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This invention relates to apparatus and a method of measuring and
predicting the remaining capacity and reserve time of a discharging battery. Itis
particularly concerned with predicting the capacity and reserve time of flooded or

. sealed lead acid batteries during discharge to an end-voltage.
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Background of the Invention

Predicting the remaining capacity and reserve time of a battery is
important to the proper management of battery plants and of batteries remotely
located. The fundamental method of prediction, of the prior art, is based on the
Peukert equation: |

t = al® (1)

where t is the reserve time to a given end voltage, I is the discharge current and "a"
and "b’ are empirically determined parameters. . The remaining reserve time during
discharge is obtained by subtracting the actual time of discharge from the value "t"
given by the equation. The only real time data used in this approach is the discharge
current I, and the parameters "a" and "b’ must be éxperimentally determined by
extensive testing, data acquisition and parametric analysis. Once determined, these
values are fixed and do not adapt to changing conditions and are not responsive to
changing load requirements.

An attempt to be more responsive to changes in battery behavior during
discharge is disclosed in the patent application Serial No. 08/013272, filed February
4, 1993, submitted by D. Levine et al which utilizes matrices of predetermined
parameters which contain correlations for the slope of the voltage-versus-discharge
time at various discharge currents, battery voltages during discharge and end
voltages. The use of voltage-versus-time slopes for prediction allows the method to
be highly adaptable to changes in battery behavior during discharge. This method
requires extensive testing to derive the data to populate the matrices.
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During discharge this difference is plotted against a ratio of discharged
capacity to the total discharge capacity available:

Qmmved,Q!o-—end-voluge 3

This plot, created from measured data, is a single curve having an
exponential and a linear region. This curve is used to determine remaining capacity
and reserve time from the measured discharged capacity Qremovea and the plateau
voltage V. As in the above described method, extensive prior testing and data
analysis of the particular battery being monitored is required and this method does
not account for aging of the battery since measurement of the plateau voltage is a
predetermined fixed value.

Another approach to determining the reserve time of a discharging
battery, disclosed in US patent 4,876,513 , takes advantage of the fact that when
battery voitages (corrected for internal resistance) are plotted versus a ratio of
ampere hours remaining to ampere hours available to a certain discharge voltage all
discharge curves fall on a single curve. The battery voltages corrected for IR are
calculated using a battery internal resistance that is measured periodically during
discharge.

None of the existing methods for evaluating the state of a discharging
battery works accurately at all temperatures, requires only a minimal number of
parameters and is independent of the battery type being monitored.

Summary of the Invention '

Therefore according to the invention, a method and apparatus for
predicting reserve capacity and reserve time of a battery on discharge, is provided as
claimed in claims 1 and 11.

A highly accurate apparatus and method of predicting remaining
capacity Q and reservé time t ofa discharging battery to a selected end voltage is
based on measurable battery parameters and does not require extensive pretesting of
the battery. The battery reserve time t of a discharging battery is determined by an
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capacity Q. A term defined by a sum of the battery full charge open circuit voltage
Eoc and the voltage loss due to the internal resistance of the battery IR ;,; and the
battery voltage on discharge divided by the battery temperature T, is computed as the
temperature-corrected battery overvoltage 1.

_ Eow = Rin - thery
- T @

The characteristics of the battery discharge are reduced to a ratio of a
single remaining battery capacity to maximum theoretical capacity:

Q
Qumax &)

This normalized battery capacity value is plotted versus the
temperature-corrected battery overvoltage to produce a discharge characteristic curve
that is invariant to-discharge rates, temperatures, battery size, and aging effects and
which is dependent only on the battery’s internal design. This normalized battery
capacity is related by fitting parameters to the value 7 by the relation

Q {a+bdn® + dn*)
- = €X
P ©

to characterize the discharge characteristic and determine Q.
A reserve time t is calculated from the determined value using the
relation

= Q
T 1 ),

The characteristic curve and the dynémic variables are stored ina
computer and processed continuously to provide a continuing real time prediction of
the remaining capacity and reserve time t of the battery on discharge.
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predeterm ned fixed VT2 s a graph of a typical battery discharge curve in terms of battery
voltage versus ampere-hours removed;
FIG. 3 is a graph of a typical battery discharge curve in terms of charge
ratio versus temperature-corrected battery overvoltage; and
~ FIG. 4 is a flow graph illustrating the method of determining the
remaining capacity Q and reserve time t of a discharging battery.

Detailed Description

The battery plant and monitoring system shown in the FIG. 1 includes a
plurahty of battery cells 101-1 to 101-n all of which are connected in series
connection to power a load 102. A rectifier 103 is connected to receive AC line
power and provide a rectified charging voltage to recharge the string of battery cells
101-1 to 101-n. A battery monitoring unit 105 having stored program control is
connected to a controller-battery interface 110. The battery interface 110 has _
connections 111-1 to 111-n to sense the voltage of each battery cell and a connection
112 to sense the load current and a connection 113 to sense a temperature of at least
one battery cell. The battery monitoring unit has an access device 117 for user input
and data output.

The batter'y monitoring unit 105 includes a stored program control
which accepts data from the battery interface and background data from the user
input/access device 117. The stored program controller also includes instructions for
utilizing the data input for predicting a remaining charge capacity and reserve time
until discharge to a specified end voltage of the batteries 101 in the string of
batteries. This determination is communicated through the user access interface 117
to a data output which may include communication with a distant output device.

The conventional graph of battery discharge capacity is shown by the
graph illustrated in the FIG. 2. This discharge curve is plotted in terms of voltage
versus ampere-hours. This curve exhibits three distinct characteristic regions. The
initial region 201 shows an initial drop in battery voltage due to the phenomenon of
activation and ohmic resistance. The second subsequent region 202, shows a gradual
decrease in battery voltage due to a continuous increase in the internal resistance of
the battery during discharge. This resistive increase is due to depletion of reactants
and/or active surface areas in the battery. The final region 203 shows a sharp
decrease in the battery voltage due to the discharge reactions becoming starved of
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I ndependent ofthe batter) e . bei ng, noni f or Summary of the | nvention
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provi ded. capacity/ maximum theoretical capacity Q/Qmax versus the temperature corrected
battery overvoltage. While the actual capacity Q may be used in place of Qmax, the
ratio is invariant to battery size. The remaining capacity to an end voltage, at a given
battery voltage, is calculated from the difference between the remaining capacity Q
at that battery voltage and the remaining capacity at that end voltage.

