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II Abstract 
This thesis investigates the float charge operation of Valve Regulated Lead Acid (VRLA) 

batteries in standby power applications. While the telecommunication standby power system is 

the targeted application, the results are applicable in any situation where VRLA batteries are 

subjected to long periods of float charge. The goals of float charge are identified and a test and 

analysis procedure is developed to provide a means of assessing the effectiveness of the applied 

float charge. The primary goal of float charge is to counteract the natural self-discharge of the 

battery and indefinitely maintain it in a fully charged state. A secondary goal of float charge is 

to maximise the life of the battery. This is achieved by ensuring that ageing mechanisms such as 

positive grid corrosion and gas venting are maintained at minimum levels. 

The problems associated with conventional float charge control are investigated and, in 

particular, the electrode imbalance problems associated with some long life VRLA cells are 

detailed. These electrode imbalance problems can result in the cell suffering a gradual discharge 

of the negative electrode while the cell appears healthy and on a float charge. This ultimately 

results in reduced cell capacity and is identified as a major cause of the premature failure of long 

life VRLA cells. 

Float charge analysis and the subsequent optimisation relies heavily on knowledge of the 

polarisation distribution between the positive and negative electrodes within a cell. 

Conventionally, this is determined with the aid of a reference electrode, although such testing is 

only possible in a well-controlled laboratory environment. By modelling the steady state and 

transient features of both the positive and negative electrodes, a test and analysis procedure is 

developed to estimate the polarisation distribution within a conventional 2 V VRLA cell, in 

effect creating a virtual reference electrode. The developed procedure exploits differences in the 

transient response of each electrode to estimate their polarisations at the applied float voltage. 

The polarisation estimation~ are typically accurate to within 10m V, the window of polarisation 

relating to minimal positive grid corrosion is approximately 40 m V wide, and the total 

polarisation applied to a VRLA cell is around 130 m V. The test requires only a very low rate 

constant current discharge, and cell terminal voltage measurements. This test may be automated 

and applied to cells in field service, and provides the necessary measure to gauge float charge 
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optimisation. The developed test is able to verify that a cell on float charge is indeed fully 

charged, and assists in determining the optimal float voltage for maximum cell life. 
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Extended Summary 
A continuous power supply is critical to the success of many applications. Telecommunication 

systems are a prime example of this, as they are expected to function continuously in the event of 

a power outage. A typical telecommunications power system converts the AC-grid power to 48 

V DC, and then uses this to charge storage batteries and supply the load. In the event of a 

disruption to the AC-grid power, critical plant is supplied directly from the storage batteries. 

Depending on the load size and required back-up time, large amounts of energy storage are often 

necessary. Lead acid batteries are traditionally used as the storage element due to their relatively 

low cost, high energy density, and reliability. There has been a recent trend towards the use of 

Valve Regulated Lead Acid (VRLA) batteries due to perceived savings from reduced 

maintenance and ventilation requirements. The chemistry of a VRLA battery is the same as a 

conventional.flooded lead acid battery, but the physical construction of a VRLA cell has been 

optimised to allow the gases produced during overcharge to be recombined back into water. 

Periodic addition of water to replace that lost through gas venting is therefore not required (or 

possible) with a VRLA battery. In situations where there is a reliable AC power supply, years 

can pass before the power supply might be interrupted, during this time the storage batteries 

must be maintained in a fully charged state. All lead acid batteries have a natural self-discharge, 

so a float charge must be supplied in order to maintain the battery in a fully charged state. 

Constant voltage float charge is normally recommended, and may be specified as a function of 

the battery temperature. 

In this thesis, the goals of optimal VRLA battery float charge management are identified, and the 

requirements for measuring or verifying the achievement of these goals are also established. An 

investigation into the problems associated with present float charge methods and existing float 

charge optimisation and analysis techniques is also undertaken. The problems and suspected 

mechanism leading to the premature failure of some long life VRLA batteries is described, and a 

test procedure for the early detection of this failure mechanism is developed. Analysis of the 

developed test procedure, applied to the terminals of a standard 2 V VRLA cell, provides an 

estimation of the polarisation distribution within the cell. As the procedure reveals information 

that traditionally could only be obtained through the careful use of an additional reference 

electrode, the test and analysis may be used as a virtual reference electrode for float optimisation. 
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An equivalent electrical model of the float charge region of a VRLA battery is also developed. 

This model reproduces both the steady state and transient responses of a VRLA cell on float 

charge. Two goals of float charge have been identified: 

1) Ensure the battery remains fully charged indefinitely. 

2) Maximise the life of the battery by maintaining ageing effects at minimum levels. 

To ensure that a cell remains fully charged, both electrodes within the cell must be sufficiently 

polarised l (raised above their fully charged open circuit rest-potential). To maximise the life of a 

VRLA cell, grid corrosion and gas loss (venting) must be minimised. The traditional (designed) 

failure mechanism of lead acid batteries is excessive corrosion of the positive grid. The grid 

forms a low resistance path within the electrode, allowing large currents to be drawn from it. 

Grid corrosion reduces the cross-sectional conductor area, which increases its resistance. 

Eventually this resistance rises to a point where the cell can no longer supply the necessary 

current at the required terminal voltage. At this point the cell is said to have reached the end of 

its life. Due to the potentials involved, positive grid corrosion can never be completely 

eliminated, but it can be optimised to ensure the lowest possible rate. It is commonly accepted 

that the rate of positive grid corrosion is a function of the polarisation on the positive electrode, 

and has a minimum rate occurring at a polarisation slightly greater than the open circuit rest 

potential. While there is some debate on the actual voltage at which the grid corrosion minima 

occur2
,3, a window of acceptable grid corrosion occurs between 40 and 80 m V. The polarisation 

associated with minimum grid corrosion may vary with cell chemistry. 

A typical fully charged open circuit rest voltage for a VRLA cell is 2.14 V. For such a cell a 

float voltage of 2.27 V may be recommended. At this float voltage, a total polarisation of l30 

m V must exist. If, for example, the optimal positive electrode polarisation for minimum 

corrosion exists at 50 mY, the negative electrode must then support the remaining polarisation of 

80 mY. As both electrodes are raised above their open circuit potentials, the primary goal of 

float charge will also be satisfied, and the cell will be maintained in its fully charged state 

indefinitely. 

Traditionally, an optimal (recommended) float charge voltage is determined on sample cells in a 

laboratory with the aid of a reference electrode. This recommended float voltage is then applied 

(largely unchecked) to cells in service in the field. A further complication is that 2 V cells are 
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connected in series to produce the desired system voltages (typically 24 or 48 V). A single 

supply is then used to charge the series connected cells. Small differences between cells 

(resulting from manufacturing variance) may produce a distribution of cell voltages, despite all 

cells receiving an identical float current due to the series connection. 

With an industry trend towards reducing battery maintenance, longer life batteries are desirable. 

However it is becoming increasingly apparent with many long life VRLA batteries that either 

poor design or poor quality manufacturing results in the cells failing prematurely in the field. 

This is believed to be due to internal electrode balance problems, and in particular negative plate 

discharge. As grid corrosion is the traditional failure mechanism, an obvious way to improve the 

battery life is to reduce the rate of grid corrosion. This may be achieved by altering the grid 

alloy. However for balanced float charge operation, the current associated with corrosion of the 

positive grid must balance the current associated with (impurity related) hydrogen evolution at 

the negative electrode. If the grid corrosion rate is reduced and the purity of the negative 

electrode is not appropriately compensated, polarisation of the negative electrode will be reduced 

by the excess current required for hydrogen evolution. If the current associated with hydrogen 

evolution at the negative electrode is sufficiently large when compared to the current associated 

with positive corrosion, the positive electrode will support the entire polarisation applied to the 

cell. A gradual discharge of the negative must result in order to supply the current required for 

the hydrogen evolution. While this rate of negative electrode discharge may be extremely low, 

the cumulative effects over months or years of float charge can be significant. Furthermore, as 

the applied polarisation is supported entirely by the positive electrode, increased rates of grid 

corrosion, gassing, and possible dryout must result. 

Analysis and subsequent optimisation of the float charge relies heavily on knowledge of the 

polarisation distribution between the positive and negative electrodes within a cell. 

Conventionally, an optimal float voltage is determined by the cell manufacturer and is applied 

virtually unmonitored to all cells of that type in field use. However, due to the importance 

polarisation plays in float charge optimisation, a number of schemes have been publisheJ 5 6 7 

that require varying designs of reference electrodes or reference cells for float polarisation 

analysis and subsequent control purposes. Without exception, all of these systems require cell 

modifications to facilitate the use of the reference electrode or reference cell. As VRLA cells 

basically function as a sealed unit, it is difficult to insert a reference electrode without disturbing 

the seal and modifying the cells' characteristics. 
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A test and analysis procedure is developed to produce an estimate of the distribution of 

polarisation between the positive and negative electrodes within a cell. This test is applied to the 

terminals of a conventional 2 V VRLA cell, and no reference electrode or cell modifications are 

required. Provided the battery is properly designed and manufactured, optimal float charge 

requires the polarisation on the positive electrode to be maintained within a defined (minimum 

corrosion) window. The estimated polarisation distribution may be used to determine whether 

the test cell is fully charged, and if so, how optimal the float voltage is. It can also be used to 

determine whether the test cell is suffering from imbalance problems, such as positive or 

negative plate discharge. In effect, the test and analysis procedure produce a virtual reference 

electrode, as information on the polarisation of each electrode is obtained. The test can be 

performed with only a small amount of low-power electronic hardware. The size and cost of this 

hardware lends itself well to automated field use. Based on significant differences in the 

transient decay of the polarisation on each electrode, the test requires only cell terminal voltage 

measurements and a low-rate constant current discharge (of a similar magnitude to the normal 

float current). With a typical test duration being less than ten minutes, the test has negligible 

impact on cell health, as the depth of discharge is typically less than 0.01 %. 

With the aid of a reference electrode, a thorough investigation of the float charge characteristics 

(steady state and transient) of a VRLA battery has been undertaken. The results of this testing 

have allowed the development of an equivalent electrical-model of each electrode. For each 

applied current, the developed electrode models reproduce the voltage response seen at both 

electrodes within a cell, or, for an applied voltage, the models will draw the correct current. 

Combining the models of the positive and negative electrodes reproduces the overall terminal 

response of the cell. 

