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Abstract

This paper extends on previous work involving the use of maximum length sequences as tools
for parameter estimation within electrochemical batteries[1-4] and comprises a study of the
modes of application of a perturbation signal to batteries in the form of discharge, charge and
bipolar charge/discharge arrangements driven by a frequency rich signal.

Examinations are made of the contemporary techniques, and by the use of experiments over
a range of States-of-Charge, the advantages of each method are presented.

Using a series of experiments, impedance responses are produced using the tests batteries
under perturbation from each of the test modes. Analysis of these results under comparative
test conditions allows observations to be made regarding the application of each mode, and
proposals are made for the complementary inclusion of the test regimes in a hybrid SoC/SoH
prediction system.

1. Introduction

Electrochemical cells remain a key enabling technology for the progression of the technologies
which are at the forefront of renewable energy and electric vehicles. Measurement of State-
of-Function (SoF), State-of-Health (SoH) and State-of-Charge (SoC) of the battery or cell, and
in turn, the electrochemical “fuel gauge” are notoriously difficult to realise. SoC reporting
methods employing measurement of terminal voltage [5] can be effective if the load is constant,
but typically require implementation of an algorithm to allow for cell degradation, whilst existing
methods involving Coulomb counting[6] have been successful in consumer electronics, they
are often subject to periodic recalibration to maintain accuracy.

Electrochemical cells and batteries employ chemical reactions in order to affect charge storage
and delivery of current and as such exhibit different characteristics during charge and
discharge [7]. Additionally, a battery at higher SoC accepts additional charge less readily and
experiences a characteristic increase in impedance [7]. It follows therefore that applying
perturbation signals in different modes could facilitate improved state identification over a
range of charge states.

The motivation for this work was therefore focused on investigating then benefits and
applicability of a battery perturbation test technique using differing methods (Charge,
Discharge and Bipolar) to apply the test signal.

The investigation was concerned with establishing how the methods examined could be
applied practically as individual testing schemes, or as a combined three-mode test signal
which could be used to identify specific battery states.

2. Pseudo Random Binary Sequences as a perturbation signal

Pseudo Random Binary Sequences (PRBS) offer a digitally generated signal which on
inspection appears random in nature, but is actually periodic, and therefore has properties
which are extremely useful in several application areas. There are a class of PRBSs termed
Maximum Length Sequence (MLS) that exhibit properties similar to white-noise and the
sequences have extensively been used to establish audio frequency response[8], and system
frequency response analysis generally[9].
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A PRBS generator can be seen in figure 1, using shift registers with modulo 2 (XNOR)
feedback at predetermined “tap” positions, with the number of shift registers defining the bit
order, n[10].
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Fig. 1. 4-bit PRBS generator constructed from shift registers with determined “tap” positions and XNOR
feedback

2.1. Effects of test current amplitude and voltage thresholds

In the course of previous investigations[1], the selection of test current amplitude was
considered in order to achieve an appropriate level of excitation to the test battery. Levels
close to the rated capacity (c;)/20 rate were found to be a good compromise between being
intrusive to battery state and providing a reasonable level of voltage information for
analysis[11]. Additionally, as the experimental set up was based on a constant current charger,
the upper charge voltage limit for this system was very relevant to the battery under test.
Charge voltages for the test battery from manufacturer’s data[12] were taken into consideration
during the application of the PRBS charge profile (during both charge mode and bipolar tests),
as it was important that the battery should not be overcharged. It was decided also that by
using the manufacturers recommended voltage levels, temperature compensated,
observations at near to 100% state of charge could lead to distinct SoC indicators [3].

3. PRBS test investigation

The overall test system block diagram is shown in Fig. 2 with the PRBS test system photograph
in Fig. 3.

1 Power OV

i

Power OV

Integrated tri-mode
PRBS test system discharge

—
charge
Vx| Oracle 200E
Battery backed
| power supply
| L
I Power OV

Battery Voltage Timed load 300w

disconnect Electronic

load
I

Power OV

Data
acquisition Battery Current

Signal OV Battery T
under test | Digital

g timer
Power OV

Fig 2. PRBS test system block diagram
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Fig. 3. PRBS test system photograph Fig. 4. Controlled charge/discharge system photograph

3.1. Test procedure

A controlled charge and discharge system (Fig. 4) was used to remove a pre-determined
amount of energy from the test battery, separately to the PRBS system used in applying the
test perturbation. Discharge and charge power stages are driven by an amplitude offset drive
circuit in order to generate a PRBS perturbation signal centred around zero current. The
hardware was configured in order that switching between the 3 modes of test (charge,
discharge and bipolar) could be carried out easily.

