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(57) Abstract: A battery monitoring system (12) for monitoring the capacity or capacity loss of a lead- acid vehicle battery (10)
comprising an electrolyte of acid and water, the battery having a charging phase during which a charge level of the battery is in -
creased, a discharging phase during which the charge level of the battery is decreased and a measurement phase during which meas -
urements are taken to determine the capacity. The battery monitoring system (12) comprises; a measurement device for measuring,
during the measurement phase, at least first and second open circuit voltage (OCV) measurements from the battery (10) when no
load is being driven by the battery, the OCV measurements being taken at first and second charge levels, respectively, and a pro -
cessor configured to predict a minimum OCV corresponding to a minimum charge level of the battery (10) on the basis of the first
and second OCV measurements; and to determine the capacity or capacity loss of the battery (10) on the basis of the first and second
OCYV measurements and the minimum OCV.
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BATTERY MONITORING SYSTEM FOR LEAD-ACID BATTERY
BASED ON MOLALITY OF ACID

TECHNICAL FIELD

The present disclosure relates to a vehicle battery monitoring system for determining
the capacity loss, or capacity, of the battery, and particularly a lead-acid battery. In
particular, but not exclusively, the invention relates to a battery monitoring system for a
hybrid or micro-hybrid vehicle where the battery is used repeatedly, during normal use,
to re-start the engine after a temporary stop. Aspects of the invention also relate to a
method of monitoring a vehicle battery and to a vehicle provided with a battery

monitoring system.

BACKGROUND

In traditional vehicles having a combustion engine as a source of motive power, a
battery is used to initiate starting of the engine and to crank the engine, and to supply
and regulate power to various electrical functions within the vehicle. In a hybrid vehicle
(often referred to as a hybrid electric vehicle), there are two sources of power to
provide vehicle propulsion: a combustion engine and an electric motor which is
powered by a battery. At low vehicle speeds the vehicle is propelled only by the
electric motor, with the engine being reserved for higher speed driving. In micro-hybrid
vehicles, the battery is just used to initiate engine starting and to crank the engine, and
to supply power the electrical functions, but does not provide a source of traction.

Micro-hybrid vehicles are typically provided with a stop-start functionality which allows
the engine to be turned off when the vehicle is brought to a temporary halt (e.g. at
traffic lights) and the electric motor powered by the battery is used to re-start the
engine. For hybrid vehicles the equivalent stop-start function is called electric drive
where the combustion engine can be stopped and started without the vehicle being
stationary. Such vehicles are also provided with regenerative braking systems which
harness energy from the braking function for storage or re-use, rather than losing the
energy as heat through braking friction. Hybrid and micro-hybrid vehicles are therefore
increasingly popular for their excellent fuel economy and low CO2 emissions.
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Typically the batteries used in vehicles are lead-acid batteries which have an initial, full
capacity, and slowly degrade over time a result of sulfation which is a product of the
battery discharge reaction. Water loss and other ageing effects also contribute to
degradation. The sulphate crystals can be dissolved through the charging process, but
the extent to which this is possible depends on the solubility of the crystals which

decreases over time.

It is important to be able to determine the state of health of the battery (i.e. the extent
of sulfation) so as to ensure measures can be taken to counter the loss of battery
capacity. For example, it is important that the available capacity is never allowed to
decrease to a level which would not permit the hybrid vehicle to be re-started after a
stop event, and to ensure there is sufficient electrical power to drive the various
electrical functions in the vehicle. Sometimes it is necessary to modify the use of
various functions of the vehicle depending on the battery capacity. The monitoring of
battery capacity, both power and energy deliverability, is particularly important in
hybrid or micro-hybrid vehicles having a stop-start function where the battery is
required to re-start the engine after a temporary shut-down, so as to avoid situations
where the vehicle become stranded.

One known technique for monitoring the state of health of a battery requires the
battery capacity to be checked ‘off-line’ when the vehicle is not in use. However, this is
inconvenient for the user and does not necessarily avoid the inconvenience of the
vehicle becoming stranded, with no means to re-start the engine and/or the motor, if a
battery check is scheduled too late. Other known techniques can be carried out ‘real-
time’, when the vehicle is in use, and are much preferred because they allow continual
monitoring of the battery state of health. However, current real-time techniques rely on
a measurement of resistance based on current and voltage measurements and such
measurements suffer from a low signal to noise ratio, particularly when the battery is at
higher charge levels, and so the methods are not entirely accurate. These methods
can be improved by discharging the battery slightly before the current and voltage
measurements are taken, but this runs the risk of the battery reaching too low a level
of discharge to be recharged again, and so again risks the vehicle becoming stranded.
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It is one object of the invention to provide a battery monitoring system which
addresses the aforementioned problems.