The effect of temperature on discharge is shown in the graph of FIG. 3,
which illustrates the discharge curves 301 and 302 of the same battery at two
different temperatures.

The method of predicting the remaining capacity and reserve time t of a
discharging battery according to the stored instructions of the controller is shown in
the flow diagram of FIG 4. The process starts at terminal 401 and proceeds to the
block 403 whose instructions have the controller retrieve the discharge current
sensed by the interface monitor. The instructions, operate as per decision block 405,
to determine if the battery is in discharge by observing the direction of current flow.
If the battery is not discharging the controller continues to monitor current flow as
per block 403. If the battery is in discharge, battery voltage, current and temperature
are measured and recorded per the instructions of block 407. The instructions of
block 409 use these monitored parameters to calculate a battery reserve capacity.

The process uses a table of battery characteristics and parameters provided from
memory as per block 411. The calculation process determines the remaining battery

capacity per:

Q(V,I,T) = (Quax) X exp(a + bn® + dn°) )]
where the term 11 is:

_ (Boc ~ Ry - vbmery)
n= T ©)

and a, b, ¢, d and e are curve fitting parameters of the discharge characteristic curve.
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The subsequent instructions of decision block 415 determine if the calculated reserve
capacity and time have reached an alarm limit. If an alarm limit is reached, the alarm
is sent to the user as indicated in the block 417 and block 419. If no limit has been
reached, the decision block 421 determines whether the discharge condition is over.
If discharge has terminated, the process is terminated as per block 423. If the
discharge is continuing, the flow returns to the Block 407 and the process is
continued. |
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determining an open circuit voltage of the battery;

CHARACTERIZED BY:

measuring a discharge current and discharge voltage of the battery in the
process of discharge;

measuring a temperature of the battery in the process of discharge;

determining a remaining reserve capacity of the battery in a process of
discharge by deriving a value for battery overvoltage based on determined and
measured battery parameters including the open circuit voltage, the discharge
current, the discharge voltage and the temperature of the battery;

using the reserve capacity to determine the reserve time remaining to a
final end voltage.

2. A method of predicting a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 1:
wherein the battery overvoltage definition is expressed as

Eoc = Rimt = Vbanery
n= T ¢

3. A method of predicting a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 2 wherein the step of
_ determining a remaining reserve capacity of the battery in a process of discharge
includes expressing a ratio of remaining capacity to maximum capacity as an
exponential function.

4. A method of predicting a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 3 wherein the exponential
expression is given the form
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dynam c variables are stored in a conputer and processed continuously to
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where Qmax , 3, b, ¢, d, and e are predetermined parameters determined by the battery
embodiment;

5. A method of predictirig a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 1 wherein the step of using the
reserve capacity to determine the reserve time remaining to a final end voltage
includes a step of measuring a discharge current and a ratio of the reserve capacity to
the discharge current.

6. A method of predicting the reserve time of a discharging battery with

a known maximum capacity, comprising the steps of:

determining temperature dependence of a battery overvoltage of the
discharging battery; '

reducing the temperature dependence of a battery overvoltage to a ratio
of battery capacity of the discharging battery to its maximum capacity; and

measuring the discharge current and combining it with the battery
capacity of the discharging battery to determine a reserve time to discharge the
battery to an end voltage.

7. A method of predicting the reserve time of a discharging battery with
a known maximum capacity as claimed in claim 5, wherein the step of reducing the
temperature dependence of a battery overvoltage to a ratio of battery capacity of the
discharging battery to its maximum capacity includes evaluation of the equation,

_Q_ _ ca+brerany

Qumax

8 A methdd of predicting the reserve time of a discharging battery with
a known maximum capacity as claimed in claim 5, wherein the step of determining
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bat tery plant and its nonitoring system FIG 2-is a graghTbofS %H%%TpHﬁ%IB'—EN :
battery di schargeumgmllmllwﬂﬂﬁl f battery voltage versus anp&EE-AGEPs
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charge ratio versus tenperature-correcteg.battery overvoltage; and FIG 4
is aflowgraph illustrating the nmethod of determ ning the remaining
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9. A method of predicting the remaining capacity and reserve time of a
discharged battery, characterized by the steps of:
. measuring a discharge voltage of the battery, measuring the discharge
current of the battery and measuring the temperature of the battery to determine a
temperature corrected battery overvoltage 1| of the form:

- Eo = Ry - Vbanery
T -

where E . is the battery open circuit voltage, I is the discharge current of the battery,
Rin, is the internal resistance of the battery, V banery is the battery voltage during
discharge and T is the battery temperature;

determining the value Q for the remaining capacity using a
characteristic curve of the form:

Q = e(n+b‘|‘1 +dn®)

Qmax

and using predetermined values for the parameters Q4 .3, b, ¢, d, and e;
and determining the reserve time according to the relation:

Reserve Time =

Q
T
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plurality of battery cells 101-1 to 101-n all of which ar CONNgESethid
series connection \tl\El UHEE,' 02. Arectifier 103 i sl

receive AC Iine po rectified charging voltage to recharge
the string of battery ceI'fs 10f-1%to 1010 A battery nonitoring unit 105
having stored program control |s connected to a controller-battery

interface 110. The ?;&ﬁ %?ﬁai %&n% dfd-n to
sense the voltage o?aeac &ﬂjg g@g@:ﬁg’&ﬁq to sense the
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background dhafacteristic tinwe ascording to the following relation:

Q = e(a+b‘r|‘ +dn*)

Qmu

where:

Eoe = Rin = Vbanary

Qmax is maximum theoretical capacity of the battery, E o is the battery open circuit
voltage, I is the discharge current of the battery, R, is the internal resistance of the
battery, V panery is the battery voltage during discharge, T is the battery temperature,
and a, b, c, d, and ¢ are curve fitting parameters related to the design of the battery;
and solving for the remaining capacity value of reserve time t according to the
relation;

11. Apparatus for predicting a reserve capacity and remaining reserve
time of a battery in discharge; comprising:
- CHARACTERIZED BY:
voltage sensing circuitry connected to a terminal voltage of the battery;
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| nput/ actess device "117:--The_stored programcontroller als ' -
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capacity and rese !”m' gscharge to a specified e the
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batteries 101 in t _ _ _ :
comuni cat ed through the user *actess i itfface 117 to a data output which
may i nclude comuni cation with a distant output device. The conventi onal

graph of battery di S ' | r illustrated in
The I G 2 Thid di cohavaceRRng Chsuik Foniolld (o vinslig KPR girent B B! <L
anper e- hour SPARYs curve exhibits three distinct characteristic regi ons.

The initial region 2@kempérafuréSensiisldedce Dosi '&1%@ V. o the
phenonenon q; activation and ohm cgr egii s?’gngg*.‘ e%@g%nad@'{sn sgﬁrgég{hter egi on
202, shows aa&F%ual decrease in battery voltage due to a continuous

increase in the intearbaberyenonitoringirehit chindefed! 18 rocetle ihpist fitint eV dl@ge Thi S
resistive i ngh&Rs Cirtiny e Bnds sleggihg gm(:)t];m'; and tth%ntgglperann'e sensing device;
and including a reserve time prediction sub-unit having: |
a stored program controller for controiling and receiving input from the
voltage sensing circuitry, the current sensing circuitry and the temperature sensing
device and determining if the battery is discharging,
memory associated with the stored program controller and including
battery characteristic data including E o ,R in ,Q max» and battery parameters;
the stored program controller including instructions for determining a
value of:

—
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and calculating a predicted reserve time t using the equation by the relation:

=
t= 3.

12. A method of predicting a remaining capacity and reserve time of a

battery in a process of discharge, comprising the steps of:

determining an open circuit voltage of the battery;

CHARACTERIZED BY:

measuring a discharge current and discharge voltage of the battery in the
process of discharge; |

using a temperature of the battery environment in the process of
discharge; _

) detenninirig a remaining reserve capacity of the battery in a process of

discharge by deriving a value for battery overvoltage based on determined and
measured battery parameters including the open circuit voltage, the discharge
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and/or attive surface areas in the battery. The final regio

sharp decrease in the battery voltage due to the discharge
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di scharge are believed tto Be fel ated ta tghe renmni ni ng capacity of the
battery during di scharge The di scharge characteristic of a battery is

based on a ri}e Yka cit m t heoretical capacity
Q Qmax versus t ﬁ'é terrper aéyure gor rdég'gggm %&"@‘X‘bgﬁﬁmt age. Wile the
actual capacity Q maysiRgtheseseryecapacitytoodetcpmine the lreserve time remaining to a

-final end voltage.

13. A method of predicting a remaining capacity and reserve time of a

battery in a process of discharge as claimed in claim 11:

expressed as

NT = Eec = Rit = Vianery

wherein the temperature related battery overvoltage definition is

where T is battery related temperature, E  is the open circuit voltage of the battery,
IR jr is an internal battery voltage, and V banery is the discharge battery voltage.

14. A method of predicting a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 12 wherein the step of
determining a remaining reserve capacity of the battery in a process of discharge
includes expressing a ratio of remaining capacity to maximum capacity as a function

of n
where

Q

—<__ = f
Qs M)

where Q max, is a predetermined parameter of the battery embodiment.

1S. A method of predicting a remaining capacity and reserve time of a
battery in a process of dlscharge as claimed in claim 13 wherein the expression is

given the form
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ratio’is finvariant to battery size. The remaining capacity tof—; A
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" between the remaining capacity Q 10 at that battery voltadge and the
remai ni ng capacity at that end voltage. The effect oftenperature on

discharge is shown in the graph of FIG

3i3which illustrates the discharge

curves 301 and 302 of the sane battery at two different_tenperatures. The
nmet hod of predicting the remaining @pacity and reserve tine t of a 15
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- 16. A method of predicting a remaining éapacity and reserve time of a

battery in a process of discharge, comprising the steps of:

determining an open circuit voltage of the battery;

CHARACTERIZED BY:

measuring a discharge current and discharge voltage of the battery in the
process of discharge;

determining a remaining reserve capacity of the battery in a process of
discharge by deriving a value for battery overvoltage based on determined and
measured battery parameters including the open circuit voltage, the discharge
current, and the discharge voltage of the battery; '

using the reserve capacity to determine the reserve time remaining

17. A method of predicting a remaining capacity and reserve time of a -
battery in a process of discharge as claimed in claim 15:
including further measuring a temperature of the battery in the process
of discharge.

18. A method of predicting a remaining capacity and reserve time of a
battery in a process of discharge as claimed in claim 15:
including further considering that the battery is operating at ambient
temperature and utilizing that temperature.



t0 defernmine if the battery is in discharge by observing the direction of
‘current flow 20 . If the battery is not discharging the controller
continues to nonitor current flow as per block 403. If the battery is in
di scharge, battery voltage, current and tenperature are neasured and
recorded per the instructions of block 407. The instructions of block 409
use these nonitored paraneters to caltulate a battery reserve capacity. The
process uses a table of battery characteristics and paraneters 25

provi ded from nenory as per block 411. The cal cul ati on process determ nes
t he renainiqquatt ry capacity per: [err] where the term[err] is: [err]
and a, b, c, and e are curve fitting paraneters of the discharge
characteristic curve.
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- 6.-"The next step defined by the instruction of block 413-caICUIates'théf

- . gctual predicted reserve time t by the relation of: [err] The subsequent

i nstructions of decision block 415 determne if the cal cul ated reserve
capacity and tine have reached an alarmlimt. If an alarmlimt is