The battery used during the tests was a 65Ah 12V Valve Regulated Lead Acid (VRLA) (Yuasa
NP65-12i) type, which was conditioned with a number of charge and discharge cycles before
being charged to 100% SoC using the temperature compensated Lead-Acid charger within the
test controlled charge/discharge apparatus (figure 4). The bipolar PRBS was developed with
prior work in mind and the test level used was +/- 4A, using an extended bandwidth hybrid
PRBS sequence. The upper voltage limit for the charge pulse was fixed before the test, using
previously established limits for such excitation[3]. PRBS tests (discharge, charge and bipolar)
were then carried out on the battery at 100% SoC before it being discharged at 5 amps for 2
hours to remove around 15% of the rated capacity in preparation for the next test at 85% SoC.
The third stage was to discharge the battery at the 20 hour discharge rate to the manufacturers
specified End-of-Discharge (EoD) Voltage before carrying out the final PRBS test at close to
0% SoC.

3.2. Battery model development

In previous work carried out by the authors in battery characterisation the Randles’ model[13]
was used, and this was developed during further investigations [3, 4, 14]. These investigations,
and examination of the work by Salameh et al[15] led to development of the model shown in
Fig. 5 which was used in the analysis.

Dcharge Ddischarge
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Fig. 5. Developed model

Dcharge @nd Dyischarge @re ideal diodes with no forward volt drop, in series with Rec and Reg
respectively which represent the electrolyte resistance[15] which in conjunction with R; (ohmic
resistance) represent the significant series resistance of the battery.
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Ry and C, were used in development of models in the wider part of this research [14] and have
been shown to improve the curve fitting of the impedance response to simulation. These
parameters represent a parallel branch element of Csyace and Ry which have found to be
applicable to this model development.

3.3. Testresults

Example current and voltage data are seen in figures 6 and 7 at 85% SoC one of the dynamic charge
(PRBS) tests.
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Fig. 6. Current waveform, 85% SoC, charge test Fig. 7. Voltage response, 85% SoC charge test

Example current and voltage waveforms are seen in figures 8 and 9 for the bipolar test at 85% SoC.
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Fig. 8. Bipolar PRBS test current waveform, 85% SoC. Fig. 9. Bipolar PRBS test voltage response, 85% SoC

The impedance information obtained from the tests are shown in Figs. 10 to 18. Transfer
function analysis of the adopted model (Fig. 5) was employed to obtain a curve fit for each of
the results.
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Fig.10. 100% SoC, discharge mode PRBS Fig. 11. 100% SoC, charge mode PRBS
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Fig. 12. 100% SoC, Biplolar mode PRBS Fig. 13. 85% SoC, discharge mode PRBS
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Fig.14. 85% SoC, charge mode PRBS Fig.15. 85% SoC , Bipolar mode PRBS

Figures 10 to 12 illustrate the comparative results at 100% SoC. As mentioned, testing at this
state of charge can lead to an indeterminate result, as the battery may not be at a steady state
terminal voltage. This has been addressed previously in battery pulse testing by applying a
preload to the battery[16], and in PRBS discharge tests by disregarding initial data sets until a
pseudo steady-state voltage envelope is observed. However, the PRBS charge technique
does not have this facility as the test mode inherently charges the battery. This led to an
elevation of terminal voltage during the 100% SoC test which resulted in “clipping” in the PRBS
charge current. Importantly, this is observed in figure 11 as the high magnitude of low
frequency impedance, whilst the high frequency impedance approaches the expected level.
This phenomenon clearly shows detection of end of charge, whilst showing healthy impedance
results for the higher frequency part of the response.

Figures 13 and 14 show the test results at 85% SoC for the discharge and charge test modes.
Both results show similar results but the differences in the charge and discharge processes
are apparent in elements of the curve fitting.