SUMMARY OF THE INVENTION

Aspects and embodiments of the invention provide a battery monitoring system, a
method of monitoring the capacity of a vehicle battery, and a vehicle comprising the
battery monitoring system as claimed in the appended claims.

According to one aspect of the invention, there is provided a battery monitoring system
for monitoring the capacity or capacity loss of a lead-acid vehicle battery comprising an
electrolyte of acid and water, the battery having a charging phase during which a
charge level of the battery is increased, a discharging phase during which the charge
level of the battery is decreased and a measurement phase during which
measurements are taken to determine the capacity or capacity loss of the battery, the
battery monitoring system comprising a measurement device for measuring, during the
measurement phase, at least first and second open circuit voltage (OCV)
measurements across terminals of the battery when no load is being driven by the
battery, the first and second OCV measurements being taken at first and second
charge levels, respectively. A processor is provided with an algorithm configured to
predict a minimum open circuit voltage (OCV) corresponding to a minimum charge
level of the battery on the basis of the first and second OCV measurements and to
determine the current capacity and/or capacity loss of the battery on the basis of the
first and second OCV measurements and the minimum OCV.

The invention provides an advantage over the known techniques for determining the
capacity loss of a vehicle battery because it can be used during normal vehicle use,
without the need for the vehicle to be taken to a garage for servicing. Furthermore, all
that is required for the method is a minimum of two independent OCV measurements
at different state of charge (SoC) levels. Measurements are scheduled to be taken
during the measurement phase when the vehicle has come to a temporary stop (e.g.
overnight). This is made possible because the battery does not need to be fully
discharged in order to make the measurements. Some existing techniques which
require a full or near full battery discharge in order to ascertain battery health are not
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suitable for use in normal vehicle use and require garage servicing to implement them.
Alternatively, those methods which can be implemented in normal vehicle use present
a risk to the vehicle driver that the full battery discharge may lead to a failure to re-start
the engine after the measurement phase.

The invention is particularly advantageous when implemented in a hybrid or micro-
hybrid vehicle, particularly one with a start-stop functionality, where the battery is
repeatedly required to re-start the engine after a temporary halt. In such vehicles it is
especially important that good state of battery capacity is maintained and loss of
capacity is monitored so as to avoid situations where the battery fails to re-start the
engine after a temporary halt.

In one embodiment, the measurement device measures at least first, second and third
open circuit voltage (OCV) measurements at first, second and third charge states
respectively. The processor may be configured to predict the minimum OCV on the
basis of the first, second and third OCV measurements.

The use of three independent OCV measurements to predict the minimum OCV
improves the accuracy of the prediction. Further OCV measurements improve the
accuracy still further.

The processor may be configured to determine the capacity loss of the battery based
on the current capacity of the battery and a pre-determined initial capacity of the
battery.

The processor may be configured to determine the concentration of the water and/or
acid in the battery based on at least the first and second OCV measurements in order
to predict the minimum OCV.

In one embodiment of the invention, the processor may also be configured to predict
the minimum OCV by extrapolation based on at least the first and second OCV

measurements.
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The processor may also be configured to determine an extrapolated value of the
molality of acid at the minimum charge level and to predict the minimum OCV by
extrapolation based on the determined extrapolated value of the molality of acid.

The processor may also be configured to measure the first OCV measurement at a
first relatively low charge level and to measure the second OCV measurement at a
second charge level higher than the first charge level.

The processor may also be configured to measure the first OCV measurement at a
first relatively high charge level and to measure the second OCV measurement at a
second charge level lower than the first charge level.

The battery monitoring system may use first and second charge levels that are at least
80% of a maximum charge level of the battery. A benefit of the invention is that the
battery need not be discharged to any significant level in order to determine the
capacity/capacity loss.

The battery monitoring system may be configured to control at least one vehicle
electrical function on the basis of the determined current capacity of the battery.

The battery monitoring system may be configured to measure the first and second
OCV measurements during two separate measurement phases (e.g. occurring at
different times and even on different days) when the vehicle is parked.

