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a  b  s  t  r  a  c  t

This  paper  continues  previous  work  concerning  the use of  maximum  length  sequences  within  parameter
estimation  for  batteries.  Using  the  familiar  Randles’  model  batteries  are  examined  over  typical  opera-
tional  temperatures  for  variations  in  readily  identifiable  equivalent  circuit  parameters,  using  previously
identified  methods  [1].  This  analysis  is  used  to present  characteristics  which  can  be  subsequently  used  to
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inform the  design  of  an  online  State-of-Charge  (SoC)  and  State-of-Health  (SoH)  system  for  these  batteries.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Expanding applications for energy storage have led to a renewed
ocus on battery technologies and their optimisation. Much focus of
his work involves the identification of the State-of-Function (SoF)
f the batteries themselves. This performance indication is influ-
nced by several factors, these being State-of-Charge (SoC), the age
elated State-of-Health (SoH), discharge rate, and the prevailing
mbient temperature. Traditionally, specific gravity of the elec-
rolyte was used as the primary indicator of battery state, and work
ontinues in this area [2,3], however the rise in the use of Valve
egulated Lead Acid batteries precludes the use of these techniques
enerally. As such external means of performance evaluation, most
otably coulomb counting [4],  are used which generally require
eriodic recalibration to maintain accuracy.

It is well known that ambient temperature has a relationship to
vailable capacity for lead acid batteries [5].  It therefore follows that
ny SoC measurement system must take into account this effect in
rder to report accurate results.

Previous work by the authors using the identification methods

ithin this paper has led to the development of a system to iden-

ify state indicators within the battery [1,6] This paper extends this
revious work using bandwidth limited white noise, in the form of
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Pseudo Random Binary Sequences (PRBS) to establish readily iden-
tifiable battery parameters. Correlations are sought between these
parameters obtained in short duration tests to battery temperature
in order to provide thermal calibration for a SoC/SoH evaluation
system.

2. Modelling of batteries

Electrical representations of batteries allow analysis of the char-
acteristics of the battery in terms which discard the complex
electrochemical reactions during charge and discharge. Develop-
ment of prognostic techniques for batteries in application relies on
an adequate model to describe the processes involved. The work of
Randles’ [7] is widely regarded as the reference work in this field
(Fig. 1).

Ri (Fig. 1) is the lumped resistance for the cell interconnections,
etc. and represents the major series resistance for the cell. CSurface is
a double layer capacitance, which is a result of the charge separation
at the interface between the electrolyte and the cell plate [8].  Rt, in
parallel with the double layer capacitance is the charge transfer
resistance and is the electrical analogy of the inherent speed of the
charge transfer reaction.

CBulk represents the dominant capacitive element of the cell, and
the key performance indicators are the voltage developed across

it (SoC) and the capacitance value itself which indicates State-of-
Health.

The self-discharge resistance of the cell (Rd, shown as a load
across the bulk element of capacitance) is typically high for a
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Nomenclature

a PRBS amplitude
c rated capacity (Ah)
C capacitance (F)
CBulk bulk capacitive element of cell (F)
CSurface double layer capacitance (F)
f frequency (Hz)
I current (A)
n PRBS bits
N PRBS sequence length
Rd self discharge resistance (�)
Ri series resistive element (Randle’s circuit) (�)
Rt charge transfer resistance (�)
t  PRBS clock period (s)
� time constant (s)
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Transformation (FFT). The obtained FFTs can the subsequently be
used to obtain an impedance response for the battery under test.
V voltage (V)

ealthy cell, and is most commonly quoted by the battery man-
facturer in terms of a percentage discharge per month.

. Battery testing and parameter estimation

Conventional methods of establishing parameters for the bat-
ery rely on controlled discharges, and application of pulse loads
Fig. 2). However, both of the methods are intrusive to the applica-
ion, and the discharge test in particular requires a significant time
eriod to run. Establishing Rd is particularly problematic, in that the
attery under test must be left in an open circuit condition for a sig-
ificant period of time (several weeks, dependant on the capacity
f battery or cell) at constant temperature, with terminal voltage
easurements taken periodically to determine self-discharge.
The tests are however useful in an analytical environment as a

eference against which new battery testing methods can be ver-
fied. In this work the value of CSurface at 20 ◦C was  established to
erify the later results, along with a full set of parameters for the
attery to establish a known state.

. PRBS and frequency domain analysis

Maximum length sequences have been used in frequency
esponse analysis over a range of applications for many years. In
ddition to parameter estimation [9],  the sequences find applica-
ions spanning cryptography [10], audio frequency response [11]
nd control theory [12]. Suitable generators can be built using lin-
ar feedback shift registers [13], either in hardware or software. The
igital sequence repeats periodically and the number of stages, n,

efines the number of terms, N in the sequence.

 = (2n − 1) (1)

ig. 1. Randles’ model, with battery showing discharge current and terminal volt-
ge.
Fig. 2. (a) Typical discharge curve used to establish CBulk and (b) battery analysis
using pulse loads.

