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Abstract

This paper presents a microcontroller-based, on-line battery state-of-charge (SOC) estimator, and monitoring system for sealed lead—ac
batteries, used as back-up power supplies in various applications. The proposed SOC estimation system consists of a combination of tl
discharge time versus discharge rate data given in manufacturers’ data sheets, and coulometric measurements. Battery SOC monitoring te
have been carried out under both constant and dynamic load conditions, and for alternate charge—discharge cycles of lead—acid batteri
of different capacities, and for different operating temperatures. The test results have shown that a very good accuracy in the estimatio
of available capacity is obtained for various practical operating conditions. Changes in battery characteristics which occur due to ageing
are also taken into account by estimating the actual capacity of the battery, and adopting the corresponding recharacterization of the age
lead—acid cells.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction is impractical for continuous use due to lengthy stabiliza-
tion period required after charge or discharge cycles. The
The energy capability of a battery depends on both con- open-circuit voltage measurement is also an accurate indi-
structional parameters such as material composition andcator of SOC but, similar to the specific gravity measure-
geometry, and operating parameters such as the dischargenents, it requires quite a long stabilization period. Hence,
rate (load current), temperature, age, and end voltage. Thethis method cannot provide a continuous, on-line indication
available charge, or state-of-charge (SOC) of the battery is aof the SOC, as required in applications where the continuity
complex function of these parameters, as well as the serviceof service is of utmost importance.
history. A continuous, on-line indication of SOC of batteries,  For a constant load current, which is not the case for most
and estimation of their available capacity are of considerable equipment, loaded voltage measurements also can give an
importance for continuity of service. Several practical tech- indication of the remaining capacity of lead—acid cells. Vari-
nigues are available to estimate SOC of lead—acid batteriesous models have been proposed based on the discharge volt-
[1-10] such as specific gravity, open-circuit voltage, loaded age versus time characteristics. Estimates of SOC have been
voltage, and coulometric measurements (ampere-hourmade by redrawing manufacturer’s discharge voltage ver-
counting). Monitoring of SOC by the use of wire wound sus time characteristics based on changes in internal battery
coils with an accuracy at10%, and the optical absorption parameterg?] to be measured. Some curve fitting models
techniques have also been described in the literditdré 2] have been employed to match the discharge voltage versus
The specific gravity is a direct indication of the SOC be- time characteristics to exponential, parabolic, and hyperbolic
cause, it shows the concentration of acid in the electrolyte. curves[3-5]. A parameter set is then required for each dis-
The measurement is performed with a hydrometer, but it charge condition, besides the necessity for accurate voltage
measurements over a harrow range. Evaluation of lead—acid