According to another aspect of the invention, there is provided a method of monitoring
the capacity of a lead-acid vehicle battery comprising an electrolyte of acid and water,
the battery having a charging phase during which a charge level of the battery is
increased, a discharging phase during which the charge level of the battery is
decreased and a measurement phase during which measurements are taken to
determine the capacity. The method may comprise; measuring at least first and
second open circuit voltage (OCV) measurements across terminals of the battery
when no load is being driven by the battery during the measurement phase, the first
and second OCV measurements being taken at first and second charge levels,
respectively; predicting a minimum open circuit voltage (OCV) corresponding to a
minimum charge level of the battery on the basis of the first and second OCV
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measurements; and determining a current capacity and/or a capacity loss of the
battery on the basis of the first and second OCV measurements and the minimum
OCV.

The method may include controlling at least one vehicle sub-system (e.g. a vehicle
regenerative braking system) on the basis of the current capacity or capacity loss of
the battery.

For example, the method may comprise initiating a battery reconditioning cycle in the
event that the current capacity drops below a predetermined threshold.

Alternatively, or in addition, the method may comprise providing a warning to replace
the battery in the event that the current capacity drops below a predetermined
threshold.

According to another aspect of the invention there is provided a vehicle provided with a
battery monitoring system of the previous aspect of the invention.

The vehicle may be a conventional vehicle having only a combustion engine, a hybrid
vehicle or a micro-hybrid vehicle.

According to a further aspect of the invention, there is provided a method of monitoring
the capacity of a lead-acid vehicle battery using a processor and a measuring device,
the lead-acid battery comprising an electrolyte of acid and water, the battery having a
charging phase during which a charge level of the battery is increased, a discharging
phase during which the charge level of the battery is decreased and a measurement
phase during which measurements are taken to determine the capacity. The method
may comprise; measuring, using the measuring device, at least first and second open
circuit voltage (OCV) measurements across terminals of the battery when no load is
being driven by the battery during the measurement phase, the first and second OCV
measurements being taken at first and second charge levels, respectively; predicting,
using the processor, a minimum open circuit voltage (OCV) corresponding to a
minimum charge level of the battery on the basis of the first and second OCV

measurements; and determining, using the processor, a current capacity and/or a
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capacity loss of the battery on the basis of the first and second OCV measurements
and the minimum OCV.

Within the scope of this application it is expressly intended that the various aspects,
embodiments, examples and alternatives set out in the preceding paragraphs, in the
claims and/or in the following description and drawings, and in particular the individual
features thereof, may be taken independently or in any combination. That is, all
embodiments and/or features of any embodiment can be combined in any way and/or
combination, unless such features are incompatible. The applicant reserves the right to
change any originally filed claim or file any new claim accordingly, including the right to
amend any originally filed claim to depend from and/or incorporate any feature of any
other claim although not originally claimed in that manner.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments of the invention will now be described, by way of example
only, with reference to the accompanying drawings, in which:

Figure 1 is a top view of a vehicle having a battery with a battery monitoring system
(BMS);

Figure 2 is an isometric view of the battery monitoring system (BMS) of an
embodiment of the invention when connected to a vehicle battery;

Figure 3 is a system diagram showing the electrical connections between the battery
monitoring system (BMS) and the vehicle battery in Figure 1;

Figure 4 is a flow chart showing the steps of a battery monitoring system algorithm of
the battery monitoring system (BMS) in Figures 1 and 2;

Figure 5 is a graph showing the three open circuit voltage (OCV) measurements
required by the battery monitoring system algorithm in Figure 3 to produce the battery

monitoring algorithm output; and
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Figure 6 is a graph showing the variation of the minimum slope, slopemin, of the
parameter dl/dt (where | is the current through the battery and t is time) with voltage

and temperature.

DETAILED DESCRIPTION

Referring to Figures 1 to 3, a micro-hybrid vehicle 8 comprises a lead-acid battery 10
containing an electrolyte of acid and water and a battery monitoring system 12. The
battery monitoring system 12 communicates with the main vehicle control system (not
shown) which controls various vehicle systems and sub-systems, as is known in the
art. This type of battery 10 is suitable for use in any vehicle type, for example
traditional engine-driven vehicles, hybrid vehicles or micro-hybrid vehicle, but the
invention lends itself in particular to micro-hybrid vehicles which incorporate an electric
motor to start cranking of the engine and to supply electrical power to various functions
in the vehicle 8. In such vehicles the battery is used repeatedly to re-start the engine
after a temporary halt, and it is important to avoid situations where the battery has
insufficient capacity to do so and renders the vehicle 8 stranded.