While the electrical-equivalent model has not been developed to represent chemical reactions 

occurring within a cell, the physical layout of the model is linked closely with the physical 

construction of a cell. The model's component values and transition points may be interpreted as 

features of the chemical reactions, however the model is not based on, or intended to represent, 

the actual chemical processes occurring within a cell. As the target region of battery operation is 

at or near float charge, to avoid confusion and minimise calibration requirements, the model's 

representation of the bulk storage is limited. Should a complete battery model be required, 

further investigation and development of the bulk charge storage region will be necessary. 
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Although the developed float charge model is not strictly required for the developed polarisation 

estimation test and analysis, it does simplify the understanding of the processes occurring within 

a cell. This may be beneficial if the present float charge operating point is to be used as a basis 

for further optimisation of the float charge voltage. There are many other applications that may 

benefit from the developed VRLA battery float charge model. Such applications may include a 

battery simulator to aid the development, optimisation, and modelling of cell equalisation 

hardware, or the overall control of the power system. Battery chemists and manufacturers may 

also benefit from the float charge model or the polarisation estimation test, as non-intrusive 

verification testing may be performed on new and existing products. The float model may 

provide a simple method of tracking or characterising the internal operation of a cell during 

natural or accelerated ageing. Furthermore, the float charge model and associated polarisation 

estimation test may be used to determine the internal characteristics (Tafel plots etc) of cells that 

are identified as problem cells during field-testing. With knowledge of the actual root of the 

problem, the most appropriate corrective action may be taken. 
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Introduction 

1 Introduction 

1.1. The Telecommunication Power System 

The modem electronic age in which we live has an ever-increasing reliance on 

telecommunications. Communication, via wire, fibre-optic, or radio frequency, is no longer 

regarded as a luxury, but as part of everyday life and a requirement for business. To support the 

increasing demands and reliance on communication systems, Uninterruptible Power Supplies 

(UPS) have been developed. These are designed to supply continuous power to the 

telecommunication system, even in the event of a mains power failure. 

A typical telecommunication power system is shown in Figure 1.1. The rectifier converts the 

AC mains power to 12, 24, or 48 V DC. Both the telecommunication equipment and storage 

batteries are supplied directly from the rectifier's DC voltage. In the event of an AC mains 

power failure, the communications equipment is supplied directly with the energy stored in the 

battery. Depending on the importance of the load, a generator may also be used to provide 

power during a mains failure, however the batteries are still required to bridge power during the 

generator's start-up period, and as a back-up should the generator fail to start. 

AC 
Mains 

Additional 
Generator 

Switch 
Rectifier 

Storage 
Battery 

Figure 1.1 A Typical Telecommunication Power System 

Load 
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VRLA Battery Float Charge: Analysis and Optimisation 

Due to considerations such as cost, reliability, safety, energy density, and life expectancy, the 

lead acid battery is by far the most popular storage device in standby power systems. More 

recently, there has been a trend towards Valve Regulated Lead Acid (VRLA) batteries due to the 

perceived reduction in associated maintenance costs. If operated correctly, the VRLA battery 

does not require any additional water throughout its life, as the design of the battery allows the 

hydrogen and oxygen produced during overcharge to be recombined back into water. The 

VRLA battery is effectively sealed, with only a one-way pressure relief valve to prevent 

explosion should the battery be operated beyond its design limits. As there is no access to allow 

electrolyte replacement, the VRLA battery is less tolerant than a flooded battery to overcharge 

abuse. The VRLA battery requires greater care and more precise charge-control than 

conventional flooded lead acid batteries if its full useful life is to be realised. 

With the lead acid chemistry having a nominal voltage of 2 V per cell, cells are stacked in series 

to achieve the voltages (12, 24, or 48 V) required by the telecommunications equipment. Often 

with smaller capaCity cells, two,three, four, or six cells are combined into a 'mono-block', 

where the terminals of the block produce the series sum of the individual cells within it. The 

capacity of the battery must be suitably sized and store sufficient energy to power the load until 

an alternative power supply can be established, or the primary supply is restored. Typical 

standby lead acid battery sizes may range from tens to thousands of amp-hours capacity. When 

greater capacity or increased reliability is required, parallel strings are often used. 

1.1.1 Standby Battery Operational Phases 

There are three distinct phases of standby battery use - discharge, recharge, and float charge. 

The discharge phase normally occurs during an AC mains power failure, when the battery 

supplies energy to the load to ensure continuous operation. Depending on availability of a 

secondary power supply such as a generator, the physical location, accessibility, and significance 

of the load, discharge time may range from a few minutes to several days. When the AC power 

is re-established, the energy taken from the battery during the discharge must be replaced. This 

is commonly known as the recharge phase, and continues until the battery is returned to a fully 

charged state. Typically, 80% of the recharge is complete within ten hours, however the 

remainder may take up to 72 hours to complete. When the battery has reached a fully charged 

state, it enters the float charge. Float charge attempts to maintain the battery in a fully charged 
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state indefinitely, counteracting the effects of self-discharge that occur when a battery is left to 

stand for a period of time. Depending on the quality of the primary power supply, a standby 

battery may remain in the float charge phase for months or even years before an interruption to 

the primary power supply requires the battery to supply power to the load in another discharge 

phase. During this sometimes lengthy period of limited battery activity, the cumulative effects 

of minor imbalances within a cell, or imbalances between cells, may have a large influence on 

the charge state or readiness of the battery. If the battery is not properly maintained during this 

float period, only a fraction of the alleged battery capacity may be available when discharge is 

required. 