- reached, the alarmis sent to the user as indicated in the block 417 and
bl ock 419. If no limt has been reach®d, the decision block 421 deterhines
whet her the discharge condition is over. If discharge has term nated, the
process is ternfl6t ed2as per block 423. If the
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! dischar:ge is continuing, the flowreturns to the Bl ock 407 and
" is continued. -7- Clains: 1. A nethod of predicting a renai
.~ reserve capacity (Q and a reserve tine of a battery in a process of
di scharge, conprising the steps of determ ning an open circuit voltage-
[err] of the battery; 5 measuring a di scharge current
[err] and discharge voltage [err] of t Re battery; -
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rreasurrng a tenperature [err] of the battery; deternining
‘fesérve capacity of the battery by deriving a value for a;
t enper at ure- correct ed battery overvoltage [err], defined &

[err], is the battery internal resistance;: and using the renarnrng reserve
capacity to g}ﬁrm e the reserve ti ng. 15 2. Cancel | ed. 3.
A net hod of pr ctifg a remaining reserve capacity and a reserve tinme of a

battery in a process of discharge as recited in claim1, wherein the step
of determ ning the remaining reserve capacity of the battery further

I ncl udes 20 expressing a 40 he remai ni ng res—erve—cerpatrrry—“[—err‘]
to a maxi mm theoretical capa cS'mR]' b err] as an expé)nent | q,l“ ghe%—fasﬁeenke laced
- P i
MONITOR CURRENT (1) TO DETERMINE lI

OCCURENCE OF A BATTERY DISCHARGE ||

405

5

BATTERY ON

 DISCHARGE
?

E_oc=0CV at full charge
Qmax=Battery max> theoretical capacity
40 Rint=Battery infernal resistance

at full charge
| MEASURE BATTERY VOLTAGE (v),
CURRENT (1), TENPERATURE (T)

! 408 a1
CALCULATE BATTERY RESERVE CAPACITY: L
Q(v,,T)={Qmax)x(exp(a+by+dy) TABLE OF:
> E_oc
e Qmax
where ~ Rint
y=(E_oc~IRint-V_battery)/T g,b,c.de
a,b,c.d,e -ARE PARAMETERS OF THE FOR EVERY
DISCHCRGE BATTERY TYPE
CHARACTERISTICS CURVE

]

CALCULATE RESERVE TIuE: |41
F=Q(v,,T)/1 - -
| 415 il 49
HAVE THE RESERVE CAPACITY AND m
< TIWE REACHED AN ALKRM LIIT? SEND AR T0 USER 5
Nd 21 423
< IS DISCHARGE ovm
m _ YES




4. 7 "A'nethod of .predicting a remaining reserve capacity fang SHEEFINVBEEN {i-
time of a battery in a process of discharge as recited i clalm;&AMreln'
t he 25 exponential function is: -8- [err] where [erF—ard—e—are

~predeterm ned paranmeters determ ned by a discharge characteristic curve of
the battery. 5. A net hod of predicting a remaining reserve capacity and =
a reserve 5 time of abatteryin a process of di scharge as recited in '

clai m1 whepgPridls ANSRAPPARATUS FOR PREDICTING THE REMAINING CAPACITY AND
| RESERVE TIME OF A BATTERY ON DISCHARGE

Abstract .
A highly accurate apparatus and method of predicting remaining
capacity Q and reserve time t of a discharging battery to a selected end voltage is
determined by an arrangement considering the open circuit voltage, battery voltage,
battery temperature and its internal resistance. The remaining battery capacity Q is
determined from the difference between the battery full charge open circuit voltage
Eoc and the voltage loss due to the internal resistance of the battery IRint and the
battery voltage on discharge divided by the battery temperature T, which is the
temperature-corrected battery overvoltage.

o i \\\\

Fig. 4
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- using the rema ining reserve capaci t[f~to-deter mn S
- nl[’ RS ?BE{EEV

Minal end voltage conprises cal cul at

capacity (Q to the di scharge curre 2anARd]ggﬁ
predicting a reserve tine -of a discharging battery vvrth RS v e i

capacity [err], conprising the steps of -deternmining a ter‘rperat ure-corrected
battery o_vervoltage [err], defined as: [err] where [err] is the battery
internal resistance, [err] is the- battery open circuit voltage, [err] is

t he di schar YETHQD AXDABPARATUS FOR, PRENICTENG THEREMAINING el ating: the |

t enper at ur e-CAPACIIYEAND [RESERVE MBEY OF a0 BATTERY aN @IstHaRGe:rral ning

- reserve Capaﬁb‘d’o‘ﬂ\alﬂ@eﬁm di scharging .

This invention relates to apparatus and a method of 1 measunng and
predtcnng the remaining capacxty and reserve time ofa dxschargmg battery. Itis
: 'pameularly concerned with pred1ctmg the capacity and reserve time of flooded or
sealed lead acid batteries during dlscharge to an end-voltage
Back iround of the Invention
Pxedxctmg the remaining capacxty and reserve time of a battery is
1mponant to the proper management of battery plants and of batteries remotely
located. The fundamental method of prediction, of the prior art, is based on the
- Peukert equauon

L=

' fﬁﬁlﬁ# feF *r‘e*“s‘fagdé‘-"
{

Bamronrorprosn ——

lt=_.a.Ib ' _ . (ll)_'..