. : . battery capacity using a mathematical model taking into ac-
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valid for a wide range of discharge rates, and temperaturesby measuring the battery current. The proposed system has
has been employed i7] as related to telecommunications been implemented to monitor the SOC of sealed lead—acid
back-up power supply application, with an estimation ac- battery blocks used as telecommunication back-up power
curacy of not less than 10%, after 10% discharge of rated supplies, and tested in the field under various operating con-
capacity. ditions.
In coulometric measurements, however, the amount of
capacity taken out or put into a battery are measured in
terms of ampere-hour. Charge accumulation technifigles 2. SOC estimation
where SOC is determined by monitoring battery charge and
discharge current are impractical in the long term due to  Discharge time against discharge rate data of lead—acid
accumulation of error. The use of correction factors is re- batteries given in manufacturers’ data sheets are used to take
quired when different discharge rates and ambient temper-into account the effect of discharge current rate during coulo-
atures are employed. These are only average estimated valmetric measurements. The coefficients of discharge current
ues, and do not cover all combinations of operating condi- rate thus obtained are then combined with battery current,
tions. A monitoring technique combining the open-circuit and ambient temperature measurements for on-line moni-
voltage under no-load condition, and coulometric measure- toring of the battery SOC, during discharge periods. During
ments under constant load has been implement¢d] ion charge, only coulometric measurements are made by taking
a microcomputer-based circuit. In this technique, a 30 min into account the charging efficiency, and ambient tempera-
rest period was used in measuring the open-circuit voltage.ture, for either constant voltage or constant-current charge
Each of these techniques has its own drawbacks. Some ofstrategies.
them require the measurement of open-circuit battery volt-
age over relatively long time periods, which is not practical 2.1. SOC estimation during discharge
in applications where batteries should always remain con-
nected to the system as back-up, for continuity of service. The curves irFig. lillustrate the typical discharge char-
Furthermore, SOC monitoring based on battery voltage mea-acteristics of sealed lead—acid batteries for an ambient tem-
surement under load requires a high resolution, in order to perature of 20C [1]. ‘C’' expresses the available capacity
obtain accurate results of estimation in the flat portion of the of the battery measured at 20 h discharge rate. Available ca-
non-linear discharge characteristics. pacity of a maintenance-free sealed lead—acid battery is de-
In this paper, a microcontroller-based, on-line SOC esti- termined at 20C, by discharging the battery at a 20 h rate
mator has been proposed for sealed lead—acid batteries durto an end voltage of 1.75V per cell. The dotted liné-ig. 1
ing both discharge, and charge periods, using a combinationindicates the lowest recommended voltage (end voltage) un-
of the actual battery discharge time versus discharge rateder load, at various discharge rates. In general, lead-acid
data, and coulometric measurements. The proposed techbatteries are damaged in terms of capacity, and service life
nigue does not require any open-circuit battery voltage mea-if discharged below these recommended end voltages.
surement. The available capacity of the battery is estimated Actual capacity of the battery is different from the avail-
automatically at the end of each discharge period by measur-able capacity when it is discharged at a rate higher than 20 h
ing the battery voltage, and at the end of each charge perioddischarge rate. It is clear froffig. 1 that the ampere-hour
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Fig. 1. Typical discharge curves of ax412V lead—acid battery block at various discharge rafes-(20°C).



332 Y. Cadirci, Y. Ozkazang/Journal of Power Sources 129 (2004) 330-342

capacity of the battery decreases with increasing discharge 114 -

current rate, e.g. for 0.@discharge rate, ampere-hour ca- 112 //
pacity is Q05C x 20 = 1C, but for 0.1 discharge rate, 110 //
ampere-hour capacity reduces tdTC x 5.5 = 0.935C. g 108 el
Therefore, during discharge period, it is not possible to esti- © 106 //‘/'
mate the battery SOC only by accumulating the ampere-hour © /
capacity, but some modifications should be made. In the pro- 104 /
posed estimation method, the used capa€ijft), is defined 102 D4
as: 100 |
¢ 0 20 40 60 80 100

Cu() = / k(A)A dt (1) Discharge Current / C (%)

0

. . o Fig. 2. C'/C vs. normalized discharge current.
whereAis the discharge current rate, ak{@) the coefficient

for discharge current rate.
Moreover, the capacity of 20 h discharge is defined as the
available battery capacity, and is expressed as:

wheretey is the necessary time duration to discharge the
battery to the end voltage.

By usingFig. 1, C from Eqg. (6)andC’ from Eq. (3)are
C = Ay x20 @) calculated for different discharge current levels, a3’

) ) ) ) versus normalized discharge current characteristic is plotted
where C is the available capacity, ando the discharge i Fig. 2 Various manufacturers’ data are examined, and it
current rate for 20 h discharge. o is concluded that the relationship betwe@mndC' can be

The keypoint in estimating SOC during discharge pe- generalized withint:1% error. The equation of the curve in
riod is to calculate the coefficient for discharge current Fig. 2is found out by curve fitting method, and is used when

manufacturers’ data sheets. In these data sheets, tables arghq is calculated fron&q. (7)

given to indicate the necessary time to discharge a bat-

tery down to 1.75V per cell level, for different constant c 1 forp <17
discharge current levels. FroEy. (1) kev(A;)) = — = { 5.05In(p — 16) + 100
C for p > 17
di 100
¢'= [“kaadr ® ™
0
wherep = (A;/C)100

whereC' is the capacitytyi the necessary time duration to

discharge the battery to 1.75V per cell corresponding;to FromEq. (7)

given in data sheetgy the constant discharge currentgiven ,  C

in manufacturer’s data sheet, ak(@;) the coefficient for,. T kev(A))
As A; is constant for a given discharge currelty. (3)

becomes:

(8)

Therefore, by replacing’ into (4), Eq. (9)is obtained.
C _ Ao x 20
kev(ADAitdi  keu(A;) Ajtdi

C' = k(A Aitgi k(A;) = 9)

' (4) kqc is defined as:

C Ao x 20
However, there is a critical point, which should be taken into <ae(4?) = 2o~ = ——
account while using the manufacturers’ data sheets for SOCThen
estimation during discharge. As it is already stated, tables '
in these data sheets give the necessary time to discharge
battery down to a constant voltage level, i.e. 1.75V per cell,
for different constant discharge currents. As it is seen from
Fig. 1, the higher the discharge current, the lower the end
voltage of the battery. Therefore, the available capacity of
the battery can be formulated as given in (5).