Discharge Recharge Float 

+-c 
~~~~---------------I'---------------~~~----------
::J 
U 

Figure 1.2 Standby Battery Operational Phases 

1.2 Thesis Purpose and Structure 

The VRLA battery is by far the most common energy storage device used in telecommunication 

power systems. However, even when these batteries are operated within the manufacturer's 

guidelines, a large number appear to fail prematurely, well short oftheir designed life. 

The purpose of this thesis is to investigate the float operation of VRLA batteries in 

telecommunication standby applications. The investigation identifies possible causes of 

premature cell failure and highlights deficiencies in present float charge management techniques. 
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VRLA Battery Float Charge: Analysis and Optimisation 

A simple field useable test has been developed to identify whether a cell on float charge is 

indeed fully charged and operating as designed, or whether it is suffering from an internal charge 

imbalance. This test may also be used to select the most appropriate float voltage of each 

individual cell as they age or are subjected to various (thermal) operating conditions. 

Prior work by the authorl 
2 has investigated the recharge phase of VRLA battery operation and 

works by Pascoe3 
4 have investigated the discharge phase. These works, together with that 

presented in this thesis cover the complete operational cycle of a VRLA battery. 

A brief introduction into the operational phases and use of VRLA batteries in telecommunication 

power systems has been given in Chapter 1 of this thesis. Chapter 2 provides an in-depth 

introduction to VRLA batteries, and details the underlying cell chemistry and the requirements 

for satisfactory continuous float service. Two goals of float charge are drawn from this. 

Through review of relevant literature, an analysis of float charge operation is undertaken and the 

failure modes linked to float operation are highlighted. Chapter 2 also examines existing 

methods of float charge and various control and optimisation schemes. Chapter 3 describes the 

test system and equipment constructed and used throughout the course of this research. Chapters 

4 and 5 detail the testing and analysis that lead to the development of an electrical equivalent 

model of the float charge operational characteristics for VRLA cells. From this model, a test and 

analysis procedure was developed, allowing covert information about the internal operation of a 

cell to be extracted. This test does not require any modification to the cell, and may be easily 

applied to a standard 2 V VRLA cell in field service. Chapter 6 verifies the developed model 

and the associated test and analysis procedure through testing of a cell with vast differences in 

size, type, and construction. Chapter 6 also discusses possible applications of the model and the 

test and analysis procedure. Chapter 7 concludes this work through a brief description of the 

achievements and outcomes of the research. 

1.3 References 

1 P. M. Hunter, Advanced Battery Management and Control, M.E. Thesis, University of 

Canterbury, New Zealand, 1999. 
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2 P. M. Hunter, A. H. Anbuky, VRLA Battery Rapid Charging Under Stress Management, IEEE 

Transactions on Industrial Electronics, Vol. 50, No.6, December 2003. 

3 P. E. Pascoe, VRLA Battery State o/Charge Estimation, M.E. Thesis, University of Canterbury, 

New Zealand, 1998. 

4 P. E. Pascoe, Standby VRLA Battery Behavioural Prediction, Ph.D. Thesis, University of 

Canterbury, New Zealand, 2001. 
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The Standby VRLA Cell 

2 The Standby VRLA Cell 
Raymond Gaston Plante developed the first practical lead acid battery 143 years ago, in 1860. 

Since then there have been many developments and improvements in the understanding and 

design of lead acid batteries. A significant development was made in the 1970s with the 

production of the 'sealed' lead acid battery. While termed 'sealed', these batteries contain a 

small pressure relief valve to prevent possible explosion, and hence are also commonly referred 

to as Valve Regulated Lead Acid (VRLA) batteries. The VRLA battery operates on the same 

basic chemistry as a flooded lead acid battery, however its physical construction provides a 

mechanism for the gasses produced during overcharge to be recombined into water, thus 

eliminating the need for periodic water replacement throughout the life of the cell. 

High 
lei minal pillil!s 

10 
ma:;;lfllurH p(~r~OIOlrJllCO 
,11 hinh ralos 

OIOflllllet 

Posit I ".,1A 

plale 

Figure 2.1 A Typical Absorbent Glass Mat (AGM) VRLA CellI 
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VRLA Battery Float Charge: Analysis and Control 

In all VRLA batteries the electrolyte is immobilised. There are two common methods of 

achieving this; the electrolyte is either 1) suspended in an Absorbent Glass Mat (AGM Cell) 

separator between the plates, or 2) immobilised by a fumed silica gel (Gel-Cell). Typically, new 

VRLA batteries are supplied with excess electrolyte. This over-wet state reduces the oxygen 

transport between the positive and negative electrodes, resulting in gas venting. The VRLA cell 

functions as a flooded cell until sufficient water is lost through the gas venting process and the 

cell dries out sufficiently to produce the necessary gas transport paths through the separator. 

These paths allow the overcharge gasses produced at the positive electrode to migrate through 

the separator to the negative electrode, where they are recombined into water. VRLA cells have 

only a minimum amount of electrolyte immobilised in the separator, and are therefore often 

described as having a 'starved' electrolyte. 

Figure 2.1 shows the internal components of an AGM VRLA cell. Because the balance of 

gasses within a VRLA cell is critical to its operation, a one way 'Bunsen' valve is used to seal 

the cell from its surrounding enviroru:nent. This valve prevents atmospheric oxygen entering the 

cell, where it would increase the rate of negative electrode discharge. When the internal pressure 

of the cell is slightly (15 - 35 kPa) above atmospheric pressure, the Bunsen valve opens, 

providing a safety mechanism to prevent explosions should the battery be subjected to excessive 

overcharge. The valve also allows the release of gasses from parasitic reactions such as positive 

grid corrosion and impurity-related hydrogen evolution. As the VRLA battery has no facility to 

replace electrolyte lost as gas through the valve, it requires greater care and better charge control 

than a flooded battery if its full operational life is to be realised. 

In a conventional flooded lead acid battery the gasses produced during overcharge simply bubble 

to the surface of the electrolyte, where they are then vented to the atmosphere. The dominant 

overcharge reaction is that of water being broken down into gaseous hydrogen and oxygen. 

Because flooded batteries simply vent this gas to the atmosphere, the periodic replenishment of 

water is necessary. 
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The Standby VRLA Cell 

2.1 VRLA Cell Chemistry 

The primary energy storage reactions occurring during charge and discharge of a VRLA cell are 

identical to the charge and discharge reactions of a conventional flooded lead acid cell. The two 

types of cells have differing physical constructions, and as a result react differently when they 

are fully charged. For a VRLA cell to function satisfactorily, not only does the main charge

discharge reaction have to be properly designed and balanced, but the overcharge and unwanted 

(but unavoidable) parasitic reactions must also be considered and balanced appropriately. 

2.1.1 Main Charge-Discharge Reaction 

The electrochemical storage of a VRLA cell is achieved by converting lead sulphate (PbS04) to 

lead dioxide (Pb02) at the positive electrode, and to spongy lead (Pb) at the negative electrode. 

This reversible process has been summarised in Equations 1) and 2), with the overall cell 

reaction shown in Equation 3). In the concentration range applied with batteries, the electrolyte 

of dilute sulphuric acid (H2S04) is dissociated mainly into It and HS04-. Only about one 

percent of the H2S04 molecules dissociates into 2H+ and SO/- (2). This is the same basic 'double 

sulphate' reaction of a traditional flooded lead acid battery3. 

The reaction at the positive electrode is: 

discharge) 

1) 
( 

charge 

And at the negative electrode: 

discharge 
) 

PbS04 + iT + 2e 2) 
( 

charge 

With the overall reaction being: 

discharge) 

3) 
( 

charge 
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Original material used 

Ionization process 

Current-producing 
process 

Final products of 
discharge 

Final products of 
discharge 

Ionization process 

Process produced by 
Current 

Original materials 
restored 

I I 
Negative plate I Electrolyte I Positive plat.1! 

I I ________ L __ _ ----..t.. _______ _ 
I I 

----tPb 
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Pb 504 I(Less amt used) 2H2 01 Pb 504 
I 2H2 0 

(a) 

(b) 

Figure 2.2 Lead Acid Cell (a) Discharge and (b) Recharge Reactions 4 

As the double sulphate reaction is reversible, the cell is either discharged or recharged depending 

on the direction of the current passing through it. The double sulphate reaction is shown 

graphically for both discharge and recharge in Figure 2.2. During discharge both spongy lead 

and lead oxide are converted into lead sulphate, and the concentration of the sulphuric acid 

electrolyte is reduced as it is consumed and water is produced. During recharge the lead sulphate 

is converted back into spongy lead at the negative electrode, and into lead dioxide at the positive. 

The concentration of the sulphuric acid electrolyte is increased as the cell is recharged. 

During the recharge process, the species involved in the chemical reactions are consumed. 

When the majority of the lead sulphate has been converted to spongy lead at the negative 

electrode and lead oxide at the positive, the cell is near its fully charged state. When insufficient 

reacting species are available to absorb the supplied recharge current, the excess current supplied 
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The Standby VRLA Cell 

to the cell is consumed by the overcharge reactions. As VRLA batteries are said to be positive 

limited5
, the positive electrode is normally the first to enter the overcharge region of operation. 

2.1.2 Overcharge reaction 

Whenthe main recharge reactions, as described in the previous section, can no longer store the 

energy supplied to the cell by the charge current, the excess current is consumed by the 

overcharge reactions. In a flooded lead acid cell, water is broken down into hydrogen and 

oxygen through the overcharge reactions at each electrode (Equations 4) and 5)). The overall 

reaction is shown in Equation 6). The hydrogen and oxygen produced during overcharge 

bubbles up through the electrolyte and is vented to the atmosphere. 

At the negative electrode: 

4) 

And at the positive electrode: 

H20 - 2e- ~ '!202 + 2IT 5) 

The overall reaction is: 

6) 

In a VRLA battery, the internal design ensures that the oxygen produced at the positive diffuses 

toward the negative plate. Here, it reacts chemically with the spongy lead negative active 

material to form lead oxide. The sulphuric acid electrolyte then reacts with the lead oxide to 

form lead sulphate and water. This lead sulphate is then further electrochemically reduced into 

lead and sulphuric acid. This state of equilibrium will continue as long as the battery remains 

fully charged. This process has been symbolically shown below in Equations 7) - 9). 

As a VRLA battery approaches its fully charged state, overcharging commences and oxygen is 

released from the positive plate in a process identical to that of a flooded cell (Equation 5)). The 

released oxygen then diffuses across the separator to the negative plate, where it reacts 

chemically with the spongy lead to form lead oxide, as shown in Equation 7). 
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7) 

The sulphuric acid reacts with the lead oxide to give lead sulphate and water, and some of the 

spongy lead is chemically discharged to a lead sulphate state. The water consumed at the 

positive plate is regenerated at the negative. 

8) 

The float current then recharges the spongy lead chemically discharged at the negative. 

9) 

As these reactions occur an equilibrium is achieved. While this 'chemical recombination' 

process is commonly shown in literature6
, it has been suggested that there is an alternative path 

for the direct reduction of oxygen at the negative, with the same result7• It has been said that the 

'chemical recombination' of Equation 7) can only occur above the equilibrium potential of the 

negative electrodes. In proper float conditions, the negative electrode potential should always be 

kept slightly more negative than its equilibrium value to secure the state of full charge of the 

negative electrode. 'Direct recombination' must occur through Equations 10) and 11). 

At the positive electrode: 

10) 

And at the negative electrode: 

02 + 4F + 4e- ~ 2H20 11) 

These recombination reactions allow the VRLA cell to function in what is effectively a sealed 

environment. However small continually occurring parasitic reactions, such as corrosion of the 

positive grid and hydrogen evolution at the negative, produce gasses that cannot be internally 

recombined. Small amounts of gas venting will always result, as these reactions can never be 

eliminated, although they normally proceed at relatively slow rates. 
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2.1.3 Parasitic Reactions - Grid Corrosion and Hydrogen 

Evolution 

The charged products of each electrode (lead and lead dioxide) are thermodynamically unstable 

in the sulphuric acid electrolyte. Because mixed potentials exist at each electrode, a true 

equilibrium is never formed, and gradual self-discharge results from local action at each 

electrode, with no current flow required. Self-discharge occurs when the float charger is 

removed and the cell left to stand open circuit. For each electrode there are several mechanisms 

that result in the self-discharge. These are briefly summarised in Sections 2.1.3.1 and 2.1.3.2. 