whexe tis the reserve time t0 a given end voltage, 11is the discharge current and "a
and "b’ are empmcally determined parameters The remaining reserve time during
discharge is obtained by subtractmg the actual time of discharge from the value "t
given by the equation. The only real time data used i in this approach is the discharge
current I, and the parameters "a” and "b’ must be experimentally detertnined by
extensive testmg, data acquisition and parametric analysis. Once determined, these
values are fixed and do not ‘adapt 1o changing condmons and are not responsive to
changmg load reqmrements _ _
~ An attempt to be more responswe 10 changes in battery behavior during
discharge is’  disclosed in the patent apphcanon Serial No. 08/013272, filed February
4, 1993, submmed by D. Levine et al which utilizes matrices of predetermined
parameters which cont_ain correlations for the slope of the voltage-versus-discharge o
~ time at various discharge currents, battery voltages during discharge and end
voltages. The use of voltage—versus;titne slopes for prediction allows the method to
be highly adaptable to changes in battery behavior during discharge. This method
requn'es extensive testing to derive the data to populate the matnces

eet Has Been Replaced

\\||\|\\ am



P

.20 ‘battery to the maxi mum capacity [err]; and measur i pg =1
turrent (1) and dividing the remaining reserve capacity o ﬁ@%ﬁM%E@T
battery by the discharge current to determ ne-the reservejtime t MAKITW
the battery to.an end voltage. 25 = - - 7. A nmeth Cb;ﬂé ;f'é
reserve time of a discharging battery with a known naxi nutt—capaciey—a
recited in claim 6, wherein the step of exponentlally relating.the
t enperature-corrected battery overvoltze 0 a ratio of -8a- the
r EITBI I’ll ng r ..V__!" .7-- .S.L -i. LL‘\‘..l- } N e X

CAPACITY AND RESERVE TIME‘. OF a BATI'ERY ON DISCHARGE
Abstract

A Iughly accurate apparatus and method of predicting : remammg _
capacity Q and reserve nme t of a discharging battery to a selected end voltage is
determmed by an arrangement considering the open c1rcu1t voltage, battery voltage,

- battery temperature and its internal resistance. The remaining battery capacity Q is
- determined from the difference between the battery full charge open circuit vol_tégg:
Eoc and the voltage loss due to the internal resistance of the battery IRint and the -
~ battery voltage on discharge divided by the battery temperature T, which is the
temperature-corrected battery overvoltage.

Fig. 4



capacity [err] includes evaluation of the equation: [err] 'FéAﬁizfv‘éENTgs,Hsth
and e are predeterm ned parameters deternined by a dischar|ge chaga@ﬁél @%c
curve of the battery. 8. Cancel | ed. -9- 9. A et hoBaef:. . Pricdkict wug)...

a remaining reserve capacity (Q and a reserve tine of a battery,
conprising the steps of neasuring a discharge voltage ofthe battery,
nmeasuring a di scharge -1-

METHOD AND APPARATUS FOR PREDICTING THE REMAINING
CAPACITY AND RESERVE TIME OF A BATTERY ON DISCHARGE
Field of the Invention '
This invention relates to an apparatus and method for measuring and
5 predicting the remaining capacity and reserve time of a discharging battery. It is
particularly concerned with predicting the capacity and reserve time of flooded or
sealed lead acid batteries during discharge to an end-voltage.
Background of the Invention
Predicting the remaining capacity and reserve time of a battery is
10 important to the proper management of battery plants and of batteries remotely
located. The findamental method of prediction, of the prior art, is based on the
Peukert equation:
t=al (1)

15 where t is the reserve time to a given end voltage, I is the discharge current and “2”
and “b” are empirically determined parameters. The remaining reserve time during
discharge is obtained by subtracting the actual time of discharge from the value “t”
given by the equation. The only real time data used in this approach is the discharge
current I, and the parameters “a” and “b” must be experimentally determined by

20 extensive testing, data acquisition, and parametric analysis. Once determined, these
values are fixed and do not adapt to changing conditions and are not responsive to
changing load requirements.

An attempt to be more responsive to changes in battery behavior during
discharge is disclosed in the United States Patent Application Serial No. 08/013272,

25 filed February 4, 1993, submitted by D. Levine ef al., which utilizes matrices of
predetermined parameters that correlate the slope of the voltage-versus-discharge
time at various discharge currents, battery voltages during discharge and end
voltages. The use of voltage-versus-time slopes for prediction allows the method to
be highly adaptable to changes in battery behaviof during discharge. This method

30 requires extensive testing to derive the data to populate the matrices.
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’ ' ) ' ey A T
current of- the battery and neasuring a tenperature of the H&Eﬁ%”ﬁﬁSHEE
‘determine a 5 tenperature-corrected battery overvoltage [err% qﬁcnﬁgﬁ
as: [err] where [err] is the battery open,circuit voltage ﬂ

di scharge current of the battery, [err] i§ the internal resistance of the

battery, [err] is t i rge Vol t e

tenperature of the‘%?f@‘?ﬁﬁaé’fgpﬁ*ﬁ%@ $"éﬁé‘f‘ﬁi?‘n§°€"§g‘ép\§ lf:“g%ém ty (Q
using a di schargse 860, operate§ by Arhsking theCdifftteN® Hebiedntatteivioltage duiriigd curve
defined by the equatlon err] where [err] a, b, ¢, d and e are

pr edet er m ned disgharge and the batteny plateay woltage,di schar ge characteristic curve of
the battery; and determning the reserve tine according to the relation:

During discharge this difference is plotted against a ratio of discharged
capacity to the total discharge capacity available:

0 C QuunedQuentie (&

The plot, created from measured data, is a single curve having an
exponential and a linear region. This curve is used to determine remaining capacity
and reserve time from the measured discharged capacity Qs and the plateau

15 voltage V,,. Asin the above described method, extensive prior testing and data
analysis of the particular battery being monitored is required, and the method does
not account for aging of the battery since the plateau voltage is a predetermined
fixed value.

Another approach to determining the reserve time of a discharging

20 battery, discl_osed in US patent 4,876,513 , takes advantage of the fact that when
battery voltages (corrected for internal resistance) are plotted versus a ratio of
ampere hours remaining to ampere hours available to a certain discharge voltage all
discharge curves fall on a single curve. The battery voltages are calculated using a
battery internal resistance that is measured periodically during discharge.

25 None of the existing methods for evaluating the state of a discharging
battery works accurately at all temperatures, requires only a minimal number of
parameters and is independent of the battery type being monitored.

Summary of the Invention
_ Therefore according to the invention, a method and apparatus for

30 predicting reserve capacity and reserve time of a battery on discharge is provided.