= k(A) =

At

(10)

_ kac(4)
keu(A)

In Appendix A Kkgc(A) versus normalizedy; curves are
given for different lead—acid batteries. It can be observed
that, even for different battery types from the same manu-
facturer the deviation between these battery curves increases
Idi fev with increasing current, and it reache4.0%. It can there-
C= /o k(A A; dr + fldi k(Ai)A; df ) fore be concluded that it is not suitable to use a single curve
for all kinds of batteries. It is necessary to obtain the curves
fev f kagc(A;) versus normalized; during discharge, for each
— ' ANA; 0 C ) g ge,
= C=C +/ k(A A, dr () battery type by using the manufacturers’ data.

Ran (11)

Idi
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120 2.2. SOC estimation during charge
100 1 Duri i i ing i
T . uring charge, SOC is monitored by taking into account
£ /‘é""’ 0asc the ch.arging.gfficiency during coulometric measurements.
2 - r_f__ﬂr-ff""__ ' Charging efficiency depends on the charge strategy em-
E o0 /j ] 08e | ployed. There are two fundamentally different charging
g T e e . methods for lead—acid batteries: constant voltage charge,
g 40 ‘r/ P s and constant current charge. In constant voltage charge,
é/ voltage across the battery terminals is kept constant, and
20 4= the condition of the battery determines the charge current.
The charging process is usually terminated after a certain
0

time limit is reached, or when charge current falls below
a certain limit. Another adopted technique is constant cur-
rent charge, which automatically equalizes the charge in
Fig. 3. Capacity ratio vs. ambient temperature as a function of discharge the series cells. Combination of constant current and con-
capacity. stant voltage charge methods are available for lead—acid
battery chargers, implemented as the bulk, over, and float

The capacity of sealed lead—acid cell, as with most batter- charges. In bulk charge, a constant current is applied (typi-
ies, is not only dependent on the discharge rate, but also thecally betweerC/5 and L) to restore the majority of battery
temperature. As temperature rises, the electrochemical accapacity. Controlled overcharging follows the bulk charge
tivity in the battery increases, hence electrical capacity that to restore full capacity in a minimum amount of time. The
can be taken out of it increasddg. 3shows the relation be-  overcharge voltage depends on the bulk charge rate, and is
tween temperature and discharge capacity as a ratio of avail-a constant voltage chosen typically between 2.3 and 2.6V
able capacity. Since the capacity ratio versus temperatureper cell. Overcharge is terminated when the current reduces
curves are all in parallel, a single curve can be used to taketo a low value, e.g. one-tenth of bulk charge rate. In float
into account the effect of temperature in addition to that of charge, a lower fixed voltage is applied to the battery to
discharge current taken into account by the coeffidiéfy) maintain full capacity against self-discharge.
defined above. For this purpose, the curve corresponding to Charging efficiency is a function of battery voltage and
0.05C from Fig. 4is chosen, and the equation of the curve charge rateFig. 4 gives a typical curve of lead—acid cell
is found out by curve fitting method. Hence, the relation- charging efficiency versus voltage for various constant
ship between the capacity in percent and temperairis charge voltages. Increasing voltage decreases the efficiency
given by because of increased parasitic currdfis The equation of