The rate of self-discharge can be controlled through cell design and construction materials, 

although designing cells with low self-discharge rates does have side effects. Typically, the self

discharge rate of a VRLA cell is around 4% per month at 20°C. As the cell ages, the self

discharge rate is influenced, and may increase by a factor of2 - 5. 

anodic. 

:: :Negative electrode 
:: :~~!i:r@irig'; Dischargin~ 

> > ",-0.32 I I PbQ IPbSO . . .. .. . 2 4 

~ ~ ~ i ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~~~~~~~~ potentiV' I equilibrium potenti I 

-0.5 -0.4 -0.3 -0.2 -0.1 0 1.2 1.3 1.4 1.5 1.6 1.7 1.8 
Potential verso standard hydrogen al. I V 

Figure 2.3 Reactions Possible at Various Electrode Potentials of Lead Acid Battery System! 

Figure 2.3 depicts the thermodynamically possible reactions for various positive and negative 

electrode potentials in a lead acid battery system. The range of equilibrium potentials indicated 

by the crosshatched regions at each electrode shows their dependence on acid concentration. 

The values of -0.32 V and 1.75 V correspond to acid concentration of 1.23 glcm3
• It can be seen 

that lead is stable only below the equilibrium potential of the negative electrode (approximately 
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-0.32 V w.r.t. S.H.E). Above this point, lead is converted into lead sulphate or corroded into 

lead dioxide. While the by-product of corrosion (lead dioxide) provides some protection for the 

underlying grid, corrosion will always occur at potentials commonly encountered for the positive 

electrode. This corrosion occurs above, at, and below the equilibrium potential of the positive 

electrode. Hydrogen evolution occurs at electrode potentials lower than the standard hydrogen 

reference. The reverse of this, hydrogen oxidation, can occur above this reference point, but it is 

hindered so much so at the lead dioxide surface that it may be neglected. The evolution of 

oxygen occurs at potentials greater than 1.23 V w.r.t S.H.E. Below this potential, oxygen is 

reduced as it comes in contact with the surface of the electrode. 

2.1.3.1 Self-Discharge of the Negative Electrode 

Several mechanisms may result in a gradual unwanted discharge of the negative electrode. The 

evolution of hydrogen and the reduction of oxygen both produce a gradual discharge of the 

negative electrode while no net current is passed through the cell. Hydrogen evolution is 

strongly influenced by foreign metals, which reduce the hydrogen over-voltage of the electrode. 

Self-discharge of the negative electrode through oxygen reduction can result from either: 1) Air 

entering the cell through case leaks or defective valves, or 2) Unbalanced float conditions caused 

by high levels of hydrogen evolution at the negative electrode. 

Hydrogen Evolution 

Although no current flows from the negative electrode as the cell sits open circuit, a gradual self

discharge of the electrode still occurs. Self-discharge is produced by the mixed potentials of the 

two reactions occurring at the negative electrode in the presence of sulphuric acid, as shown in 

Equations 12) - 14). Overall, this results in the conversion oflead to lead sulphate (discharging 

the electrode) and the production of hydrogen gas, as shown in Equation 15). 

12) 

13) 

14) 
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15) 

Oxygen Reduction 

Self-discharge of the negative electrode may also occur through the oxidation of lead (Equation 

13)) and the reduction of oxygen (Equation 16)) which in tum produces lead oxide, as shown by 

Equation 17). In the presence of sulphuric acid, this lead oxide is converted to lead sulphate and 

water. The overall process is shown by Equation 18). 

16) 

Pb + 112 O2 -f PbO 17) 

18) 

2.1.3.2 Self-Discharge of the Positive Electrode 

The open circuit self-discharge of the positive electrode results from one of two mechanisms: 

either 1) The mixed potential of the electrode produces a gradual self-discharge through the 

evolution of oxygen, or 2) The unavoidable corrosion of the positive grid. 

Hydrogen Oxidation 

Hydrogen oxidation at the positive electrode, shown in Equation 19), is the reverse of the 

hydrogen evolution occurring at the negative electrode. While hydrogen oxidation is possible at 

the positive, it is hindered by the lead dioxide surface and may therefore be neglected. As no 

significant hydrogen oxidation occurs, any gaseous hydrogen produced within the cell cannot be 

electrochemically removed and therefore must be vented from the cell. 

19) 

Oxygen Evolution 

Oxygen evolution must occur at common potentials encountered for the positive electrode in a 

VRLA battery, as shown in Equation 20). The evolution of oxygen and the discharge of lead 

dioxide to lead sulphate (Equation 21)) produce a mixed potential at the positive electrode. This 

15 



VRLA Battery Float Charge: Analysis and Control 

ultimately results in the gradual discharge of the positive electrode through the evolution of 

oxygen. The overall process is shown in Equation 22). 

Lead Corrosion (Positive Grid) 

When in a charged state, the active material of the positive electrode is lead dioxide, which is 

physically supported on a lead grid. As well as providing mechanical strength, the grid provides 

a low resistance path from the active material through the plate to a connection point. At 

potentials commonly encountered for the positive electrode in a VRLA cell, the lead grid 

gradually corrodes. While various grid alloys and construction methods may reduce the rate of 

corrosion, it can never be eliminated. Corrosion of the positive grid discharges the electrode, 

and produces lead oxide and water, as shown in Equation 24). Equations 21) and 23) are the 

reaction couples that allow this to occur. 

23) 

24) 

When the lead oxide produced in Equation 24) comes in contact with the sulphuric acid 

electrolyte, it is converted to lead sulphate (Equation 18». The final grid corrosion reaction is 

shown in Equation 25). 

25) 

Grid corrosion gradually consumes the lead dioxide passivating layer that protects the underlying 

grid when a battery is stored at open circuit. For this reason, refreshing charges are required 

periodically in order to rebuild the protective layer. 
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2.1.4 Temperature Effects 

Battery temperature has a large influence on almost every aspect of battery operation. 

Temperature affects both kinetic parameters (transport of reacting species to and from the 

reaction site), and the rates at which chemical reactions within the cell proceed. This effect is 

described by the Arrhenius equation 10. As the activation energy in the Arrhenius equation is 

often approximated as a constant, the equation is simplified to the common approximation that 

for every 8 - 10°C increase in cell temperature, the rate of the chemical reactions (or kinetic 

parameters) doubles. 

Self~ Discharge 

As the rate at which chemical reactions occur is expected to double when battery temperature 

increases by 10°C, it is expected that unwanted side reactions, such as self-discharge, will also 

be affected by the increase in temperature. Figure 2.4 shows how the open circuit storage time is 

reduced through increased self-discharge as the temperature of the battery is increased. It can be 

seen that for each 10°C increase in storage temperature, the time taken to reach a given 

remaining capacity is approximately halved. This is due to the increased rate of self-discharge. 

Storage time, months 

Figure 2.4 Temperature Effects on Rate o/Charge LOS/l 

Float 

It can be seen in Figure 2.4 that the rate of self-discharge increases with the temperature of the 

battery. For a given float voltage, the float current drawn by the battery is approximately 

doubled for every 10°C increase in battery temperature. As the temperature of the battery rises, 

the increased float current should compensate for the increased rate of self-discharge. While this 

17 



VRLA Battery Float Charge: Analysis and Control 

effect should ensure that the battelY remains fully charged at various temperatures, reactions 

such as grid corrosion and hydrogen and oxygen production are also increased when the 

temperature is raised. It is commonly accepted that the service life of a lead acid battery is 

halved with a temperature increase of 8 - 10°C due to the increased rate of grid corrosion. The 

life of a battery designed to operate for 10 years at 20°C will be reduced to 5 years at 30°C. 

However, at elevated temperatures, cell failure through excessive dryout may pre-empt the 

designed failure mode of grid corrosion. If the rate of oxygen production increases to the point 

where gas production exceeds the maximum recombination rate, gas venting will occur and 

premature failure due to dryout may result. 

Discharge 

Battery kinetics control the rate at which reacting species are transported to and from the reaction 

site. It is commonly accepted that the available capacity of a fully charged lead acid battery is 

dependent on the discharge rate. As the discharge rate is increased, the available capacity is 

reduced, largely due to the battery's kinetic parameters limiting the rate at which reacting species 

are transported to the reaction site. If the available capacity of a battery is discharged at a high 

rate, and the battery is then left to stand open circuit, some of the previously 'unavailable' 

capacity will become available as the battery settles to a uniform state. Similar to reaction rates, 

battery kinetic parameters are also temperature dependent, with the available capacity of a 

battery decreasing as the temperature is reduced. This capacity-temperature dependence is 

exaggerated for high rate discharges where kinetics plays a greater role. 

Recharge 

Similar to the way in which a battery's discharge characteristics are influenced by temperature 

through its kinetic parameters, the maximum rate at which a VRLA cell can be recharged is also 

limited by cell kinetics. As cell temperature is reduced, the maximum current able to be 

consumed in the desired recharge reactions is also reduced. If the selected recharge rate is too 

high for the battery temperature, the available active material may become fully charged and 

force excess current to be consumed in overcharge reactions. However, the overall battery state 

of charge (SOC) may be significantly less than full. 
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2.2 Float Charge Analysis 

While the basic chemical reactions occurring in lead acid batteries described in Section 2.1 

appear simple and straightforward, the design and optimisation of a battery for a particular 

application is an extremely complex process. There are many parameters that can be controlled 

by the battery designer in order to produce a battery that is best suited to a particular application. 

Basic parameters available to the designer may include grid alloy, size and shape, plate thickness 

(active material depth), expanders, separator type and size, the ratio of positive and negative 

active material, and electrolyte volume and concentration. As application requirements differ, so 

too must the battery designs in order to provide the best solution for the application. Batteries 

used in cyclic applications, such as electric vehicles or solar energy storage, must be able to be 

charged or discharged at high rates repeatedly, but are not expected to spend significant periods 

of time on float charge. Batteries used in standby applications with the intention of bridging a 

primary power supply failure have a very different life to cyclic batteries, and therefore require 

very different characteristics. Depending on the location and quality of the primary power 

supply, a standby battery might be discharged at a low (10 - 20 hour) rate only a handful of times 

in its entire life. During the large majority of its life, a standby battery must be maintained in a 

fully charged (float) state. 

In the remainder of Section 2.2 the requirements for successful or optimal float charge will be 

discussed through literature analysis. It will be shown that for satisfactory standby float charge 

operation, overcharge reactions have to be appropriately designed, and parasitic side reactions 

must be adequately catered for to ensure that the cell remains fully charged. These reactions 

must be suitably accounted for in addition to ensuring that the underlying main charge-discharge 

reaction is appropriately designed. 

2.2.1 Tafel Plots 

Tafel plots are often used to analyse the steady state float behaviour of a VRLA cell (J. Tafel was 

the first to describe the hydrogen over-voltage relation of noble metals12
.). A Tafel plot shows 

the polarisation (the potential above the fully charged rest potential) for both the positive and 

negative electrodes as a function of the float current passed through the cell. Typically, a 

straight line is produced for each electrode when the polarisation is plotted against current on a 
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linear-log graph. In order to measure electrode polarisation, a reference electrode must be used 

to determine the potential of both electrodes. The fully charged rest potential of each electrode 

must also be known before the polarisation can be calculated. While this thesis targets the float 

charge region of VRLA battery operation, to aid understanding Tafel plots of both flooded lead 

acid and VRLA batteries have been described below. 

Figure 2.5 shows a typical Tafel plot of a conventional flooded lead acid battery. When the 

battery is fully charged, only secondary (overcharge and parasitic) reactions occur. The zero 

polarisation point of each electrode represents the fully charged rest (equilibrium) potential for 

that electrode. The total current from the negative electrode is accounted for by that associated 

with hydrogen evolution and oxygen reduction. The total current from the positive electrode is 

accounted for by grid corrosion and oxygen evolution. It can be seen that both oxygen and 

hydrogen evolution have constant Tafel slopes, while the current associated with corrosion of the 

positive grid has a minimum point at a polarisation of approximately 50 m V. As the polarisation 

is increased or decreased from this minimum point, the current consumed by corrosion increases 

with a constant Tafel slope. It can also be seen in Figure 2.5 that the current associated with 