The battery monitoring system 12 comprises hardware 14 and software 16
components for collection and processing of data from the battery 10 for the purpose
of monitoring the state of health (SoH) of the battery 10 when in use and without the
need to take the vehicle 8 to a service station for checking. The hardware 14
comprises a microcontroller or processor, a measuring device in the form of a sensor
for measurement of the battery current, I, a measuring device in the form of a sensor
for measurement of the battery voltage, V, and a temperature sensor for measuring
temperature. In practice the temperature sensor may be provided on the vehicle 8 in
another location, with the temperature sensor output being provided to the processor
of the battery monitoring system as well as to the main vehicle controller (not shown).

The battery monitoring system 12 is electrically connected to the battery 10 via a
positive terminal 18, a negative terminal 20 and clamps 22, with a terminal interface 24
connected to ground through the vehicle body 26. The positive terminal 18 provides a
sense signal to the battery monitoring hardware 14 via a connector 28, and a LIN
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master module 30 communicates with the microcontroller through this same

connector.

An object of the invention is to implement a method for determining battery capacity
degradation using an algorithm 32 loaded onto a processor. Specifically, the algorithm
32 acts to quantify the storage capacity of the lead-acid battery which is lost due to
sulfation. On the basis of this calculation an indication can be made of the remaining
battery capacity i.e. the remaining concentration of battery acid.

A lead-acid battery cell is formed of a positive electrode (cathode) and negative
electrode (anode) which are immersed in an electrolyte consisting of water and sulfuric
acid. These cells are capable of storing 2V, such that a standard 12V battery for use in
a vehicle consists of 6 cells connected in series. Sulfation is the process by which
sulfate crystals form on the plates of a battery cell. This occurs each time the battery
10 is discharged, as sulfate crystals (PbSQO,) are a product of the discharge reaction.
These sulfate crystals can be dissolved during the charging process, but the amount
by which the crystals are dissolved depends on the solubility of the crystals, which
decreases over time. If not all of the sulfate crystals can be dissolved, storage capacity
of the battery 10 is lost as this locked material which is no longer in the electrolyte
solution is unavailable for the discharge reaction.

The inputs to the algorithm 32 loaded onto the microcontroller are the measured
battery current, voltage and temperature as described previously. These inputs enable
the sulfate crystal level in the battery cell 10 to be quantified, which enables the lost
storage capacity to be determined for use as a parameter to describe the State-of-
Health (SoH) of the battery 10. To do this, the algorithm 32 uses measurements taken
at first, second and third different charge levels and extrapolates measurements to the
point of full battery discharge, but without the need to actually fully discharge the
battery 10 to a dangerously low level. The algorithm 32 is designed for use with a
battery 10 when in a partial state of charge (PSoC), typically around 80% of full charge
for the initial measurement and so battery monitoring can be undertaken during the
regular use of the vehicle 8 and without removing the battery 10 from the vehicle 8 for
testing. Measurements are typically taken within a window of 100-70% of the full
charge state. Reference to “full charge” means the maximum charge that can be
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achieved during operation of the battery in the vehicle, and not necessarily the
maximum charge which could be achieved for the battery in laboratory conditions.

The ability to monitor the vehicle battery 10 in this way, with the battery 10 in situ in the
vehicle 8 and the vehicle 8 in normal use, allows the measurements to be performed

briefly and at convenient times.

In a charging mode (charging phase) for a micro-hybrid vehicle, the engine is running
and the alternator is charging the battery 10. In a discharging mode (discharging
phase) the battery 10 is losing charge either because it is being used to initiate starting
of the engine or because electrical power is being supplied to a variety of vehicle
functions, such as vehicle lighting or entertainment systems, the parking sensors etc.
In a measurement phase during which measurements can be taken for the purpose of
implementing the method of the invention, charging and discharging of the battery 10
is interrupted and the required measurements are carried out to determine the capacity
of the battery 10. The measurement phase occurs between periods when electrical
supply is required to the various vehicle functions and when re-start of the engine is
not required following a temporary stop. By way of example, the measurement phase
may occur when the vehicle is parked overnight.