. . _ 5 the curve inFig. 4 is obtained by curve fitting method, and

capacity ratia%) = —0.0102"" + 0.9082r" + 84137 (12) given in (15), as an expression for const¥gt. The curve
In order to take into account the effect of temperature in SOC of charging efficiency versus constant-current charge rates
estimation, another coefficient which is denotedkipyT) is [1] is given inFig. 5 At rates up toC/10, the efficiency
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calculated, andEq. (1)is modified as: approaches 100%, and decreases at higher rates. The equa-
' tion of this curve is also given in (15), as an expression for
Cu() = / kt(Dk(A)A dr (13) constant charge rateg.
0
1 —3333V3, + 22643V,
wherek = - - 14 = —51302 768; f
(D) Capacity ratia%) (14) Nch 51302Vch +39768; forconstant/ch  (15)
] o ) —45.1Cr + 1000; for constanCr
and capacity ratio in % is calculated from (12).
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Fig. 4. Charging efficiency at various constant charge voltages. Fig. 5. Charging efficiency vs. constant-current charge rates.
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where n¢ is the charging efficiency in percent, the restores the full capacity of a lead—acid battery. Therefore,

charge voltage per cell, ar@k the charge rate. the remaining capacity at the transition from overcharge to
The effect of temperature is taken into account by using float charge will give the estimated capacity, which can then

the kr(T) coefficient calculated by (14). During charge, the be used as the new available capacity.

current—time product is divided by this coefficient (instead

of being multiplied as done during discharge), because the

capacity of the battery falls down. As a result, the used 3. Implementation

capacity can be calculated by

L1 en 3.1. Hardware implementation
Cu(r) =
0

— 16
kt(T) 100 (16) . : o
The implementation of the battery monitoring system
whererch for constant voltage, or constant current charges given inFig. 7is based on a low cost 8-bit microcontroller,

is calculated from (15). and its peripherals. The control unit, managing the battery
_ o monitoring process, consists of six blocks: the microcon-
2.3. Capacity estimation troller (MCU), analog-to-digital converter (A/D), analog

interface, display and keyboard, non-volatile memory, and
Many factors, such as overdischarge, discharge currenttemperature sensor.

magnitude, charge current magnitude, ageing, etc., can cause The monitoring algorithm is implemented by an 8-bit flash
a reduction in the available capacity of a lead—acid battery. memory microcontroller from NEC, uPD78F0058. In the de-
Capacity estimation can be made when the battery is fully signed battery monitoring system, the microcontroller uses
discharged or fully charged. When the battery is fully dis- a 12-bit serial analog-to-digital converter (A/D) from Ana-
charged, the estimated capacity can be calculated by subjog Device (AD7888) for measuring the battery voltage, and
tracting the calculated remaining capacity during monitor- current. Analog interface circuit is used to convert the mea-
ing from the available capacity. The estimated capacity is sured battery voltage and current signals to a level which is
then used as the new available capacity. In order to use thisin the input range of the A/D. The communication between

method, it is necessary to determine when the battery isthe microcontroller, and A/D is based on synchronous serial
fully discharged. This can be found from the voltage level communication.

of the battery on load. Since the end voltage decreases with |n the implemented system, 100mV resolution in the
increasing discharge currerftig. 1), Fig. 6 can be adopted  range 0-80V for voltage measurement, and 500 mA resolu-
to find the relationship between end voltage, and dischargetion in the range—200 to 200 A for current measurements
current. A straight-line function is fit to the curve to calcu- can be obtained. In practice, the current resolution range
late the end voltage for discharge current rates exceedingcan be modified according to rated capacity of the battery

20%. By using (17), the measured battery voltage can bepy changing the gain in the analog interface, e.g4a0 A
compared with the end voltage to determine the fully dis-

charged state of the battery.

A o—— »
Ve =1.75|-0.188— + 1.04| N (17) 3phAC, | Power Load
C source Supplies
o— >
whereV; is the end voltage, and the number of cells.
When the battery is fully charged, the estimated capacity
will be equal to the calculated remaining capacity during Anlog RN ’>
monitoring. To use this method, it is necessary to determine AD 49 Interface [
when the battery is fully charged. Controlled overcharge -
_ Non-

- 105 volatile am  MCU -t y
§ 100 Memory —
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Fig. 6. End voltage vs. discharge current. Fig. 7. Hardware block diagram of the monitoring system.
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measurement range, it is possible to obtain a resolution of whereC;[n] is the remaining capacity at timg C;[0] the

50 mA. ampere-second rating correspondingteating, n the time
In the applied algorithm, the ambient temperature is also in seconds, ané[n] the current at timen.

needed to take into account the effect of temperature on the In the designed system, the remaining percentage of the

battery SOC. For this purpose, a temperature module is im-battery capacity is displayed as calculated by (21).