oxygen reduction at the negative electrode is unaffected by the polarisation of the electrode. 

This is due to the flooded electrolyte cell design, which permits only very small amounts of 

oxygen (produced at the positive electrode) to diffuse through the electrolyte to the negative 

electrode. The majority of the oxygen produced simply bubbles to the surface of the electrolyte, 

where it is freely dissipated into the atmosphere. 

In order for either the positive or negative electrode to begin to polarise, the float current applied 

to the cell must be greater than the sum of the currents consumed by the secondary reactions at 

that electrode. In the Tafel plot shown in Figure 2.5, the minimum float current required to 

compensate for the secondary reactions of the positive electrode is slightly greater than 2 rnA per 

100 Ah. The negative electrode requires just over 3 rnA per 100 Ah before it begins to polarise. 

As the float current passes through both electrodes, the sum of currents at the positive must equal 

the sum of currents at the negative. The distribution of the total polarisation (float voltage minus 

the open circuit voltage) between the positive and negative electrodes is determined by the slope 

and location of the total current required to polarise each electrode. Polarisation of the positive 

and negative electrodes within a flooded lead acid battery is largely determined by hydrogen and 

oxygen evolution!3. 
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Figure 2.6 Tafel Plot of a VRLA Cell Showing Individual Reaction Currents and Total Current 

at Each Electrode15
• 

Figure 2.6 shows a typical Tafel plot for a VRLA cell. The main point of difference between the 

Tafel plots of flooded and VRLA batteries relates to oxygen reduction at the negative electrode. 

A VRLA cell has only a minimum ('starved') amount of electrolyte, which is suspended between 

the positive and negative electrodes in an absorbent glass matt or a fumed silica gel. Small 

pathways are created through the electrolyte to provide oxygen transport between the positive 
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and negative electrodes. Unlike hydrogen evolution, grid corrosion, and oxygen evolution, the 

reduction of oxygen at the negative electrode does not have a defined Tafel slope. As the main 

overcharge reaction at the negative electrode, oxygen reduction does not depend on the electrode 

polarisation, but rather it is determined by the oxygen evolution at the positive electrode and its 

subsequent transport to the negativel6
• 

Polarisation of the positive electrode in a VRLA cell is determined by the total current applied to 

the cell. As the electrode is polarised, the current is consumed through oxygen evolution and 

corrosion of the positive grid. As the internal oxygen cycle of a standard VRLA cell approaches 

100%, the current associated with oxygen reduction at the negative electrode is essentially equal 

to the oxygen evolution current at the positive. However, oxygen reduction at the negative does 

not cause or require the negative electrode to polarise. Polarisation of the negative electrode is 

only required to complement the gap between current flow and oxygen reduction. As the 

recombination efficiency approaches 100%, polarisation of the negative electrode is determined 

by a hydrogen evolution current equivalent to the corrosion current at the positive electrode. 

Essentially, the total polarisation applied to a cell is distributed between the positive and negative 

electrodes by the currents associated with grid corrosion and hydrogen evolution, i.e. r; Total = r; 

H2 + r; COlTosion and 1m = I Corrosion. The dashed lines in Figure 2.6 show this relationship. 

It is standard practice when plotting figures to have the controlled parameter on the X-axis, and 

the resultant parameter on the Y-axis. A Tafel plot is normally produced by maintaining a 

constant voltage on the terminals of the cell, and waiting for the current and electrode potentials 

to stabilise before measurements are taken and the voltage is incremented. Because of this, the 

controlled parameter of cell voltage is not directly plotted. The currents involved in the various 

reactions are shown to be functions of electrode polarisations, however the polarisation on each 

electrode is not directly controlled. The fully charged rest potential of each electrode should not 

change, and therefore the total polarisation (11+ - 11-) for a given float voltage should be 

controlled. At steady state, the float current should be a direct function of the float voltage and is 

directly measured. It is therefore more logical to plot float current on the X-axis. 

Tafel plots in literature are typically displayed with polarisation on the X-axis, as shown in 

Figure 2.6. However, plots with the float current on the control axis (X) are also commonl7 
18. 

A possible reason for the differing plot rotations may be the intended user of the plot. The 
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battery designer has the ability to control or manipulate individual reactions, such as those shown 

in Figure 2.6, and it is therefore convenient to see the effects of these reactions as functions of 

polarisation. Once a battery is manufactured, the cell's chemistry is fixed and cannot be altered. 

The only method of optimising the float charge is manipulation of the float voltage or current. 

Because ofthis, it is more convenient to see how the polarisation applied to the cell is distributed 

between the positive and negative electrodes as a function of the float current. As this thesis 

targets float charge analysis and optimisation of standard VRLA batteries in field service, Tafel 

plots produced during this work have been plotted with float current on the control axis. 

When a fully charged VRLA cell is left to stand open circuit, the mixed potentials and parasitic 

reactions present at each electrode cause a gradual self-discharge of the electrodes. To combat 

this, a float charge is normally applied to the cell. It can be seen in Figure 2.6 that a minimum 

current (approximately 3 mA in this case) must be applied to the cell before the electrodes begin 

to polarise ('Total current' trace). Below this minimum, the current applied to the cell reduces 

the cell's rate of self-discharge. However, as the effective self-discharge current is greater than 

the current applied to the cell, the self-discharge continues. At the point where each electrode 

begins to polarise, the current applied to the cell is identical to the effective self-discharge 

current of that electrode. At higher float currents that result in considerable polarisation on the 

electrodes, more current is applied to the cell than is necessary to compensate for the self

discharge. The additional current is largely consumed by the overcharge gas production and 

reduction reactions. 

When a cell is fully charged, no further energy can be absorbed by the main charge reaction. If a 

float current is applied to a fully charged cell, the current into and out of the cell must balance. 

At the positive electrode the secondary reactions of oxygen evolution, grid corrosion, and the 

self-discharge of lead dioxide are present, while hydrogen evolution, oxygen reduction, and the 

self-discharge of spongy lead are seen at the negative. As the current into and out of each 

electrode must balance, Equations 26) and 27) can be written I 9. 

At the positive electrode: 

1jloat = 102 evolution + 1corrosion - 1Pb02 discharge 26) 

At the negative electrode: 

1jloat = 102 reduction + 1H2 evolution - 1Pb discharge 27) 
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If no float current is applied, lead dioxide is discharged through oxygen evolution and grid 

corrosion, while spongy lead is gradually discharged through oxygen reduction and hydrogen 

evolution. In Figure 2.6 the curves for the discharge of lead dioxide and spongy lead are not 

shown, as they would be near vertical lines at polarisations very close to zero. For each 

electrode, the discharge curve will intercept the zero polarisation point at the current at which 

electrode polarisation begins. 

In a properly designed VRLA cell charging under normal float conditions, recombination 

efficiency approaches 100% and the discharge reactions do not occur. If the float voltage is 

insufficient to maintain the current balance described by Equations 26) and 27), it will be 

maintained through the discharge of active material at the positive or negative electrodes. 

Assuming that a cell has 100% recombination efficiency, and a float voltage that ensures 

discharge reactions are not present, the sum of Equations 26) and 27) indicates that the current 

associated with positive electrode corrosion must be equal to that associated with hydrogen 

evolution at the negative. This is shown in Equation 28). 

102 evolution 1 H2 evolution 28) 

If the design of the cell is such that Equation 28) is not satisfied, or that the float voltage is not 

sufficient to overcome the electrode's self-discharge reactions, a gradual discharge of the active 

material will occur in order to satisfy Equations 26) and 27). If hydrogen evolution is greater 

than oxygen evolution, a gradual discharge of the negative electrode will result until the point at 

which equilibrium is found and Equation 28) is satisfied. Similarly, if the oxygen evolution is 

greater than hydrogen, a gradual discharge of the positive electrode will result. 

When oxygen reduction efficiency is close to 100%, the hydrogen evolution current must be 

approximately equal to the grid corrosion current. The kinetics of hydrogen evolution and grid 

corrosion govern the electrode polarisation at a given float voltage20
. The float voltage must be 

high enough to ensure sufficient polarisation of both electrodes in order to keep them fully 

charged i.e. 11- < 0 and 11+ > 0 19 21 22, where 11x represents positive or negative electrode 

polarisation. 
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2.2.1.1 Grid Corrosion Rates 

At positive electrode potentials commonly encountered in a lead acid battery, corrosion of the 

positive electrode's current conducting grid must occur. As this can never be completely 

eliminated, grid corrosion is the traditional (designed) failure mode of a lead acid battery. A new 

lead acid battery has a grid with greater cross-sectional area than necessary, to allow for a 

reduction in size as the grid corrodes with time. At the end of the battery's life, the grid will 

have corroded to the minimum value allowed by the battery specification. In the Tafel plot of 

Figure 2.6, the curr~nt associated with grid corrosion is shown as a function of positive 

polarisation. It can be seen that as the positive electrode's polarisation is increased from zero, 

the current consumed by grid corrosion is reduced. This reduction continues until the electrode 

reaches a polarisation of approximately 50 m V. Further increasing the polarisation increases the 

current consumed through grid corrosion. Two straight lines represent the grid corrosion current 

in Figure 2.6, however the Y-axis of this plot has a logarithmic scale. If this corrosion current 

were plotted on a . linear axis, the plot would be bowl shaped. Figure 2.7 shows the grid 

corrosion acceleration factor in comparison with the Positive Plate Polarisation (PPP). The 

minimum corrosion acceleration factor occurs at a PPP of approximately 75 mY. This indicates 

the minimum possible corrosion rate. Increasing or decreasing the PPP from this value has the 

effect of increasing the grid corrosion rate, which in tum leads to decreased cell life. While 

Figure 2.7 does not have a symmetrical logarithmic rise either side of the minimum point, the 

basic trends of the corrosion current (Figure 2.6) and the corrosion acceleration factor are 

similar. 

It is generally well accepted that as the polarisation of the positive electrode is increased from 

open circuit, grid corrosion will initially decrease to a minimum point, and then increase as the 

polarisation continues to increase. However, the specific point at which grid corrosion is 

minimised has been questioned. Ultrasonic-reflection measurements of grid growth caused by 

the by-products of corrosion24 have shown that minimal plate growth occurs at 40 mV rather at 

70 - 80 m V as previously reported and universally accepted. Figure 2.8 shows the results of the 

(ultrasonic-reflection) measured grid growth rate at various electrode polarisations. The plot is 

again bowl shaped, however these measurements indicate minimum corrosion occurs at a 

positive electrode polarisation of approximately 40 m V. 
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Figure 2.8 Grid Growth Rate Measured by Ultrasonic-Reflection vs Positive Plate PoiarisatioJ4 

The precise electrode polarisation resulting in minimum corrosion may vary with cell design, 

grid alloy, and grid manufacturing method. Most studies have found that as the polarisation is 

increased from low values there is an initial decrease in the rate of corrosion to the minimum 

value. Any further polarisation past this point results in increased corrosion rates. For optimum 

cell life, the electrode polarisation should be maintained at the value giving minimum corrosion. 

As the positive electrode is polarised at this minimum corrosion point, it should remain fully 

charged indefinitely. 
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2.2.1.2 Hydrogen Evolution 

The traditional (designed) failure mechanism of lead acid batteries is excessive corrosion of the 

positive grid. Attempts to reduce the overall corrosion rate should therefore result in a longer

life battery. However, it was shown in Section 2.2.1 that for a recombining VRLA cell to 

function correctly and maintain both electrodes in a fully charged state, the current associated 

with corrosion of the positive electrode must balance with that associated with hydrogen 

evolution at the negative. If the grid corrosion rate is lowered without appropriately reducing the 

hydrogen evolution rate at the negative electrode, the cell may suffer from a gradual discharge of 

that electrode. 

In comparison with other metals, lead has a relatively high over-voltage for hydrogen evolution. 

This should result in the production of extremely low levels of hydrogen evolution at the 