The steps implemented in the algorithm 32 are described in detail with reference to
Figures 4 and 5. Figure 4 is a flow chart showing the different steps undertaken by the
algorithm 32 to determine the storage capacity lost due to sulfation.

In the first step 40 of the algorithm 32, the battery current, |, during a constant voltage
charging phase is measured to determine if the battery 10 is fully charged (whatever
the state of capacity of the battery). The rate of change of current with respect to time,
dl/dt, indicates the charging rate of the battery 10. If dl/dt = 0, this means that the
charging rate of the battery 10 is small, the dissolution rate of the sulfate crystals is
small (as the sulfate crystals are dissolved during the charging process) and the
battery 10 is fully charged or close to being fully charged. The level below which the
slope must fall (minimum slope 42) to indicate that the battery 10 is fully charged (and
the algorithm 32 can move to the next step in the process) is dependent on the
temperature and charging voltage of the battery 10. This relationship is illustrated in

10
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Figure 6 which shows a pre-stored map indicating the minimum slope 42, slopemi, as
a function of voltage and temperature. For any set of voltage 43 and temperature 45
inputs to the map, the map provides an output, slopenin 42, which represents the slope
at which the battery is fully charged.

Once the current gradient value (dl/dt) falls below the minimum current slope level 42
for the appropriate voltage and temperature, the algorithm 32 moves on to a second
step 44. In step 44 the charge, Ah, lost by the battery is monitored via measurement of
the current as described in the following equation:

Ah = Y I(n) = At [1]

where Ah is charge in Ampere-hours, I(n) is the battery current and At is change in
time. This Ah-counter is used to observe the Ah-throughput and the state-of-charge
change. Once the Ah-counter has determined that a certain amount of charge has
been lost by the battery 10, denoted as AAh, 46, and the battery 10 is in a new state of
charge (SoC), the algorithm moves onto a third step 48.

In the third step 48, the open circuit voltage (OCV) is measured. The open circuit
voltage is the voltage measured when no loads are being driven by the battery 10.
This step must therefore be carried out during a measurement phase when the battery
10 is not in use, for example in the case when the vehicle is parked. The current in this
case is known as the quiescent current, which is the current consumed when
substantially no loads are being driven and the measured voltage can be assumed
with good approximation to be the OCV of the battery. Measurements of the OCV are
taken using a measurement device connected across the terminals 18, 20 of the
battery.

In this particular embodiment, the algorithm 32 obtains at least three OCV
measurements at three different SoC levels. This is illustrated in the flow chart of
Figure 4, where it is shown that the algorithm 32 does not progress to a fourth step 50
until at least first 52, second 54 and third 56 OCV measurements have been taken. If
less than three OCV measurements have been taken, the algorithm 32 repeats the

11
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second step 44 and the third step 48 until three OCV measurements have been
obtained.

In theory it is possible for the method to be carried out with only two OCV
measurements, but accuracy is improved if three OCV measurements are obtained. A
greater number of OCV measurements increases the accuracy still further.

During charging and discharging of the battery, the BMS 12 and main vehicle control
system are in communication with each other. When the sensors of the BMS 12
indicate that the battery 10 requires charging, the BMS 12 signals this information to
the main vehicle control system. It is then the responsibility of the main vehicle control
system to trigger charging of the vehicle battery 10 to full charge. At this point, the
sensor determines the full charge state of the battery 10.

For measurement of the OCV values, the BMS sensor provides a trigger to the main
vehicle control system for discharge and the main vehicle control system actuates
discharge of the battery 10. The BMS sensor then records the OCV measurement at
this discharge level and, after determination of measurement quality, sends another
trigger to the main vehicle control system to continue the discharge procedure for
measurement of subsequent OCVs. For each of the OCV measurements, the BMS
software 16 initiates a battery discharge event by signalling the main vehicle control
system which in turn actuates discharging of the battery, so as to reduce the charge on
the battery 10 to an appropriate level before the OCV measurement is taken. For
example, the first level may be 80% of full charge, the second level may be 75% of full
charge and the third level may be 70% of full charge. Once the new charge level is
reached, the relevant OCV measurement is taken and stored in a data memory of the

microcontroller.