A highly accurate apparatus and method of predicting remaining
capacity Q and reserve time t of a discharging battery to a selected end voltage is
based on measurable battery parameters and does not require extensive pretesting of
the battery. The battery reserve time t of a discharging battery is determined by an

35 arrangement considering the discharge current (I), battery voltage (V,,,,,,;), battery
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[err] -10- 10. A net hod of predicting a renaining reseljvBEBAASHENT SPEET
and a reserve tine (t) of a discharging battery, conprisinglthe ste Bf'
measuring di scharge data of the battery at sel ected constant| ditsc af@ETQQQ‘
currents to derive a characteristic dischabge curve for the battery, saret5

curve defined by the equation: [err] where [err] is defined as a
t enper at ur e- cotemeratdre(d) and thechatteryds integmal nesistange GRyh| The remaining battery

10

15

20

- capacity Q is determined from the ratio between a maximum theoretical capacity

Q... and its present capacity Q. A term defined by a sum of the battery full charge
open circuit voltage Eoc and the voltage loss due to the internal resistance of the
baﬁery IR, and the battery voltage on discharge divided by the battery temperature
T, is computed as the temperature-corrected battery overvoltage 1.

E _~IR -V,
n= oc int battery (4)

T

The characteristics of the battery discharge are reduced to a ratio of the
remaining battery capacity to maximum theoretical capacity:

Q2
O | ®

This normalized battery capacity value is plotted versus the
temperature-corrected battery overvoltage to produce a discharge characteristi;:
curve that is invariant to discharge rates, temperatures, battery size, and aging
effects and which is dependent only on the battery’s internal design. This
normalized battery capacity is determined by fitting parameters to the value 1 by the
relation

9 _ o pasntean
O ©

to characterize the discharge characteristic and determine Q.
A reserve time t is calculated from the determined value using the

relation

Y
t=< 9

The characteristic curve and the dynamic variables are stored in a
computer and processed continuously to provide a continuing real time prediction of

the remaining capacity and reserve time t of the battery on discharge.
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of: [err] and where [err] is a maxi mumtheoretical capacit
[err] s a battery open circuit voltage, | is a discharge
battery, [err] is an internal 10 resi sg ance ofthe batt :

battery voltage during discharge, [err] iS a battery tenper e, —and &, 0,

, d, d [ L] .S..and. solvi for the reserve tine
;ccor d?gg '? oa'[ %5&%\#’:‘@%&%&}3?%}%%%Eﬁmﬁ%‘%aﬁ“%ﬁfg hfﬁp&ﬁ?l?ﬁﬁs? Stgr remai ni ng
reserve capaci linfitdd TI8¢ cémples Chidnges during didchiifge aie) befibvedl todelrelatéd to the

conprising: voltage sensing circuitry connected to a voltage term nal of
the battery; remaining capacity of the battery during discharge.

%

- The discharge characteristic of a battery is based on a ratio of remaining
5 capacity/maximum theoretical capacity Q/Qmax versus the temperature corrected
battery overvoltage. While the actual capacity Q may be used in place of Qmax, the
ratio is invariant to baftery’ size. The remainiﬁg capacity to an end voltage, at a
given battery voltage, is calculated from the difference between the remaining
capacity Q
10 at that battery voltage and the remaining capacity at that end voltage.

The effect of temperature on discharge is shown in the graph of FIG. 3,
which illustrates the discharge curves 301 and 302 of the same battery at two
different temperatures.

The method of predicting the remaining capacity and reserve time t of a

15 discharging battery according to the stored instructions of the controller is shown in
the flow diagram of FIG 4. The process starts at terminal 401 and proceeds to the
block 403 whose instructions have the controller retrieve the discharge current
sensed by the interface monitor. The instructions operate, as per decision block 405,
to determine if the battery is in discharge by observing the direction of current flow.

20 If the battery is not discharging the controller continues to monitor current flow as
per block 403. Ifthe battery is in discharge, battery voltage, current and
temperature are measured and recorded per the instructions of block 407. The
instructions of block 409 use these monitored parameters to calculate a battery
reserve capacity. The process uses a table of battery characteristics and parameters

25 provided from memory as per block 411. The calculation process determines the

remaining battery capacity per:

QV.LT) = (Queo) x exp(a + by + dy°) ®
where the term 1, is:
_ (Eoc - IRint - Vbaﬂety)
- - ©

and a, b, ¢, d and e are curve fitting parameters of the discharge characteristic curve.

SUBSTITUTE SHEET



_11- current sensing circuitry connected for sensing a dis r&?d@%&%@%ﬁ I
(1) of the battery .a tenperature sensing device positione ng?gwgs

tenperature [er a bat
circuit connectu m ” H ﬂ Cmﬁut fromthe voltage sensing ci rcwtry, T e

current sensing tircuittry am e terrperature sensi ng devi ce, and i ncluding
a reserve tinme prediction sub-unit havi ng a stored programcontroller for

controlling and receiving i nput from
Claims:

1. A method of predicting a remaining reserve capacity (Q) and a
reserve time of a battery in a process of discharge, comprising the steps of:
determining an open circuit voltage (E,,) of the battery;
5 measuring a discharge current (7) and discharge voltage (V;,,,) of
the battery;
measuring a temperature (7) of the battery;
determining the remaining reserve capacity of the battery by
deriving a value for a temperature-corrected battery overvoltage (), defined as:

10 E -IR -V

_ Teoc int battery
n=

T
where R,, is the battery internal resistance; and

2

using the remaining reserve capacity to determine the reserve time.
15 2. Cancelled.

3. A method of predicting a remaining reserve capacity and a reserve
time of a battery in a process of discharge as recited in claim 1, wherein the step
of determining the remaining reserve capacity of the battery further includes

20 expressing a ratio of the remaining reserve capacity (Q) to a maximum theoretical

-capacity (Q,...) as an exponential function.
4, A method of predicting a remaining reserve capacity and a reserve

time of a battery in a process of discharge as recited in claim 3, wherein the
25 exponential fanction is:

SUBSTITUTE SHEET



thg vol tage sensing circuitry, the current sensing circui
‘tenperature 10 f@
di schargi ng; nenory associated with the stored program cofjtPaét.grl. %@1995 .....

sensing device and determning if the Ratter

r RERACENENT SHEET

i ncluding data indicative of a battery open circuit voltageterrr—a

battery internal resistance [err] and a nmaxi numtheoretical capacity [err];
the stored program controller including r8structions for determning 15
[err] where [err] is a tenperature-corrected battery

a val ue of:

overvol t agé para TTEt“Efr‘Gﬁt‘he—battery,gand a, b, ¢, d, and e are curve

fitting para
[err]

10

15

20

25

[T e

where Q... a, b, ¢, d, and e are predetermined parameters determined by a

discharge characteristic curve of the battery.