The power spectrum of the maximum length PRBS will resem-
ble that of white noise, and under Fourier analysis, the PRBS gives
rise to a response which reaches zero at each multiple of the clock
frequency (Fig. 3). The work of Davies [13] outlines the bandwidth
limits of a PRBS by making reference to the clock period �t.

f = 1
N�t

to f = 1
3�t

(2)

Using a PRBS with a suitable frequency spectrum will facili-
tate analysis of batteries in the frequency domain. The PRBS is
used as a perturbation signal, being the control input of a constant
current load module. Examination of terminal voltage deviations
during this application of load, in conjunction with measurements
of the current profile itself, allow off-line analysis using Fast Fourier
3dB 

Frequen cy (rad s
-1
) 

∆ ∆

Gain 

Usable f requen cy band  

Fig. 3. Power spectrum (FFT) of a PRBS showing usable frequency band.
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. Correlations between SoC and CSurface

Using CSurface as an indicator of SoC removes the requirement
or long duration tests to establish CBulk. Previous work [14] in
xamining battery parameters using the PRBS technique identi-
ed correlations between CSurface and SoC, which suggested that
he reducing activity within the battery or cell at low SoC is related
o CSurface.

This raised questions regarding the effect of temperature on bat-
ery performance, and, specifically the variation in CSurface with
revailing ambient operational conditions. The Arrhenius equa-
ion is well known and describes the change in the reaction rate
ith temperature of chemical processes generally. Within bat-

eries, the effects of temperature and associated reaction speed
anifest themselves as effects on service life and operational per-

ormance during discharge. Firstly at high temperature service life
s reduced due to increased grid corrosion and other detrimental
eactions. At the same time, discharge performance at high temper-
ture is improved. Furthermore, it is known that at reduced ambient
emperature lead-acid batteries experience a reduction in available

apacity.

This therefore led to a hypothesis that changes in activity
ith a cell due to temperature could relate directly to CSurface,

nd therefore suggested that characterising CSurface over operating
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Fig. 5. Applied PRBS current and resultant batter
gram and photograph.

temperature range would contribute as a suitable calibration factor
for an evolving SoC/SoH measurement system.

6. Test system description

The system apparatus is shown in Fig. 4. The battery used was
a 65 Ah VRLA battery manufactured by Yuasa (NPL65-12i) with a
known history as a test sample. The test battery was situated within
an environmental chamber at 100% SoC, remaining at each test tem-
perature for several hours before the test. A battery backed power
supply manufactured by VxI Power Ltd was used to provide charge
between the tests, charge voltage being temperature compensated
for the chamber conditions. The charge voltage compensation is
carried out using a software map  derived from manufacturer’s data
in conjunction with a temperature sensor on the battery itself.
Nominal charge voltage is 2.28 V per cell at 20 ◦C, with this volt-
age being adjusted under digital control with changing battery
temperature. During the test, the battery under examination is dis-
connected from the charger, and the PRBS perturbation applied. A
high speed on board load is used for the PRBS sink current driven

by a dSPICTM development board providing the signal input. The
resulting current and voltage waveforms are captured using the
integral data acquisition for subsequent off-line processing. A dis-
charge test at the C/20 rate was then carried out to obtain a capacity

40 50 60
e(s)

40 50 60
e(s)

y terminal voltage during one of the tests.
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Table  1
Measured battery capacity over test temperature range.

Temperature (◦C) −20 −10 0 

Discharge time (h) 8.66 11.1 13.4 

Capacity (Ah) 28.2 36.1 43.6 
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Fig. 6. Relationship between temperature and surface capacitance.
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Fig. 7. Actual capacity of battery at test temperatures.

gure at this temperature. The process was then repeated for incre-
ents over the temperature range of the battery.

. Test results

The batteries under test were examined over the temperature
ange of −10 ◦C to +50 ◦C, which represented typical operational
emperature conditions for VRLA batteries in a standby application.

Fig. 5 shows the PRBS load pulses and a typical terminal voltage
esponse obtained during one of the tests.

Using frequency domain analysis in Matlab, the PRBS test data
rovided information used to establish impedance responses. Fur-
her to this component values for Randles’ circuit were examined,
pecifically CSurface, using relationships established in previous
ork by the authors [6] shown in (3) below.
total = 1√
((1/Rd

2) + (1/XCBulk
2))

+ 1√
((1/Rt

2) + (1/XCSurface
2))

+ Ri + Rt (3)

[

[

10 20 30 40 50
15.8 18.15 19.75 21.3 21.7
51.4 59.0 64.2 69.3 70.5

The relationship established between CSurface and battery tem-
perature is shown in Fig. 6 with the data presented as normalised
CSurface based on a temperature of 20 ◦C.

The observed trend in surface capacitance with reduced tem-
perature was  compared with actual battery capacity at the
corresponding conditions. The discharge times obtained at the test
temperatures gave rise to figures for Ah capacity at these points
(Table 1) allowing a comparison to the PRBS test results. The
obtained capacities are shown graphically in Fig. 7.

As temperature decreases the effective value of CSurface reduces,
as the activity within the battery slows down. This follows the logic
of the earlier findings of a variation in CSurface with available capac-
ity. Considering the similarities of the responses in Figs. 6 and 7
indications point to the value of CSurface being one of the major
processes controlling available capacity. These findings therefore
suggest implementation of a thermally calibrated SoC system is
possible using the battery testing methods outlined in this work.

8. Conclusion

Examination of the battery parameters using PRBS over the typ-
ical operating temperature range revealed a relationship with the
value of CSurface. Examination of battery capacity obtained during
the tests at the various temperatures revealed general trends that
could be correlated. These findings further validate the PRBS tech-
nique, as a method for establishing battery parameters, and that
the technique is applicable over battery temperature range. The
work gives rise to findings that further contribute to developing
calibration algorithms for a PRBS based SoC/SoH system.

Opportunities for further work exist as a result of these findings,
which include profiling a range of batteries, and examination of
other battery chemistries.
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