equilibrium potential of the negative electrode. However, the high hydrogen evolution over

voltage of lead is reduced as soon as metals with a lower hydrogen over-voltage contaminate its 

surface. Contamination occurs when metals with an equilibrium potential above that of the lead 

electrode are precipitated at the electrode surface, and remain there as stable metals. This 

concerns not only impurities of the electrolyte, but also additives that are leached out from the 

corrosion products of the positive grid allo~5. While metallic contamination lowers the 

hydrogen over-voltage, some organic substances impede the evolution of hydrogen and as such 

raise the required over-voltage. These organic substances (often wood based) are added in low 

quantities to the negative active material as 'expanders', with the aim of increasing the surface 

area of the active material and preserving its fine crystal structure. 

2.2.2 Temperature Effects 

Section 2.2.1 shows that the currents associated with the parasitic reactions of positive grid 

corrosion and hydrogen evolution at the negative must balance for both electrodes to be 

maintained in a fully charged state indefinitely. Although there is some debate over the precise 

polarisation value at which minimum positive grid corrosion occurs, it is generally accepted to 

be at a polarisation of 40 - 80 m V. The rate of hydrogen evolution at the negative electrode 

during float charge is largely determined by the metallic impurities present at the surface of the 

electrode. While these parasitic reactions occur independently, the currents consumed at each 
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electrode by these reactions must balance in order to ensure satisfactory float charge is achieved. 

Section 2.1.4 suggests that the Arrhenius equation explains many temperature dependant 

characteristics of a VRLA battery. Generally, reaction rates (and their associated currents) are 

increased by a factor of two for every 8 - 10 ce increase in battery temperature. While a 

temperature increase produces an increase in the rate of self-discharge (through increased grid 

corrosion and hydrogen evolution), the float current is naturally increased by a similar ratio and 

largely compensates for the increased self-discharge rate. Because a rudimentary balance 

occurs, the battery should remain fully charged at the normal float voltage and be independent of 

the battery's operating temperature. 
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Overall, the lead acid system has a temperature coefficient of only 0.23 mV/K27. However, 

when the float voltage is held constant, the polarisation of the positive electrode (YJ+) decreases 

with increasing temperature, while the polarisation of the negative electrode (YJ-) increases28 . For 

a vented lead acid battery with constant float voltage, YJ+ is reduced by about -6 m V per 10ce 
with increasing temperature, while YJ- is increased correspondinglY9. Experimental 

measurement of the polarisation shift favouring the negative electrode with increased 
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temperature is shown in Figure 2.9. This figure also shows the expected increase in float current 

as the temperature is raised. The redistribution of polarisation results from differences in the 

activation energy of hydrogen evolution at the negative electrode, and oxygen evolution at the 

positive30
. 
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Figure 2.10 Changes in Positive Electrode Corrosion Rates with Temperature and Plate 

Voltage32 (Positive Plate Voltage plotted w.r.t. a Cadmium Reference Electrode, Temperatures 

26.6,37.8, and 48.9°C)) 

Section 2.2.1.1 highlights how the positive electrode's grid corrosion rate passes through a 

minimum value at potentials slightly greater than its open circuit rest potential. While the 

precise polarisation at which the minimum corrosion occurs is not universally agreed upon (as it 

may be a function of chemistry), for any given cell, the temperature of that cell influences the 

point at which minimum corrosion occurs. It has been shown through model simulation~l, that 

at voltages between the positive electrode's rest potential and the minimum corrosion point, the 

polarisation of the positive electrode has increased sensitivity to temperature. Consequently, the 

lower limit of the float voltage should correspond to the voltage of the corrosion minimum. 

With increasing temperature, the cell voltage producing minimum corrosion is shifted to more 

positive values31
• However, these simulation results appear to differ from the early experimental 
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work on grid corrosion rates shown in Figure 2.1032
. While Figure 2.10 plots the corrosion 

minimum for a single temperature (constructed from several series of experiments over a 

significant time period), extrapolation of results at other temperatures would indicate that the 

electrode voltage relating to the corrosion minimum decreases with increased temperature. 

As there are many influences on the positive electrode's grid corrosion rate, it may not be 

possible to generically determine the precise point at which corrosion occurs, and how this point 

is influenced by temperature. Cell chemistry may alter the relationship between the corrosion 

minimum and temperature when compared to electrode polarisation, electrode potential (w.r.t 

various reference electrodes), or overall cell potential. As both electrode and overall cell 

chemistry may alter the optimal point at which the corrosion minimum occurs, cell specific data 

relating to the corrosion minimum should be obtained from the cell manufacturer. 

Compared to the corrosion rate of the positive grid, hydrogen evolution from the negative 

electrode has a more consistent and· uniform profile. The rate of hydrogen evolution at the 

negative electrode is increased by metallic impurities and decreased by the proportion of 

expanders used in the negative active material. For a given battery design, the rate of hydrogen 

evolution increases with negative electrode polarisation and has a constant Tafel slope. As with 

grid corrosion, the rate of hydrogen evolution is approximately doubled for every 10 DC increase 

in battery temperature. The polarisation shift favouring the negative electrode at increased 

temperatures may further increase the level of hydrogen evolution at the negative electrode. 

The main overcharge reaction involving the evolution of oxygen at the positive electrode, and its 

reduction at the negative, is also approximately doubled with every 10 DC increase in battery 

temperature. There is an upper limit to the rate at which oxygen can be transported from the 

positive to the negative electrode, and exceeding this transport limit will cause excess gas to be 

vented from the battery. Due to the finite amount of electrolyte contained within a VRLA cell 

and the lack of facility for replenishment of any water lost through gas venting, excessive 

venting may result in premature cell failure through dryout. 
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2.2.3 Long Life Battery Problems 

At positive electrode potentials commonly encountered in lead acid battery systems, corrosion of 

the current conducting positive grid can never be avoided. For this reason, grid corrosion is the 

traditional and designed failure mechanism of a lead acid cell. To increase battery life it is 

logical to either reduce the rate of grid corrosion, or increase the grid size so that a longer period 

of time passes before the grid corrodes to the minimum cross-sectional area. Over-sizing the 

grid is usually avoided as this increases both weight and cost. Additionally, the end product of 

corrosion (lead sulphate) consumes more volume than the starting material, causing further 

problems. The rate of grid corrosion may be reduced through the addition of various alloys 

during manufacture, or through the physical manufacturing process (casting, or rolling and 

stamping). These variations in construction method and materials are often used to make long 

life batteries. 

For a traditional flooded cell, oxygen evolution at the positive electrode and hydrogen evolution 

at the negative largely dominates the electrodes' polarisation. Lowering the rate of positive grid 

corrosion through the use of various grid alloys does not significantly alter the float charge 

operation, although the float life of the battery will be increased. While it may appear logical to 

apply this concept of increasing battery life by decreasing the grid corrosion rate to a VRLA cell, 

the delicate balance of the parasitic float charge reactions needs to be considered before life 

gains will be realised. Section 2.2.1 indicates that as the internal oxygen cycle of a VRLA cell 

approaches 100%, the polarisation distribution between the positive and negative electrodes is 

determined by the parasitic reactions. These involve corrosion of the positive electrode's grid 

and hydrogen evolution from the negative. While these reactions are completely unrelated, for a 

VRLA cell to function satisfactorily, the currents consumed in each of these reactions must 

balance, as shown in Equation 28). 

Optimal float charge of a VRLA battery requires the currents associated with the parasitic 

reactions of each electrode in the cell to balance. If these currents do not balance, or an attempt 

is made to extend the life of a previously balanced cell by reducing positive grid corrosion 

without adequate consideration of the negative electrode, one of the cell's electrodes may 

gradually discharge while the cell appears to be float charging. This gradual discharge occurs to 

balance the float current (total current) and the secondary reactions at each electrode. If the grid 
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corrosion current is less than that of hydrogen evolution, the negative electrode will gradually 

discharge. Similarly, if grid corrosion is greater than hydrogen evolution, the positive electrode 

will gradually discharge. While it is theoretically possible for a suitable mix of reaction currents 

to cause the positive electrode to gradually discharge on float, negative electrode discharge is by 

far the most common single electrode discharge mode33
• This is due to the purity of lead 

required to achieve very low rates of hydrogen evolution, and the negative electrode's high 

susceptibility to surface contamination, which lowers its hydrogen evolution over-voltage . 
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Figure 2.11 Tafel plot of a VRLA Cell with Hydrogen Evolution Current Greater than Grid 

Corrosion Current 34 

Figure 2.11 shows a Tafel plot of a VRLA cell that has unbalanced parasitic reactions. It can be 

seen that the current consumed by hydrogen evolution at the negative electrode is greater than 

the current consumed by grid corrosion at the positive. As the recombination efficiency 

approaches 100%, the distribution of the total polarisation (float voltage minus the fully charged 

rest voltage) applied to the cell is determined by the current consumed by parasitic reactions. 

The negative electrode of the cell depicted in Figure 2.11 does not show any significant 

polarisation until the cell voltage is raised above 2.2 V. Below this voltage the positive electrode 

supports the entire polarisation applied to the cell. This occurs because the current consumed by 

positive grid corrosion is less than the minimum hydrogen evolution current (hydrogen evolution 

Tafel intercept) at the negative electrode. Because the hydrogen evolution current does not 

balance the grid corrosion current, an equivalent current must be supplied by the negative 
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electrode (through the main discharge reaction) in order to balance the total (float) current at 

each electrode. Hydrogen evolution continues to decrease below the equilibrium potential of the 

negative electrode, and the gradual discharge of the negative continues until a balance between 

the rates of hydrogen evolution and grid corrosion is found35. 

When compared to the Tafel plot of a balanced VRLA cell (Figure 2.6), the plot in Figure 2.11 

shows a small increase in the current required for hydrogen evolution, from approximately 0.5 

rnA per 100 Ah, to 1 rnA per 100 Ah. This small rise produces an increase in the minimum float 

current required to ensure both electrodes are polarised, from approximately 4 rnA per 100 Ah, 

to 11 rnA per 100 Ah. If the current required for hydrogen evolution was further increased (due 

to the presence of impurities) or the current consumed by grid corrosion was further decreased 

(thus improving cell life), the float current and voltage required to polarise both electrodes would 

be expected to rise further. 

The requirements and influences of VRLA battery electrode polarisation presented in this thesis 

are largely based on work by Teutsch et al36 37 15 (published between 1994 and 1996), who 

identified the need to balance parasitic reactions. It is claimed that the world's first rechargeable 

sealed lead acid cell was made commercially available in 197338. Until Teutsch's recent work, it 

was commonly accepted and stated in the literature that VRLA batteries operate with low or no 

negative electrode polarisation39 40 41 42. While some previous studies indicate significant 

negative electrode polarisation at high float currents, the common reason given for reduced 

negative electrode polarisation in VRLA cells is the depolarising effect of oxygen 

recombination. To reduce the level of recombination depolarisation, alternative recombination 

sites may be provided through the use of catalysts40 43, however the effectiveness of these has 

been questioned44. 

The presence of parasitic reaction imbalance problems is supported by claims that statistically, 

long life designs (20 year life) appear to have greater problems than shorter life batteries (5 - 10 

year life)45. In an attempt to extend the life ofVRLA cells by reducing the rate of positive grid 

corrosion, the level of parasitic reaction imbalance is increased by the reduction in corrosion 

current. This results in increased rates of negative plate discharge, which eventually reduce the 

cell capacity below a satisfactory limit. "It is an irony that, if an attempt is made to improve a 

balanced cell by incorporating a better positive grid (i.e. one with a lower corrosion rate), that the 