5. A method of predicting a remaining reserve capacity and a reserve
time of a battery in a process of discharge as recited in claim 1 wherein the step of
using the remaining reserve capacity to determine the reserve time to a final end
voltage comprises calculating a ratio of the remaining reserve capacity (Q) to the
discharge current (I).

6. A method of predicting a reserve time of a discharging battery with
a known maxinmm capacity (Q,,,), comprising the steps of:
determining a temperature-corrected battery overvoltage (1),
defined as:

E -IR

oc¢ int
T
where R,, is the battery internal resistance, £, is the battery open circuit voltage,

B Vban‘ery

H

'|'I'=

Vsanery is the discharge voltage of the battery;
| e)q)dnentially-relating the temperature-corrected  battery
overvoltage to a ratio of a remaining reserve capacity (Q) of the discharging
battery to the maximmm capacity (Q,,.); and
measuring a discharge current (/) and dividing the remaining reserve
capacity of the discharging battery by the discharge current to determine the
reserve time to discharge the battery to an end voltage.

7. A method of predicting a reserve time of a discharging battery with
a known maximum capacity as recited in claim 6, wherein the step of

exponentially-relating the temperature-corrected battery overvoltage to a ratio of

SUBSTITUTE SHEET

e expl2PVEt i ne using the equation:



12. A method of predicting a remaining reserve capacity (Qeapda20r SHEET
‘reserve tinme (1) of a batterys—econprising the steps of det

circuit vol tage 'ﬂﬂkfgﬂfﬁ"t he battery; nmeasuring a discharg rg&glf ﬁ@fﬁ@h |

and di scharge v he battery; neasuring a te
of the battery; od of predicting a remaining reserve
capacity (Q and reserve tlrre (t) of a-$mttery, conprising the steps of:

determ ning an open circuit voltage [err] of the battery;
the remaining reserve capacity () of the discharging battery to its maximum

capacity (Q,..) includes evaluation of the equation:

Q9 _ explasentan)

Do

where a, b, ¢, d and e are predetermined parameters determined by a discharge

characteristic curve of the battery.

8. Cancelled.

a ZRCE—



P — i ———— ol e

EPLACEN
measuring-a di scharge current (1) and di scharge vol tage [erfr F % C‘h ENT SHEET

"battery; neasuring a tenperature (T); deriving a value for aD?te...3....@5.@..139.6.._..
J s

St || [ A

[err] is the batt
capacity (Q, where le ref atSed*t o [err] by the expression: [err] where
[err] is a maxi mum theoretical capacity9f the battery and a, b, c, d and e

are predeterm ned garamaters determ ned by a discharge characte tlc curve
of the battery; A method of predicting a remaining reserve capacity (Q) -an

reserve time of a battery, comprising the steps of:
measuring a discharge voltage of the battery, measuring a discharge
current of the battery and measuring a temperature of the battery to determine a
5 temperature-corrected battery overvoltage (1)) defined as:

Eoc - IRmt - Vbaﬂcxy
T

1‘|=

where E,, is the battery open circuit voltage, [ is the discharge current of the
battery, R,, is the internal resistance of the battery, Vi, is the discharge voltage
of the battery and 7'is the temperature of the battery;

determining the remaining reserve capacity () using a discharge

10 characteristic curve for the battery, said curve defined by the equation:

Q2 . exp(@+Hn )
O e

where O,., a, b, ¢, d and e are predetermined parameters determined by a
discharge characteristic curve of the battery; and
determining the reserve time according to the relation:

Q

Reserve Time =

SUBSTITUTE SHEET



and deternmining the reserve tine by calculating a ratio 4f pthesssaBinisRgsT i

‘reserve capacity (Q to the: di scharge current (1). 17. A rret hod_of

predicting a re apacity and a reserve ti Dg@ aBE@rwgﬁa
recited in clai HmH“"MEEﬂm d step of neasuring ate
the step of neassringia wenperature of the battery. 18. A net hod of
predicting a remaining reserve capacityl@nd a reserve tine of a battery as
recited in claim16, wherein said step of neasuring a terrperature conpri ses
the step of neasurifg ah mﬂloérﬂfnfmi getaRining eservgi Pyt ()yandtahe

tenperature of bat er med .t ai d e t erat ure about
Salrrg bat'ltjery osbiV i e(t)o aﬁsc?llafrgngba?tery,c mi’nﬂggnall SP sof"P u u

measuring discharge data of the battery at selected constant
discharge currents to derive a characteristic discharge curve for the battery, said
5 curve defined by the equation:

_._Q = exp(a"'brl""dn.),

O
where 1 is defined as a temperature-corrected battery overvoltage having a value
of:
n= Eoc B IRint - Vbattet:y
T

and where Q. is a maximum theoretical capacity of the battery, E,, is a battery
open circuit voltage, / is a discharge current of the battery, R, is an internal

10 resistance of the battery, Vi, is a battery voltage during discharge, 7 is a battery '
temperature, and g, b, c, d, and e are curve fitting parameters; and solving for the
reserve time according to the relation:

W
~JIo

11.  Apparatus for predicting a remaining reserve capacity (Q) and a reserve
15 time () of a battery, comprising;
voltage sensing circuitry connected to a voltage terminal of the

battery;
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12 13. Cancel | ed. 14. A et hod of predi cting a remaini ni FI’@S.@DE@“NTSHEET 1
rcapacity and a reserve tinme of a battery as recited in cl m12 ﬁ/nereln
3t 8 Baﬂﬂgﬁry

the step of deternmining the 5 remai ni ng reserve capaci

i ncl udes expresg) emai ni ng reserve capacity
t heoreti cal capammmllénu ,!Be battery as a function ofthe
t enper at ure-correcte esy ervoltage [err], said function being: [err]