plemented by a digital thermometer (from Dallas, DS1820). Cr[n]100

A display and keyboard module is designed to enable the %Ci[n] = ~—c

user to input the necessary data and to output the results of

the battery monitoring process. To save the data supplied by3.2.2. Monitoring during charge

the user, a non-volatile memory is needed. In the designed As mentioned inSection 2 to calculate the remaining

system, an EEPROM from XICOR, X1243, is used for this capacity, charging efficiency coefficienfe, must be de-

purpose. termined. The calculation method differs depending on the
charge state. It is clear from the charging efficiency versus
voltage curve ig. 4), that the charging efficiency is 100%
for voltages less than 2.3V per cell. Therefore, for voltages
less than 2.3V per cell, one can assume a constant-current
charge state. When the voltage exceeds this level, the bat-

e tery current will drop because of lead-acid battery char-

gacteristics. It is clear from the charging efficiency versus

(21)

3.2. Software implementation

3.2.1. Monitoring during discharge

As mentioned inSection 2 kyc versus discharge current
characteristics differ even for battery types from the sam
manufacturer. Therefore, it is necessary to construct thes ]
characteristics from the manufacturer's data. For this pur- constant-current charge rate cur¥g( 5 that at rates up to

pose, the system demands the current which can be releaseff/10: ch @pproaches 100%. By using this fact, for voltages
by battery cells, or blocks at a temperature of@Dover greater than 2.3V per cell, the charge state can be assumed
30min, 1, 3, 5, 8, 10 and 20 h ranges. These data can be ob@S constant voltage state. Therefore, coefficigptcan be

tained easily from the manufacturer's data sheets. The userc@lculated by using the expression for constant voltages in

inputs these data through the display and keyboard available(12): For constant voltage charggq. (15)is converted to a

on the system. By using these data and by applying piece_!ook-uptable for_cell voltages in the range 2.3-2.6 V per cell
wise linearization method, the monitoring system calculates " 0-01 V resolution, and saved to flash memory of the used
kyc versus discharge currenE for the given battery, and microcontroller. For constant current charges, singehas

converts this curve to a look-up table which is used for mon-

a straight-line variation against charge rate, it can then be
itoring during discharge. The system also stores the datadirectly processed by the microcontroller during execution.

given by the user to the EEPROM. Furthermore, for SOC estimation during charge, coefficient

kr is also needed. In the discharge part, it has been stated
¢ that this coefficient is calculated for a temperature range of
0-50°C in 1°C resolution, and stored to flash memory. The
remaining capacity during charge mode is then calculated
rom (22) and (23).

The curve ofkey versus discharge currer®) however is
similar for all types of lead—acid batteries. Therefore, coe
ficientkey is calculated for each percentage of the discharge
current C), and stored to flash memory. Similarly the curve
of kT versus temperature is also assumed to be the same foF
all lead—acid battery types. This coefficient is then calculated
for a temperature range 0-50 with 1°C resolution, and  Cr[n] = Ci[n — 1] + 77ch<
stored to flash memory. At the beginning of the discharge,
capacity rating for 20 h, which is denoted as the available
capacityC, is converted to ampere-second, and saved as re-
maining ampere-second rating. Then, the battery current isC,[n] = C/[n — 1] + nch (V[n]100> Aln] 127 7
read every second and it is divided by fieating. The co- N 100 &7(D)
efficientskyc andkey corresponding to the discharge current for V> 23V percell (23)
percentage are read from the look-up table. The temperaturewhereN is the number of cellsy[r] the voltage at timen
is sensed by the temperature module, and the correspondin%ndA[n] the current at time '
kr is obtained from the look-up table available in memory. '
In the designed battery monitoring systegy, is calculated
on 120 basis, i.e. 1 corresponds to 1RQ,is calculated on
100 basis, andt is calculated on 127 basis. As a result, the
remaining capacity is expressed as given in (20).

