

selecting a first string and selecting a second string, wherein, during at least part of the SoH 

20 calibration, the second string acts as an energy sink for energy discharged from the first string.  

12. The method of any one of the preceding claims, wherein placing the selected at least one 

string into the SoH calibration mode comprises: 

- controlling power flow through a converter connected between the selected at least one string 

25 and a point of common coupling in accordance with a calibration load profile during the SoH 

calibration, and/or 

- disconnecting the selected at least one string from the point of common coupling and 

temporarily connecting the selected at least one string to a SoH cycle energy source and/or 

energy sink.  

30 

13. The method of any one of the preceding claims, wherein cells of the selected at least one 

string are charged and/or discharged in accordance with a calibration load profile during the SoH 

calibration.  

35 14. The method of claim 13, wherein the calibration load profile is predetermined or operator

defined.
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15. The method of claim 13 or claim 14, wherein the selected at least one string is charged to a 

first level that exceeds a first threshold and is discharged to a second level that is less than a second 

threshold during each successive SoH calibration cycle performed during the SoH calibration, the 

first threshold being 80% or more and the second threshold being 20% or less.  

5 

16. The method of any one of the preceding claims, wherein maintaining the at least one other 

string in the operative mode comprises maintaining all strings of the plurality of parallel strings 

except for the selected at least one string in the operative mode.  

10 17. The method of any one of claims 1 to 16, wherein the plurality of parallel strings form a 

stationary battery energy storage system, BESS.  

18. The method of any one of claims I to 16, wherein the plurality of parallel strings are installed 

onboard a vehicle.  

15 

19. A control device for controlling a State of Health (SoH) estimation of a rechargeable battery 

energy storage system, wherein the rechargeable battery energy storage system comprises a plurality 

of parallel strings that are individually controllable, the control device comprising: 

an interface operative to be coupled to the plurality of parallel strings, and 

20 at least one integrated semiconductor circuit coupled to the interface and operative to: 

select at least one string from the plurality of parallel strings, 

control the rechargeable battery energy storage system to place the selected at least 

one string into a SoH calibration mode for a SoH calibration while concurrently maintaining 

at least one other string of the plurality of parallel strings in operative mode, and 

25 control the rechargeable battery energy storage system to cause the selected at least 

one string to return to operative mode after the SoH calibration has been completed for the 

selected at least one string, 

wherein the control device is operative to successively place strings or pairs of strings into 

the SoH calibration mode in an order determined based on performance characteristics that include 

30 a degradation indicator for each of the plurality of parallel strings.  

20. The control device according to claim 19, wherein the strings each include at least one series 

connection of cells.  

35
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21. A rechargeable battery energy storage system, comprising: 

a plurality of parallel strings that are individually controllable; and 

a control device according to claim 19 or 20 coupled to the plurality of parallel strings.  

5
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FIG. 4
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FIG. 5

70
71Selecting first and second strings

based on matching/ranking

Discharging second string into first
string

73

72Discharging first string into second 
string

FIG. 6

75
76Using load profile to determine

time for SoH estimation

77Performing SoH estimation while 
maintaining BESS operative

FIG. 7

80

81Performing SoH estimation

82Processing results of SoH estimation

83Initiating warning, control, or 
maintenance action

20
20

21
32

78
   

  0
3 

A
ug

 2
02

0



6/9

FIG. 8
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FIG. 10
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FIG. 12
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FIG. 14
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