15. A nmet hod of predicting a remaini ng Teserve capacity (Q and a 10
reperve time of A batt ety ki ol oftbiRi for LRSREh Risbiilrfe bitftat ' On !>
() of the battery;
a temperature sensing device positioned for sensing a temperature
(7) of the battery; '
5 a battery monitoring circuit connected to receive input from the

voltage sensing circuitry, the current sensing circuitry and the temperature sensing
device, and including a reserve time prediction sub-unit having:
a stored program controller for controlling and receiving input from
the voltage sensing circﬁitry, the current sensing circuitry and the temperature
10 sensing device and determining if the battery is discharging; _
memory associated with the stored program controller and mcluding
data indicative of a battery open circuit voltage (£,,), a battery internal resistance
(Ry), and a maximum theoretical capacity (Qp);
the stored program controller including instructions for determining
15 a value of: '

Q ' explavtnisin’)
O o

where 1) is a temperature-corrected battery overvoltage parameter of the battery,
and q, b, ¢, d, and e are curve fitting parameters, and calculating the reserve time

using the equation:

.
it
~ o

12. A method of predicting a remaining reserve capacity (Q) and a
20 reserve time (¢) of a battery, comprising the steps of:
determining an open circuit voltage (£,,) of the battery;
measuring a discharge current (7) and discharge voltage (V,,,,,) of
the battery;
measuring a temperature (7) of the battery§
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. g . . S
where a, b, ¢, d and e are curve fitting paraneters that {aRERDFAGHEENT SHEET |
“functiron to a characteristic discharge curve of the battefjy. . A

Voater 3T DEol986)..

o

of abattery. co MMM .< o G2 7 hni vt & open TrrerTe—verERye

of the battery; reasurtng"a i Scharge clgrrent [err] and di scharge vol tage
of the 5 battery; determ ning the Teffai ning reserve capacity of the
battery by

deterniining the remaining reserve capicity of the battery by
deriving a value for a temperature-corrected battery overvoltage (1)), defined as:

- Eoc B IRinr - Vbati'ery
T

n

5 where R,, is the battery internal resistance; and

using the remaining reserve capacity to determine the reserve time.
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deriving a val U€+01L—ar—t—eﬂ°pe+LaLuLe corrected battery overvq e M

det erm ned and tter araneters including the o ﬁ@g?’?‘cgﬁé ﬂT%HEET

vol tage, the di qmmlgﬂﬁ! :HHJJ nd t he di scharge vol tage 9f phg. Jat ﬂEEy@gﬁ
Lating

and 10 g the reserve tine by cal aratrio:

of the remaining reserve capacity (Q to.the discharge current [err]. 17.
A nethod of predicting a remaining reserv capacity and a reserve tinme of a

battery as recited ig clgf'lmrlnqhgd further conprising the step of: 15
measuring a terrperat1 T ¢ battery. 18. A nmet hod of predicting a

remai ni ng reserve capacity and a reserve tinme of a battery as recited in
claim17, wherein said tenperature of the battery is assuned to be an
ambi ent t enper at ur e ldbou®A method ofyiredicting a4@maining reserve capacity and a reserve

time of a battery as recited in claim 12, wherein the step of determining the
5 remaining reserve capacity of the battery includes expressing a ratio of remaining
Teserve capacity to a maximum theoretical capacity (Q,.) of the battery as a
fimetion of the temperature-corrected battery overvoltage (1), said function being:

2 .
o J()

15. A method of predicting a remaining reserve capacity (Q) and a
10 reserve time of a battery as recited in claim 14 wherein said function is:

Y (avbn®sdn®)
= exp s
o

where a, b, ¢, d and e are curve fitting parameters that tailor the function to a
characteristic discharge curve of the battery.
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16. A method of predicting a remaining reserve capacity (Q) and

reserve time (t) of a battery, comprising the steps of:

determining an open circuit voltage of the battery;

measuring a discharge current (/) and discharge voltage of the
battery;

determining the remaining reserve capacity of the battery by
deriving a value for a temperature-corrected battery overvoltage based on
determined and measured battery paranieters including the open circuit voltage, the
discharge current, and the discharge voltage of the battery; and

determining the réserve time by calculating a ratio of the remaining
reserve capacity (Q) to the discharge current .

17. A method of predicting a remaining reserve capacity and a reserve
time of a battery as recited in claim 16, further comprising the step of:
measuring a temperature of the battery.

18. A method of predicting a remaining reserve capacity and a reserve
time of a battery as recited in claim 17, wherein said temperature of the battery is
assumed to be an ambient temperature about said battery.
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' 16. A method of predicting a remaining reserve capacity (Q) and reserve time
(t) of a battery, comprising the steps of:
determining an open circuit voltage (E,) of the battery;
measuring a discharge current (I) and discharge voltage (Vyue,) of the
battery;
measuring a temperature (T); .
| deriving a value for a temperature-corrected battery overvoltage (n),
defined as: |

- Eoc - IRim - Vbarmy
n= -

where R,, is the battery internal resistance;
determining the remaining reserve capacity (Q), where Q is related to
1 by the expression:
9 _ explatn’rany

Ormax

where Q. is 2 maximum theoretical capacity of the battery and a, b, ¢, d and e are
predetermined parameters determined by a discharge characteristic curve of the battery;
and

. . determining the reserve time by calculating a ratio of the remaining
reserve capacity (Q) to the discharge current (). .

17. A method of predictihg a remaining reserve capacity and a reserve time

of a battery as recited in claim 16, wherein said step of measuring a temperature

comprises the step of measuring a temperature of the battery.

18. A method of predicting a remaining reserve capacity and a reserve time
of a battery as recited in claim 16, wherein said step of measuring a temperature
comprises the step of measuring an ambient temperature about said battery, the
temperature of the battery assumed to be said ambient temperature about said battery.