A[n]100\ A[n] 127
C 100 kt(D’
forV <23Vpercell (22)

3.2.3. Capacity estimation
In the designed system, the capacity estimation is made
both at the end of each discharge and each charge period. For
the discharge period, the end voltage per cell for each dis-
charge current rate is calculated in 1% resolution as defined
Cln] = Cifn — 1] - (kdc[A[n]loo/C] [ ) 100k1(D in Section 2 and saved to flash memory. During discharge,
ke\[A[]100/C] 120 127 the microcontroller monitors the output voltage, and com-
(20) pares it with the end voltage corresponding to the discharge
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current rate. In case the output voltage is less than or equalbattery current is less than a preset value, which can be ad-
to the end voltage, microcontroller checks the remaining justed by using display and keyboard, microcontroller de-
percentage of the battery capacity. If it is greater than 3%, cides that the charge process is completed, and in case the

microcontroller calculates the new capac@yew by using
(24). Chew is then used as available capaclyafter this

calculation.

Chew=C ( 100

100— %Cr[n])

(24)

remaining percentage of the battery capacity is less than
97%, it calculates the new capacity by using (25).

%Cr[n]
100
The flowchart of the software implementing the proposed

Chew=C (25)

During charging process, the microcontroller determines the battery monitoring algorithm explained above is given in
end of charge period by monitoring the battery current. If Fig. 8

[T 1]

<>

X =TIbat/ 10

A =Kt from lookup
table using T

B=(A*X)/127
Y = Capacity / 100

A =Kdc from
lookup table
using Z

A =Kev from
lookup table
using Z

B=(B*100)/A

Vend =V from

lookup table
using Z

X =Tbat/ 10

A =KT from lookup
table using T

B=(X*127)/A

Y = Capacity / 100

NO

Z=X/Y A=y, from lookup

table using volt/cell

A =N, from lookup
table using Z

Capacity =
(Capacity *
%Cr / 100

Capacity = (Capacity *
(100 - %Cr))/100

Fig. 8. Flowchart of the battery monitoring algorithm.

4. Experimental results

The validity of the proposed SOC monitoring method is
verified by means of a series of experimental tests carried
out using the set-up given Fig. 7. In the test set-up, battery
voltage and battery current waveforms are taken from the
Hall-effect voltage and current transducers by means of the
analog interface. The data are sampled at 5 Hz, and recorded
on a PC, using a data acquisition system. The data acqui-
sition system used consists of a LabVIEW software, a data
acquisition card (PCI-MIO-16E-1), and a sample and hold
card (SC-2040), from National Instruments.

The PCI-MIO-16E-1 converts analog inputs to digital data
at 1.25MS/s rate with 12-bit resolution. It has 16 single
ended analog inputs. SC-2040 has eight differential analog
inputs, each of which has its own instrumentation amplifier.
The microcontroller outputs the calculated SOC of batter-
ies, by using its embedded digital-to-analog converter. Then,
SOC is recorded as an analog signal by the data acquisi-
tion system. The collected data are processed by MATLAB
software, and the time variations of battery voltage, battery
current and SOC are obtained for different charge—discharge
strategies. To verify the performance of the system at differ-
ent temperatures, a heat chamber has been employed during
tests.

The tests are conducted first onx412V, 38 Ah rated
capacity Fulmen monoblock valve-regulated, lead—acid bat-
teries, Shc140, and then on some aged batteries of 4-year
old, 4 x 12V, 90 Ah rated capacity, Fulmen Shc290. The
manufacturer's data giving the necessary constant currents
to be supplied to the tested batteries, to discharge them down
to 1.75V per cell level for different time durations are given
in Appendix B These data are input to the system by means
of display and keyboard. The results of the experimental
tests are verified by means of open-circuit voltage of a cell,
which is considered as an accurate indicator of SEI§.. 9
shows the relationship between open-circuit voltage, and re-
maining capacity of a typical lead—acid c{l].

4.1. Test 1: battery capacity estimation

In this test, the actual capacity of a 1-year old lead—acid
battery block (Shc140, from Fulmen) is determined. The
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100 age applied to the battery. The battery voltage, battery cur-
s % rent, and SOC variations against time are sampled during the
E» gg whole charging period, and monitored as giverFig. 11

é 60 At the end of the constant voltage charging period, the sys-
s 50 tem reported remaining charge as 100%, as expected. The
=) ‘3‘8 validity of SOC determined by the monitoring system is ver-
:g 20 ified by reading the open-circuit voltage of the battery after
g 18 a sufficiently long stabilization period.

