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METHOD AND APPARATUS FOR PREDICTING THE REMAINING CAPACITY AND 

RESERVE TIME OF A BATIERY ON DISCHARGE 

Field of the Invention 

This invention relates to apparatus and a method of measuring and 

predicting the remaining capacity and reserve time of a discharging battery. It is 

particularly concerned with predicting the capacity and reserve tim~ 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 

imponant 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: 

(1) 

where tis the reserve time to a given end voltage, I is the discharge cUII'Cnt and "a" 

and "b' are empirically detennined 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 u~ in this approach is the discharge 

current I, and the parameters "a" and "b' must be experimentally detennined 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 conelations for the slope of the volta~-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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Anoth~ approach, disclosed by R. Biagetti and A. Pesco in U.S. Patent 

4,952,862, operates by measuring the difference between battery voltage during 

discharges and the battery plateau voltage, 

(2) 

During discharge this difference is plotted against a ratio of discharged 

capacity to the total discharge capacity available: 

Qremoved /Q to-end-voltage (3) 

This plot, created from measured data, is a single curve having an 

exponential and a linear region. This curve is used to detennine remaining capacity 

and reserve time from the measured discharged capacity Qranoved and the plateau 

voltage V p· 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 voltages (cOITeCted for internal resistance) are plotted versus a ratio of 

ampere hours remaining to ampere hours available to a cenain 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 1and11. 

A highly accurate apparatus and method of predicting remaining 
··: 

capa~ity Q and reserve time t of a discharging battery to a selected end voltage is 

based on measurable battery parameters and does not requim extensive pretesting of 

the battery. The battery reserve time t of a discharging battery is detennined by an 
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arrangement considering the discharge current, battery voltage, battery temperature 

an4 the battery's internal resistance. The remaining battery capacity Q is detennined 

from the ratio between a maximum theoretical capacity Qmax and its present 

capacity Q. A tenn 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 int and the 

battery voltage on discharge divided by the battery temperature T, is computed as the 

temperature-corrected battery overvoltage 11· 

(4) 

The characteristics of the battery discharge are reduced to a ratio of a 

single remaining battery capacity to maximum theoretical capacity: 

Q 
Qmax (5) 

This nonnalized 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 nonnalized battery 

capacity is related by fitting parame~rs to the value 11 by the relation 

Q = exp<•+ b11" + d1'19) 
Qmax 

to characterize the discharge characteristic and detennine Q. 

(6) 

A reserve time t is calculated from the detennined value using the 

relation 

t = Q 
I (7) 

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. 

....... 



-4-

Brief Description of the Drawing 
FIG. 1 is a block schematic of a battery plant and its monitoring system; 
FIG. 2 is 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 vel'Sus temperature-corrected battery overvoltage; and 

FIG. 4 is a flow graph illustrating the method of detennining 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 
plurality 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 stting of battery cells 
101-1to101-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 battery 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. 1be 
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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reactants, whose transport to the electrode surf aces has become mass-transfer 

limited. These complex changes during discharge are believed to be related to rhe 

remaining capacity of the battery during discharge. 

The discharge charactedstic of a battery is based on a ratio of remaining 

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 stans at tenninal 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) = (Qmu;) x exp(a + b'l'\c + d11e) (8) 

where the tenn 11 is: 

(Eoc - IRw - V baacy) 
Tl = T (9) 

and a, b, c, d and e are curve fitting parameters of the discharge characteristic curve. 
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The next step defirted by the instruction of block 413 calculates the actual predicted 

reserve time t by the relation of: 

t = Q(V ,I, T)/I (10) 

The sub~uent instructions of decision block 415 determine if the calculated reserve 

capacity and time have reached an alarm limit. If an alann limit is reached, the alann 

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 tenninated, the process is tenninated 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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Claims: 

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

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

detennining 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; 

detennining a remaining reserve capacity of the battery in a process of 

discharge by deriving a value for battery overvoltage based on detennined 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 detennine 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 

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 

detennining 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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where Qmax, ~-b• c, d, and e are predetetmined parameters detennined by the battery 

embodiment; 

5. 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 step of using the 

reserve capacity to detennine the reserve time remaining to a final end voltage 

includes a step of measuring a discharge cWTent 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: 

detennining 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 = e<•+b1t+d11•> • 
Qmu 

8. 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 detennining 
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temperature dependence includes evaluation of the equation, 

Eoc - IR int - V bauery 
~ = ------------------------------

T 

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 ~ of the form: 

E oc - IR uu - V battery 
~ = -------------------------~ T 

where E oc is the battery open circuit voltage, I is the discharge current of the battery, 
R int 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<•+b1\c+dTt0
) 

Qmax 

and using predetermined values for the parameters Q max ,a, b, c, d, and e; 
and determining the reserve time according to the relation: 

Reserve Time = ~ . 
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10. A method of predicting the remaining capacity and reserve time of a 

discharging battery, characterized by the steps of: 

measuring discharge data of the battery at selected constant discharge 

curtents to derive a battery capacity versus temperature corrected battery overvoltage 

characteristic curve according to the following relation: 

where: 

_g__ = e<a+b11c+d11•) 

Qmax 

Qmax is maximum theoretical capacity of the battery, Eoc is the battery open circuit 

voltage, I is the discharge current of the battery, R int is the internal resistance of the 

battery, V baaery is the battery voltage during discharge, T is the battery temperature, 

and a, b, c, ~ and e 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; 

t = Q 
I 

11. Apparatus for predicting a reserve capacity and remaining reserve 

time of a battery in discharge; comprising: 

CHARACTERIZED BY: 

voltage sensing circuitty connected to a terminal voltage of the battery; 

I 
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current sensing circuitry connected for sensing a load current of the 
battery; 

a temperature sensing device positioned for sensing a temperature of the 
battery; 

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 circuitry' the current sensing circuitry and the temperature sensing 
device and detennining if the battery is discharging, 

memory associated with the stored program controller and including 
battery characteristic data including Eoe,Rint,Qmax, and battery parameters; 

value of: 

the stored program controller including instructions for determining a 

Q = e<•+b11•+d11•> 
Qmax 

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

t = Q 
I . 

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 ~attery; 
CHARACTERIZED BY: 
measuring a disc~arge current and discharge voltage of the battery in the 

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

discharge; 

determimng 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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using the reserve capacity to detennine the resene 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: 

wherein the temperature related battery overvoltage definition is 
expressed as 

where Tis battery related temperature, Eoc is the open cin:uit voltage of the battery, 
IR inl is an internal battery voltage, and V battery 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 
detennining 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 
ofTt 
where 

Q = f(Tt) 
Qmax 

where Qmu, is a predetennined parameter of the battery embodiment. 

15. A method of predicting a remaining capacity and reserve time of a 
battery in a process of discharge as claimed in claim 13 wherein the expression is 
given the form 
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Q = e<•+b11C+d11•) 

Qmu. 

· 16. A method of predicting a remaining cap~ity and reserve time of a 

battery in a process of discharge, comprising the steps of: 
determining an open ciri:uit voltage of the battery; 
CHARACTERIZED BY: 
measuring a discharge current and discharge voltage of the battery ~ 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 detennined and 
measured battery parameters including the open circuit voltage, the discharge 
current, and the discharge voltage of the battery; 

using the reserve capacity to detennine 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 funher considering that the battery is operating at ambient 

temperature and utilizing that temperature. 