Figure 5 is a graph of battery OCV 60 (y-axis) versus capacity discharge 62 (x-axis)
showing first 52, second 54 and third 56 OCV measurements, Uycy 1, Uoev,2, @and Ugey 3,
respectively, which are collected during the third step 48 of the algorithm 32 at three
different states of charge respectively. The charge lost between the three OCV
measurements is also shown, denoted as AAh, (46), AAh, (66), AAh; (68), where,

12
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AAh, = Ah(at small charging current or Uocv,x—l) - Ah(UOCV,X) forx=1...3 [2]

The grey solid line 70 in Figure 5 shows the voltage obtained during a measurement
phase of a capacity test, until reaching a defined minimum i.e. when the grey solid line
reaches a defined minimum the capacity test is finished. The minimum OCV is the
battery’s OCV at the end of this capacity test.

On completion of the first 52, second 54 and third 56 OCV measurements, the
algorithm 32 progresses to the fourth step 50 in which the molality of the acid in the
battery 10 is determined. Molality (also referred to as molal concentration) is the
measure of the concentration of a solute in a solution in terms of amount of substance
in a specified amount of mass of the solvent. The fourth step 50 uses the well-known
relationship between OCV and molality (which is temperature independent), wherein
two different polynomial functions are valid depending on the value of Uy, . For

Uocvx > 2V, the following equation for molality is used:

mol mol

molality(Uocvx) = Uocva * 251385 — Ugeyy * 75.354 15 + 52776 T(—;l [3]

and for U,y x < 2V, the following equation for molality is used instead:

mol mol

molality(Uoeyx) = Uoevx® * 73:22 5 = Ugey * 266135 + 242.05 55 [4]

The molality is defined as the ratio between the amount of H,SO, given in mol and the

water mass given in kg,

. amount H2S04 [mol
molality = ———— [

k_g] = f(Uocv) [5]

water mass
In a fifth step 72 of the algorithm 32, the absolute values of the water mass in kg and
the amount of H,SO, in mol are determined. It is known how the amount of H.SO, and
the amount of H,O change during charging or discharging of the battery and this is
described in the following set of equations,

13
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_ AQIAs]

A amount H2S04[mol] = FaradayConstiAs/mol [6]

A amount H2S04[mol] = A amount H20 [mol] [7]
Awater mass = A amount H20 * 18 g/mol [8]

where AQ is a defined change in charge and the Faraday constant, FaradayConst, is
the magnitude of electric charge per mole of electrons and has a currently accepted
value of 96485.3365(21) As/mol.

The absolute values of the water mass in kg and the amount of H,SO, are determined
using the following equation system:

Awater mass
10008
kg

molality(Ugcy,1 )— molality(Ugcy,2)

« molality(Uyey,2 )+A amount H20

in kg [9]

water mass(Uocv’l) =

Awater mass

108 iy kg [10]

water mass(Uocv’z) = water mass(Uocv’l) + .

amount HZSO4(U0CV,X) = molality(Uocv,X) * water mass(UOCV,X) inmol, with

[11]
x=1..3

Once the fifth step 72 has been completed, the water mass in kg and the amount of
H-SO, in mol is known at the three points of OCV measurement, such that the method
can also be used to determine the water loss (assuming the amount of water is
calculated for the same OCV value when the capacity method is used). In a sixth step
74 of the algorithm 32, the information gathered in the fifth step 72 regarding the
amounts of water and H,SO, at the three measurement points is used to extrapolate
the OCV curve to the point which represents full battery discharge 76. In Figure 5 this
extrapolated curve 78 is represented by the solid black line beginning at the final
measured OCV value, Uocy s 56 and terminating at the point labelled 76. The point 76
at which this extrapolated line 78 terminates represents full battery discharge.

In order to calculate the exirapolated OCV values 78, Ugcy x extrapolate » Which would be

measured on discharge of a defined amount of capacity, AQqch extrapolate » it IS first
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necessary to calculate the value of molality, molalityeyirapolate, at the extrapolated

lower state-of-charge points. This is done using the following equation:

[12]

amountH,50, (UOC,,B ) + AamountH,50,

water mass(Uoc,,B) + Awater mass

mOIalityextrapolate (AQdch,extrapolate) =

Using the relationship between OCV and molality, a polynomial approximation of the
function OCV = f(molality) is used to determine Uycyxextrapolate 78 based on

molalityeytrapolate- The polynomial functions used in this step are,

Uyoy(molality) = molality® * 0.00005(V/(mol/kg)*) — molality? * 0.0017(V/
(mol/kg)?) + molality * 0.0475(V/(mol/kg)) + 1.8863 V
[13]

which is valid for molality > 2.7mol/kg, and

Uyey(molality) = molality® * 0.0 105( mzl 3) — molality? * 0-0612( m‘;)z) +

kg kg

mol

kg

molality  0.161 <L> +1.8109V

[14]
which is valid for molality < 2.7 mol/kg.
The calculation of new OCV values 78 is continued until the last calculated OCV value
reaches a minimum 76 (Uycymin)- At this point the real discharged capacity (AAh; 64 to

AAh; 68), added to the assumed discharge capacity for the extrapolation of the OCV
curve (¥ AQqcn extrapolate) 1S taken to be the available capacity of the battery. The

difference between the presently available capacity and the available capacity at the
beginning of the battery lifetime is the capacity loss 80 in Ah:

AAhloss = Ahtotal,new - 2)3;=1 AAhx - Z AQdch,extrapolate [1 5]

This calculation generates the output of the battery monitoring system algorithm 32
and completes the algorithm process 32. The output provides a direct measure of the

15



10

15

20

25

30

WO 2017/042017 PCT/EP2016/069725

capacity loss 80, and so from this value the absolute capacity of the battery can also
be determined.

For the described method to be performed, information is required regarding the initial
available capacity in Ah (measured at 25°C and a discharge current for a 20 hour
capacity test until the battery 10 has reached 10.5 V), the lowest possible OCV 76
(Uocvmin), @nd the polynomial functions for molality = f(OCV) and OCV = f(molality).
The polynominal functions for molality are stored on the memory of the processor.
Furthermore it is required that occasionally the battery 10 is fully charged between the

measurement phases of operation.

The three measurement points are taken over a period of time, typically a number of
days. For example the first OCV measurement 52 may be taken overnight when the
vehicle is parked, the second OCV measurement 54 may be taken on the subsequent
night and the third OCV measurement 56 taken on the subsequent night again.
Typically, measurements are spaced apart by at least 5-10 hours. In this respect, it will
be appreciated that references to a ‘measurement phase’ include multiple separate
time periods during which multiple measurements are taken, each of which is a
separate time period from the usual operational phases of the battery. The method
implemented by the algorithm 32 therefore operates over a relatively long timescale,
but all steps of the method can be carried out when the vehicle is in normal use by the
vehicle owner and does not require garaging or a vehicle service to be scheduled.

The initial OCV measurement 52 is typically taken when the battery 10 is discharged to
around 80 percent of its full charge level. Discharging of the battery 10 to the lower
charge levels required for subsequent OCV measurements reduces the state of
charge to below 80%, but does not reduce the charge level appreciably. Discharging
the battery 10 to a dangerously low level, for example a level at which re-start of the
engine may not be possible or at which electric power supply to the vehicle functions is
disrupted, is therefore not necessary using the method of the invention.

Additional measurements may be made, based on which the extrapolation 78 can be

carried out, with the minimum number of OCV measurements required to determine

the capacity loss being two. In addition, the measurements may be made in the
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reverse order, starting with a first OCV measurement at a relatively lower state of
charge and with charging of the battery 10 being initiated to a higher state of charge
for the second, third and any subsequent OCV measurements. Extrapolation of the
OCV measurements to determine the measurement at a full state of discharge is then
carried out in the direction of discharging to determine the minimum OCV

measurement in the same way as described previously.

Once an estimate of the capacity loss and/or the capacity has been made it is possible
to modify the control of various vehicle electric functions to accommodate any high
loss of capacity. For example, it may be preferable to modify the supply of power to
internal lighting in the cabin or to the entertainment system so as to preserve available
battery capacity for engine re-start, until such time as a battery service can be carried
out. In other embodiments a battery reconditioning cycle may be initiated in response
to the current capacity of the battery dropping below a predetermined threshold, or a
warning may be provided to replace the battery in the event that the battery capacity
drops to below a predetermined threshold. It may also be desirable to moderate
energy recovery during regenerative braking in the event of a low capacity being
determined.