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cell will no longer be balanced, will suffer negative plate discharge and quite likely have a 

shorter life than before. ,,46 

The problems associated with unbalanced parasitic reactions may be temporarily masked in new 

VRLA cells as they are typically supplied in an 'over-wet' state, with excess electrolyte 

suspended in the separator between the plates. The excess electrolyte restricts the transport of 

oxygen from the positive electrode to the negative, where it normally recombines with hydrogen 

to produce water. As the efficiency of the internal oxygen cycle is reduced by this restriction, 

both oxygen and hydrogen are produced and not recombined, and are therefore vented from the 

cell. In this state, the VRLA cell temporarily functions as a flooded cell. When oxygen is 

vented and not recombined, the current consumed by oxygen recombination at the negative is 

reduced. Current balance between the electrodes is achieved through polarisation of the negative 

electrode and the associated increase in hydrogen evolution, as would occur in a flooded cell. 

An over-wet VRLA cell will temporarily function as a flooded cell, until sufficient water is lost 

through gas venting and the separator dries to the point where oxygen transport is unrestricted, 

allowing recombination efficiency to approach 100%. When high rates of recombination 

efficiency are achieved, positive and negative electrode polarisation levels are determined by the 

parasitic reactions of grid corrosion and hydrogen evolution. Imbalances in these reactions result 

in a gradual discharge of either electrode, and will be temporarily masked in a new VRLA cell 

due to its over-wet state. 

Accelerated life testing is often used to estimate the expected life of VRLA cells. Techniques 

used to perform this testing may mask problems associated with unbalanced parasitic reactions. 

As the Arrhenius equation predicts that the rate of grid corrosion will increase as the operating 

temperature of the battery is raised, elevated temperatures are used to artificially age the battery 

in a significantly shorter time than would be experienced in normal field service. Using the 

Arrhenius equation, the measured life at an elevated temperature is extrapolated to estimate life 

at conventional temperatures. Failure mechanisms evident at elevated temperatures may not 

replicate the true failure mechanism seen to occur at conventional operating temperatures. The 

experimental data plotted in Figure 2.9 indicates that below approximately 22°C, the negative 

electrode in the tested cell is not polarised. Below this temperature, the negative electrode will 

gradually discharge to compensate for the unbalanced grid corrosion and hydrogen evolution 

reactions. As the temperature is increased, polarisation of the negative electrode is increased at 
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the expense of the positive. The negative electrode will be gradually discharged at a typical 

operating temperature of 20°C, while the positive electrode must support the entire polarisation 

applied to the cell (approximately 100 m V). With this high level of positive polarisation, the rate 

of grid corrosion will be significantly greater than the minimum corrosion rate of polarisations 

between 40 - 80 mY. For example, if accelerated life testing were undertaken at 50°C, the 

polarisation of the negative electrode would be artificially increased to approximately 45 m V, 

and the polarisation of the positive correspondingly decreased to approximately 55 m V. Due to 

the polarisation shift with temperature the negative electrode is well polarised, and will therefore 

remain fully charged indefinitely. The polarisation on the positive electrode is in the middle of 

the range generally accepted to produce minimum grid corrosion. Due to the redistribution of 

polarisation with temperature, care must be taken that failure modes identified and measured by 

thermally accelerated testing replicate the failure modes experienced at designed operating 

temperatures. Thermally accelerated life testing can mask imbalance problems that typically 

result in the negative plate discharge oflong life VRLA batteries. 

2.3 Float Charge Goals 

When lead acid batteries are used as the storage element in standby power systems, float 

charging is necessary to counteract their relatively high rate of self-discharge. During the design 

and manufacture of the battery, materials and design parameters may be optimised to reduce the 

rate of self-discharge, however it can never be completely eliminated. For this reason, some 

form of float charge is always necessary to indefinitely maintain the battery in a high SOC. If 

the float current is greater than the self-discharge current of both the positive and negative 

electrodes, they will be raised above their fully charged open circuit (rest) potentials, and will 

remain fully charged. Ensuring that each cell in a battery is kept in a high SOC may be seen as 

the primary goal of float charge. 

From the day a lead acid cell is manufactured, parasitic reactions gradually corrode the current 

carrying path of the positive electrode. While the design and materials used in the construction 

of the cell may be optimised to reduce the rate of corrosion, it can never be completely 

eliminated. For this reason, all lead acid batteries have a finite life. The overall rate of grid 

corrosion is largely determined by cell design, although for a given cell the rate of corrosion can 

be minimised by controlling operational variables such as float voltage. As the rate of grid 
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corrosion is a function of positive electrode polarisation, which in tum is a function of float 

voltage, an operational mechanism is available to maximise cell life. 

Flooded lead acid cells require water to be periodically added to the electrolyte in order to 

replace that which is lost through overcharge gas production. The design of VRLA cells 

provides a mechanism that allows the gas produced during overcharge to be internally 

recombined back into water, eliminating the need for periodic water replacement. VRLA cells 

contain only a finite amount of electrolyte, and there is no facility for water replacement. It is 

therefore necessary to ensure that the rate of overcharge gas production is sufficiently well 

controlled to prevent excessive gas venting. Loss of electrolyte through excessive overcharge 

and gas venting may result in premature cell failure through dryout. 

Both positive grid corrosion and gas venting have the ability to reduce the life of a VRLA cell. 

To some extent the rates of these processes can be controlled through manipulation of 

operational variables. The primary goal of float charge has been identified as ensuring that each 

cell within a battery remains fully charged indefinitely. A secondary goal of float charge is to 

ensure that the maximum life of each cell (and therefore battery) is realised. The priority of 

these goals is important. Attempts to maximise the life of the battery should not be at the 

expense of reducing its charge state. However, if a particular failure mode is identified for a 

certain cell design, and can be minimised by operating the cell in an almost full state, continuous 

operation in this state may be tolerated so long as sufficient reserve time is provided. This 

situation requires very detailed knowledge of both the battery and the application. As a general 

rule, the float charge goals identified below should be considered in order of priority. 

1) Ensure each cell in a battery remains fully charged (counteract the effects of self-discharge) 

2) Maximise cell life by minimising a) grid corrosion, and b) gassing and dryout 

Many complex electrochemical reactions occur in VRLA cells during discharge, recharge, and 

float charge. The cell designer must ensure that all of these reactions are balanced, and occur at 

appropriate rates. Satisfactory float charge of VRLA batteries relies heavily on a delicate 

balance between the parasitic reactions occurring at the positive and negative electrodes. For a 

well designed VRLA cell, both the primary and secondary float charge goals may be realised 

simultaneously. Assuming a typical fully charged rest voltage of 2.14 V, and a float voltage of 

2.27 V, a total polarisation of 130 mV is applied to the cell. If the positive electrode polarisation 
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that produces minimum grid corrosion occurs at 50 m V, the remaining 80 m V of polarisation 

must be supported by the negative. As both electrodes are raised above their open circuit 

potentials, they will remain fully charged. Because the positive electrode is operating at the 

polarisation for minimum grid corrosion, maximum cell life will be realised. If a cell has 

balanced parasitic reactions, both float charge goals may be achieved simultaneously. 

Although VRLA batteries have been available since 197338, the requirement for parasitic 

reactions to be balanced between electrodes was only modelled and explained in works 

published between 1994 and 1996363715. Until this recent revelation, it was commonly accepted 

that VRLA cells operating with high recombination efficiency did so with little or no 

polarisation on their negative electrodes. While the parasitic reactions of hydrogen evolution 

and grid corrosion are independent and unrelated, the currents consumed at each electrode by 

these reactions must balarice for the overall float charge balance to be maintained. The identified 

imbalance problems explain the premature failure of many VRLA cells, and in particular, long 

life cells that have reduced rates of positive electrode corrosion. 

Assuming a typical fully charged rest voltage of 2.14 V and a float voltage of 2.27 V, a total 

polarisation of 130 m V is applied to the cell. If the cell has unbalanced parasitic reactions that 

result in little or no negative electrode polarisation, the positive electrode must support the total 

polarisation applied to the cell. The 130 m V positive polarisation would result in significantly 

increased rates of positive grid corrosion, and high levels of oxygen evolution. Although the 

presence of little or no negative polarisation is common, " ... the current practice of floating 

VRLA cells at positive polarisations of 100 to 150 m V seems illogical.'1'l7 A gradual discharge 

of the unpolarised negative electrode will occur in order to provide the necessary current balance 

between the positive and negative electrodes. It is obvious that unbalanced parasitic reactions 

may result in neither of the float charge goals being achieved. 

Until the publication of papers identifying the need for the electrodes' parasitic reactions to be 

balanced, it was commonly accepted that VRLA cells with high recombination efficiency 

operated with the positive electrode supporting the bulk of the polarisation applied to the cell. In 

contrast to the 50 - 100 m V values previously accepted as the minimum corrosion point for the 

positive electrode, work in 198824 suggested that it occurs as low as 40 mY. Despite the 

suggestion that minimum grid corrosion occurs at relatively low positive electrode polarisations, 

and the apparent acceptance of VRLA batteries operating with no significant negative electrode 
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polarisation, high float voltages ranging from 2.23 - 2.38 V are often prescribed48
. The reason 

for these high float voltages is said to be the provision of sufficient polarisation for both 

electrodes during float charge, and compensation for voltage scatter between individual cells 

when a series connected string is float charged from a single voltage supply. If the negative 

electrode were operating with no significant polarisation, at the float voltages suggested above 

the positive electrode would experience increased rates of grid corrosion and oxygen evolution. 

In this situation, the secondary goal of float charge identified earlier in this Section will not be 

achieved, and it is not guaranteed that the primary float charge goal will be satisfied. 

The distribution of polarisation within a cell is largely determined by the cell design, although to 

some extent, the float voltage may be used to optimise or manipulate the level of polarisation on 

a particular electrode. If cell design results in the gradual discharge of the negative electrode, the 

float voltage must be raised to the point at which the maximum gas recombination rate is 

exceeded in order to recharge and polarise the negative. As excess oxygen is vented through the 

pressure relief valve, the current required for oxygen recombination at the negative electrode is 

reduced. The superfluous current is then directed into recharging the negative. Although this 

forced gas venting will reduce the liquid content of a cell, if a cell is becoming negative limited 

through a gradual discharge of the active material, periodic capacity recovery through forced gas 

venting may temporarily extend cell life. 

For both float charge goals to be achieved, a battery must be designed appropriately with 

balanced positive grid corrosion and hydrogen evolution reactions. An appropriate float voltage 

must be applied to the cell so that the optimal positive electrode polarisation is produced. While 

specific float voltages are normally recommended by the battery manufacturer for a particular 

design, due to the 'sealed' nature ofVRLA batteries, there is no practical means of verifying that 

either of the float charge goals have or have not been achieved. This verification has 

traditionally been undertaken with polarisation measurements using a reference electrode. 

However, reference electrodes have a fragile nature, and require high maintenance and a stable 

environment. Because of this, and due to the lack of electrolyte access, reference electrodes are 

not commonly used with VRLA cells in the field. At present, the best an end user can do to 

maximise the life of a battery is to ensure that the appropriate (recommended) float voltage is 

applied to each cell. 
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2.4 Existing Float Charge Solutions 

Ideally, the float charge of VRLA batteries requires an environment with well controlled 