R~ 1o 195 5 2.05 " 215 The open-circuit voltage is measured to be 51.6V, which

corresponds to 2.15V per cell, indicating that the battery
block is fully charged, as verified from the remaining capac-
Fig. 9. Open-circuit voltage as indicator of remaining capacity. ity versus open-circuit voltage per cell characteristic given
in Fig. 9, as indicator of the actual SOC.

Open circuit voltage (V/cell)

rated capacity is input to the system as 38Ah, from the name-4.3. Test 3: constant-current discharge test

plate data of the battery itself. Then, the battery is discharged

at a constant current of 5A, and when its voltage reached The discharge test is carried out on the same battery at
the end voltage of 42V, the monitoring system reported the a constant-current discharge rate of 5A, and at an ambient
remaining capacity to be 30% of actual capacity given by temperature of 20C. The corresponding battery voltage,
the manufacturer. The available capacity of the sample bat-battery current and SOC profiles are presentefig 12

tery block is then calculated as 27 Ah. The corresponding When the battery is discharged at a 5A rate its voltage
battery voltage, battery current and SOC, recorded duringfalls down to 42V in 320 min, and the system reports SOC
the discharge period by means of the data acquisition systemo be 0%. According tdFig. 1 given in Section 2 for a

are given inFig. 10 5A discharge, which corresponds to a discharge rate at
18% of available capacity, battery end voltage should be

4.2. Test 2: monitoring during bulk, over, 42 V. Although this typical global voltage value which cor-

and float charges responds to 1.75V per cell does not reflect the heterogene-

ity of elements, it is a good approximation for new cells.

In this test, the same 48V battery having 27 Ah of avail- As seen fromFig. 12 the end voltage is near 42V. To
able capacity is charged with constant current (bulk chargetake into account the heterogeneity of elements, the ‘end
with C/7) until the battery voltage reaches 57.6V, and then voltage’ can be adjusted by the user from software. Fi-
with constant voltage (overcharge with 2.40V per cell) un- nally, the load is disconnected to verify the estimated SOC

til the battery current falls below 500 mA, where the float by recording the open-circuit voltage. After a sufficiently

charge begins with 53.5V (2.23V per cell) constant volt- long recovery time£20 h later), the open-circuit voltage is
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Fig. 10. Battery voltage, battery current, and SOC during capacity estimation (test 1).
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Fig. 11. Battery voltage, battery current, and SOC estimation during charge (test 2): (a) during bulk, over, and float charges; (b) verification of SOC
monitoring by open-circuit test after charge.

read to be 46.8V, which corresponds to 1.95V per cell, as 4.5. Test 5: alternate charge—discharge test

expected.
In this test, the battery is charged, and discharged se-

4.4. Test 4: variable load discharge guentially to simulate the occurrence of mains failure soon
after being recovered from a previous failure, under variable
In this test, the battery is discharged with variable current, load condition. During the first 440 min, constant current
and the battery voltage, battery current and SOC are moni-charge is applied to the battery with intermittent discharge
tored as given irFig. 13 The SOC curve changes its slope periods, and finally constant voltage charge is applied until
according to the discharge current. During the last period the current falls below 750 mA. At this point, the system
of the variable-load discharge test, the battery is dischargedreported the SOC to be 100% as expected. The correspond-
with 5A, and the system reported SOC to be 0% when the ing battery voltage, current, and SOC waveforms monitored
output voltage falls to 42V, as expected. Then, the load is by the system can be clearly seen fréiig. 14 At the end
disconnected, and the open-circuit voltage is found out to of the test, the system is held in float mode for a very short
be 46.8V, which corresponds to 1.95V per cell, i.e. to 0% time period, and to verify the validity of the monitored
remaining capacity as verified frofig. 9. SOC, the battery is open circuited. Twenty hours later,
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Fig. 12. Battery voltage, battery current, and SOC profiles during constant-current discharge test (test 3): (a) under open-circuit condischaaffer

with 5A; (b) discharge with 5A.

the open-circuit voltage is measured to be 51.6V, which
corresponds to 2.15V per cell, as expected.

4.6. Test 6: effects of temperature

In this test, the battery is discharged with 5 A at different
ambient temperatures lying between 0 and@psand the

corresponding battery voltage, battery current and SOC vari-

been obtained as given Fig. 16 for 4 x 12V, 4-year old
battery blocks from Fulmen, with a rated capacity of 90 Ah
(Shc290). A battery block in float state is discharged to
the end voltage, and new available capacity is estimated as
~20% of old available capacity.