Figure 15 shows the impedance plot for the bipolar test at 85% SoC. This is consistent with
the discharge and charge PRBS methods, within the quasi-linear area of operation of the
battery. The low frequency impedance of the battery is therefore more representative of typical
performance, and the plot generally would be used to indicate battery SoH.
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Fig. 16. 0% SoC, discharge mode PRBS Fig. 17. 0% SoC, charge mode PRBS

Figures 16 and 17 show the discharge and charge test results for 0% SoC. The battery shows
an elevation in impedance across the test frequency range which shows both test modes
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exhibit similar results but with some differences for the two test methods over the frequency
range, with the discharge mode showing a generally lower impedance.
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Figure 18. 0% SoC, Bipolar PRBS

Figure 18 shows the bipolar impedance plot for the test at 0% SoC. The battery in this state
shows an elevation in impedance across the test frequency range. This gives a distinct
indication of a discharged battery and can be compared to the 100% SoC results (Figure 13)
which show similarly the increased LF impedance, but preserve the healthy HF result. The test
impedance results are presented together in Figs. 19 and 20.
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Fig.19. Comparative impedance results Fig. 20. Expanded scale to show detail

In spite of this observed increase in low frequency impedance, the higher frequency impedance
for the battery appears healthy, allowing both SoC and SoH to be reported, provided the upper
voltage threshold for the PRBS charge is carefully selected.

3.4. Battery model parameters

Table 1 shows the parameters obtained for the curve fitting using the bipolar tests, with the
corresponding discharge and charge test parameters.

Ri, Rec and Req are combined parameters for the bipolar tests as no distinction can be made
between the individual components, and are therefore compared to Ri+R.. for the charge mode
tests and Ri+R¢q for the discharge mode tests.

At 85% SoC the three modes of test show similarly impedance and parameter results, but it is
at the extremes of charge states 0% and 100% where the individual methods show the
significant differences.

Across the test methods, the elements of surface capacitance (Csurace @and Cy) remain
indicators of the ability of the battery to deliver energy, and further profiling of this capacitance
against actual discharge tests may reveal direct correlations to bulk capacity.

The results in the table show differences the charge and discharge technique mainly related
to the elements of Csurace. This demonstrates somewhat the different reactions involved in the
charge and discharge processes [7] and overall observations on the validity of the charge
technique are satisfied in that clear results are observed for the various charge states as
compared to the discharge technique with trends that are recognisable for both methods.
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Table 1. Obtained model parameters

BATTERY Ri,Rec,Rep Ri*+Rec Ri*+Rep Rr Csurrace Cx Rx
STATE AND (mQ) (mQ) (mQ) (mQ) (F) (F) (mQ)
TEST MODE

100% 5.5 - - 35.3 3.9 60 5.8
(BIPOLAR)
100% SOC - - 6 12 6 34 4
(DISCHARGE)
100% SOC - 6 - 300 4 2 9
(CHARGE)
85% 5.5 - - 1.3 12 60 10
(BIPOLAR)
85% SOC - - 6 9.5 16 35 9
(DISCHARGE)
85% SOC - 6 - 10.75 20 60 9
(CHARGE)
0% 13.7 - - 19.2 1 31 12.5
(BIPOLAR)
0% SOC - - 21 13.8 25 16 9
(DISCHARGE)
0% SOC - 225 - 14.6 25 22 9
(CHARGE)

4. Conclusion

This work explores the respective benefits of frequency rich signals applied as charge,
discharge and bipolar modes to obtain state indicators and equivalent circuit parameters for
Lead-Acid batteries.

Applying a perturbation to the test battery as a discharge is the most straightforward method
of applying this signal, and produces useful results. Long tests are precluded due to the overall
effect on the test battery terminal voltage, but this is a trade off against a straightforward test.

The effect of applying a bipolar PRBS perturbation signal with an average value of zero
facilitates longer tests at lower frequency and/or increased bit length. Additionally, the bipolar
system was applicable at 100% SoC, and showed repeatable results at this state, with a
characteristic, elevated low frequency impedance at the fully charged state.

Within the charge mode PRBS tests, it was discovered that by control of the charge voltage
headroom high states of charge were clearly identified, and whilst reporting this SoC, the
charge based PRBS was also suitable for reporting SoH, indicating via high frequency
impedance the current delivering capability of the battery.

The charge PRBS could be used to measure impedance over the full range of charge and
therefore finds application as a state evaluation system that can be incorporated with a battery
charger with minimal additional hardware, predominantly requiring an embedded processor to
carry out the analysis.

The investigations described within this paper form part of a body of ongoing research by the
author and co authors and will lead to further publications in this field.
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