Many modifications may be made to the above examples without departing from the

scope of the present invention as defined in the accompanying claims.
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CLAIMS

A battery monitoring system for monitoring the capacity or capacity loss of a lead-
acid vehicle battery comprising an electrolyte of acid and water, the battery having
a charging phase during which a charge level of the battery is increased, a
discharging phase during which the charge level of the battery is decreased and a
measurement phase during which measurements are taken to determine the
current capacity and/or capacity loss of the battery , the battery monitoring system

comprising;

a measurement device for measuring, during the measurement phase, at least first
and second open circuit voltage (OCV) measurements across terminals of the
battery when no load is being driven by the battery, the first and second OCV
measurements being taken at first and second charge levels, respectively;

a processor configured to predict a minimum open circuit voltage (OCV)
corresponding to a minimum charge level of the battery on the basis of the first and
second OCV measurements and to determine the current capacity and/or capacity
loss of the battery on the basis of the first and second OCV measurements and the

minimum QCV.

The system as claimed in claim 1, wherein the measurement device measures at
least first, second and third open circuit voltage (OCV) measurements at first,
second and third charge states respectively and wherein the processor is
configured to predict the minimum open circuit voltage on the basis of the first,
second and third OCV measurements.

The system as claimed in claim 1 or claim 2, wherein the processor is configured to
determine the capacity loss of the battery based on the current capacity of the

battery and a pre-determined initial capacity of the battery.

The system as claimed in any of claims 1 to 3, wherein the processor is configured
to determine the concentration of the water and/or acid in the battery based on at
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10.

11.

12

least the first and second OCV measurements in order to predict the minimum
OCV.

The system as claimed in claim 4, wherein the processor is configured to predict
the minimum OCV by extrapolation based on at least the first and second OCV

measurements.

The system as claimed in claim 5, wherein the processor is configured to
determine an extrapolated value of the molality of acid at the minimum charge level
and to predict the minimum OCV by extrapolation based on the determined
extrapolated value of the molality of acid.

The system as claimed in any of claims 1 to 6, wherein the processor is configured
to measure the first OCV measurement at a first relatively low charge level and to
measure the second OCV measurement at a second charge level higher than the
first charge level.

The system as claimed in any of claims 1 to 6, wherein the processor is configured
to measure the first OCV measurement at a first relatively high charge level and to
measure the second OCV measurement at a second charge level lower than the
first charge level.

The system as claimed in any of claims 1 to 8, wherein the first and second charge
levels are at least 80% of a maximum charge level of the battery.

The system as claimed in any of claims 1 to 9, wherein the processor is configured
to control at least one vehicle electrical function on the basis of the determined
current capacity of the battery.

The system as claimed in any of claims 1 to 10, wherein the processor is
configured to measure the first and second OCV measurements during two
separate measurement phases when the vehicle is parked.

. A method of monitoring the capacity of a lead-acid vehicle battery comprising an

electrolyte of acid and water, the battery having a charging phase during which a
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13.

14.

15.

16.

17.

18.

charge level of the battery is increased, a discharging phase during which the
charge level of the battery is decreased and a measurement phase during which
measurements are taken to determine the capacity, the method comprising;

measuring at least first and second open circuit voltage (OCV) measurements
across terminals of the battery when no load is being driven by the battery during
the measurement phase, the first and second OCV measurements being taken at
first and second charge levels, respectively;

predicting a minimum open circuit voltage (OCV) corresponding to a minimum
charge level of the battery on the basis of the first and second OCV

measurements; and

determining a current capacity and / or a capacity loss of the battery on the basis of
the first and second OCV measurements and the minimum OCV.

The method as claimed in claim 12, comprising controlling at least one vehicle sub-
system on the basis of the current capacity or capacity loss of the battery.

The method as claimed in claim 13, comprising initiating a battery reconditioning
cycle in the event that the current capacity drops below a predetermined threshold.

The method as claimed in claim 13 or claim 14, comprising providing a warning to
replace the battery in the event that the current capacity drops below a
predetermined threshold.

The method as claimed in any of claims 12 to 15, wherein the at least one vehicle
sub-system includes a vehicle regenerative braking system.

A vehicle comprising a battery monitoring system as claimed in any of claims 1 to
11.

The vehicle as claimed in claim 17, wherein the vehicle is one of a combustion-
engine driven vehicle, a hybrid vehicle or a micro-hybrid vehicle.
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19. A method substantially as herein described with reference to the accompany

drawings.

20. A battery monitoring system substantially as described herein with reference to the
accompanying drawings.

21. A vehicle substantially as described herein with reference to the accompanying

drawings.
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