It is worth to note that the battery voltage characteristic
is distorted in some range at the end of discharge period
due to ageing. For aged cells, some elements are in inversed

ations against time are recorded. SOC profiles against dif- polarity. It is therefore not suitable to make use of battery

ferent ambient temperatures between 0 aneiClare given
in Fig. 15 for a constant discharge rate of 5 A.

4.7. Test 7: monitoring of aged cells

Determination of available capacity by using battery

voltage measurements under load for capacity estimation
of aged cells, due to heterogeneity of elements. Available
capacity is then corrected as 19 Ah. Hundred percentage
of available capacity is indeed reached at the end of the
succeeding charge period as seen from monitored SOC in
Fig. 16 In the proposed system, the end voltage can be

recharacterization, and discharge/charge performance hasnodified by the user, adjusting this parameter from software
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Fig. 15. SOC vs. time at different temperatures.

after recharacterization. A reasonable cut-off voltage should
be near 45V irFig. 16

5. Implemented SOC estimation system

The proposed system has been implemented to monitor
the SOC of 6x 90 Ah back-up valve-regulated, lead—acid
battery blocks used in a telecommunication power system
as shown irFig. 17. The corresponding battery monitoring
menu is as illustrated iRig. 18 Battery monitoring process
can be enabled or disabled by using this menu. The = or
buttons toggle the state of the battery monitoring while this
menu is active. The rated capacity shown on this menu rep-
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Fig. 16. Recharacterization and discharge/charge performance of aged cells.

resents the nameplate data of the battery, while the available
capacity is the representation of the calculated capacity of

the battery after recharacterization. As the battery gets aged,
the available capacity falls below the rated capacity. The re-

maining capacity indicates the instantaneous state-of-charge
of the battery both in percent, and ampere-hour representa-
tions.

On the last line of this menu, the battery voltage and bat-
tery current are shown. The negative battery current shows
that the battery is feeding the load, while the positive battery
current indicates that the battery is being charged.

SN/ Qe U TLRTRTS {b)

Fig. 18. Monitoring system menu: (a) display and keypad; (b) battery
monitoring menu.

6. Conclusions

A new technique has been presented for on-line SOC esti-
mation, and monitoring of sealed lead—acid batteries during
both discharge, and charge periods. The proposed technique
is based on discharge time versus discharge rate data given
in manufacturer's data sheets, combined with coulometric
measurements, without the necessity for any open-circuit
voltage measurement. Available capacity of the battery is
also estimated at the end of each charge, and each discharge
period. This technique is successfully implemented, and
tested on telecommunication power systems. It is shown to
Fig. 17. Battery monitoring implemented on a telecommunication power D€ Vvalid for various operating conditions in practice, includ-
system. ing different charge—discharge rates and strategies, variable
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load conditions, different ambient temperatures, and agedAppendix B Continued
lead—acid cells. An accuracy in SOC estimation better than

3-4% has been obtained for all operating conditions. Dis- Discharge time Discharge rate (A)
crepencies between monitored, and theoretical SOCs arejgp 3.7
due to measurement/resolution errors, and slight differencespgp 1.9

between manufacturers’ characteristics.
The proposed SOC estimator has the advantage of easy
implementation by software on a simple 8-bit microcon-
troller, with minimum hardware requirement. Eventhough  Discharge data for Fulmen Shc290 battery blocks from
the system has been tested specifically on valve-regulatedmanufacturer’s rapid determination tables
lead—acid batteries used in telecommunication power sup-
plies, it can be generalized to some other applications em-Discharge time Discharge rate (A)
ploying lead—acid batteries, such as UPS systems, emer-

) . . 30min 80.8
gency power, solar-photovoltaic systems, electric vehicles, 1

End of discharge voltage: 1.75V; temperature®@0

submarine service, etc., with slight modifications in de- : ggg
sign due to possible changes in battery characteristics, ané h 14'7
manufacturers’ data. sh 10.0
10h 8.6
. . . 20h 45
Appendix A. Coefficients for discharge current vs.
discharge current/C curves for different lead—acid End of discharge voltage: 1.75V; temperature®0
batteries
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