temperature, and a charger that can maintain each cell's voltage. In practice, 2 V VRLA cells 

are connected in series and charged from a single supply. They are often installed in 

environments with an uncontrolled temperature. Many differing float charge analysis techniques 

and practices may be used when attempting to improve battery life or reliability, compensate for 

temperature variations, or provide sufficient float charge for each cell within a battery. Cell 

models are often used as a basis for improving the design of a battery, or to aid the understanding 

of operational characteristics. These characteristics may include remaining life or discharge 

time. In this Section, commonly used float charge practices and analysis techniques are 

described, and their advantages and disadvantages are outlined. Cell models developed to 

describe float charge operational c4aracteristics or assist with the optimisation of VRLA battery 

float charge are also discussed in this Section. 

2.4.1 String Level Float Charge Methods 

Traditionally, constant voltage float charge has been recommended by manufacturers of flooded 

and VRLA batteries. For a given operating temperature, a specific voltage or voltage window is 

normally recommended. This may be supplemented with temperature compensation, and 

possibly a periodic boost or equalisation charge. Due to the design and operational requirements 

of conventional standby power systems, constant current float charge is not easily implemented, 

and therefore not commonly used. 

2.4.1.1 Constant Voltage Float 

The use of a constant voltage is by far the most popular method for the float charge of VRLA 

batteries. In most standby power systems, cells are connected in a series string to produce the 

required system voltage (typically 12 or 24 cells are used to produce a 24 or 48 V system). A 

single supply is used to provide the float charge for the entire string. This supply is normally set 

at the manufacturer's recommended float voltage per cell, multiplied by the number of cells in 

the string. As all cells are connected in series, they must all receive an identical float current. 

Although it is highly likely that each cell in a string was manufactured at a similar time on the 
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same production line, small differences between the cells produce some vanance in their 

terminal voltages, despite all cells receiving an identical float current. Throughout the life of the 

battery, variations in the level of voltage spread between cells may be experienced. When the 

cells are new, it is expected that the spread in terminal voltages will be significant, but reduce as 

the cells dry out sufficiently to operate in a fully recombinant mode. As a battery nears the end 

of its life, it is expected that the voltage spread will increase. While small variances between the 

terminal voltages of cells in the same string are expected, large differences may indicate 

potential problems. In general, float voltage alone is not a good indication of SOC or state of 

health (SOH). 

Constant voltage float charge relies on the assumption that the cells are adequately designed and 

operate correctly over the entire life of the battery. However, ensuring that the correct float 

voltage is applied to the string does not ensure that all cells receive the correct or sufficient 

voltage required to remain fully charged. Likewise, constant voltage float charge does not 

ensure that the maximum life of the battery will be realised. Providing a cell is adequately 

designed, both of the identified floats charge goals may be achieved through constant voltage 

float charge. However, the imbalance problems previously described in this Chapter may not be 

identified with a constant voltage float charge until reductions in capacity and/or life have 

occurred. 

2.4.1.2 Maximum Cell Voltage and Cell Pressure 

Battery float voltage is conventionally set based on the number of cells in the string, and the 

recommended voltage per cell. Small tolerance differences between cells result in a spread 

between individual cell voltages. As the rate of overcharge gassing is largely a function of cell 

voltage, internal pressure measurements have shown that the cells with higher float voltages 

regularly vent gas to the atmosphere through the pressure relief valve49
. It has also been shown 

that by controlling the overall battery voltage so that the maximum voltage of any individual cell 

does not exceed a reference value, gas loss through venting is almost completely eliminated. 

This new method of charging is said to effectively avoid excessive overpotentials at the 

electrodes, therefore preventing gassing and accelerated corrosion. 
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It may be expected that this method of charge control could result in some cells receiving 

insufficient charge. Tests that artificially unbalanced the cells by discharging a single cell by 

10%, showed that with sufficient time (60 hours) the cells' capacities were equalised. While 

initial impressions of this charge method appear promising, only the initial stages of float charge 

have been assessed49
. The effects of long-term float have not been investigated, however it is 

suggested that further protection of the battery is achieved by separating it from the charger 

when fully charged. This charge method may work satisfactorily for cells that are appropriately 

designed and manufactured, however it does not ensure that the primary goal of float charge is 

achieved. As the maximum voltage on any cell is controlled through manipulation (lowering) of 

the overall battery voltage, any cell with a naturally lower float voltage must become more 

susceptible to problems relating to insufficient float charge. This will be further influenced by 

the parasitic reaction imbalance problems apparent in many VRLA cells. 

2.4.1.3 Temperature Compensation 

Assuming that a cell is adequately designed, continuous float charge at the recommended voltage 

and temperature should result in acceptable battery life. However, as it is not always possible to 

operate the battery in an environment where the temperature is controlled, temperature 

compensation of the float voltage is often recommended. 

There are a number of reasons given for the use of temperature compensation. These range from 

preventing thermal runaway at high temperatures and assuring adequate charging at low 

temperatures 50, to maintaining a constant current as the operating temperature is varied51
• The 

given reasons may explain the wide range of t~mperature compensation factors recommended by 

VRLA cell manufacturers. These range from 2 - 5.5 mV/oC52 (decreasing float voltage with 

increasing temperature). As all VRLA batteries operate on basically the same principles and 

chemical reactions, it cannot be said that this wide range of compensation values is linked to 

battery design or type. It is suspected that the compensation values are based on plausibility 

rather than experience 53. 

One reason commonly given to explain the need for temperature compensation of VRLA 

batteries is to prevent thermal runaway. The float current of a VRLA cell has been said to 

increase twice as fast (doubling for every 5 °C increase in temperature) in comparison to a 
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flooded ce1l54
. Eventually, all the energy supplied to the cell through the float charge must be 

dissipated as heat, or lost from the system through gas venting. For these reasons the VRLA 

battery is commonly believed to be more susceptible to thermal runaway than a flooded cell. 

The increasing float current leads to increased heating, which in tum leads to a further increase 

in float current, and so on. It has been shown that increased temperature alone is not a trigger for 

thermal runaway, and that this process may be better linked to a combination of events, such as 

extended discharges or shorted cells resulting in an increased applied voltage55 
56 57. There is a 

possibility that as the battery temperature is increased, the associated increase in float current 

will result in elevated levels of overcharge gas production. If this exceeds the maximum 

recombination rate, excess gas will be vented to the atmosphere. Ultimately, this will result in 

premature battery failure through dryout. 

Another reason commonly used to justify temperature compensation is in order to maintain a 

constant rate of a particular chemical reaction, or series of reactions. If float current doubles for 

every 8 °C increase in temperature, and is halved for every 24 m V decrease in float voltage, 

temperature compensation of -3 mV/oe will maintain a constant float current as the temperature 

is varied51
• On an individual reaction level, it has been shown that -2.7 m V fe is required to 

keep oxygen evolution at a constant rate, while -3.6 mV/oe is required to keep hydrogen 

evolution constant. Depending on the slope of the Tafel lines representing the grid corrosion 

current, for polarisations greater than the corrosion minimum, temperature compensations 

between -4 mV;oe and -9 mV/oe are necessary. At polarisations lower than this minimum 

point, positive temperature compensation is required58
• It is not possible to universally 

compensate for temperature variance through float voltage manipulation. Suitable compromises 

are therefore required to ensure that no single failure mechanism proceeds at an unacceptable 

rate. 

In keeping with the wide range of recommended temperature compensation factors, many 

differing implementations also exist. These range from simple fixed compensation factors that 

extend over the entire thermal operating range of the battery, to curves that gradually alter the 

level of temperature compensation based on battery temperature. Other compensation schemes 

use a piecewise approach to achieve different levels of compensation at various operating 

temperatures. Figure 2.12 shows a typical temperature compensation curve59 with a slope of -4 

m V /oe between 0 - 40°C. As the temperature is lowered below 0 °e or raised above 40 °e, the 
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float voltage is maintained at a constant level. The reason for this bounding is to prevent gassing 

(at low temperatures) or insufficient polarisation (at high temperaturesi9
. However, in direct 

contrast to this limitation on the maximum and minimum float voltages, it is said that a number 

of battery manufacturers only recommend temperature compensation outside 10 - 30 °C53
• If the 

temperature of the battery remains within the 10 - 30 °C window, no temperature compensation 

is necessary, as the increased self-discharge rate is naturally compensated for by an increase in 

float voltage. 
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Figure 2.12 Typical Temperature Compensation Scheme 

An alternative temperature compensation scheme has also been suggested6o
• This involves 

increasing the float voltage at low temperatures only, and maintaining a constant float voltage at 

conventional and elevated operating temperatures. This scheme has been depicted over a 

temperature range of -10 - 45 °C in Figure 2.13. The temperature coefficient for the equilibrium 

voltage (open circuit terminal voltage) of a lead acid cell is only 0.23 mV/K, and in practice may 

be neglected58
• Due to the reduction of positive electrode polarisation with elevated 

temperatures, as described in Section 2.2.2, float voltage should be increased with temperature in 

order to maintain a constant positive polarisation. This would increase the internal oxygen cycle 

that eventually results in increased heating, and also promotes gas venting. If the positive 

electrode polarisation relating to minimum corrosion is reduced with temperature, as indicated 

by Figure 2.10, maintaining a constant float voltage with increasing temperature should not 

promote an unnecessary increase in grid corrosion. Providing cell design allows the internal 

oxygen cycle to proceed at increased rates associated with elevated temperatures, the persistence 

of the nominal float voltage at elevated temperatures should not have a detrimental effect on the 
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cell. Polarisation ofthe negative electrode reduces with cell temperature. To enable the negative 

electrode to remain sufficiently polarised, the temperature compensation scheme shown in 

Figure 2.13 increases the float .voltage at low temperatures. As the level of float current is 

reduced with temperature, so too are the rates of the internal oxygen cycle and positive grid 

corrosion. The elevated float voltage at low temperatures should not result in excessive gassing 

or grid corrosion. 
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Figure 2.13 Alternative Temperature Compensation Schemio 

It is believed that temperature compensation is a compromise between the two agemg 

mechanisms of grid corrosion and gas venting. If the level of temperature compensation is too 

large, there is a risk that the battery will be supplied with insufficient current, and not maintained 

in a fully charged state. If the level of temperature compensation is too small, the increased float 

current may result in excessive gas production, which may lead to venting. Temperature 

compensation is based on compromise between two failure modes (corrosion and gas venting). 

It is important that the primary goal of ensuring that the battery remains fully charged is not 

neglected in achieving this compromise. Providing VRLA cells are adequately designed, 

appropriate levels of temperature compensation might improve cell life for operation outside the 

nominal temperature range. However, the underlying influence of temperature on reaction rates 

is always present. Increased rates of grid corrosion will result at elevated temperatures, and a 
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reduced life must therefore be expected. Temperature compensation does not ensure or verify 

that either of the identified float charge goals will be achieved. 

2.4.1.4 Equalisation and Boost Charges 

When a string of series connected cells is float charged from a single power supply, slight 

differences between the cells can result in a scattering of their tenninal voltages. This scatter 

may result in some cells not receiving a sufficiently high float voltage to ensure that they remain 

fully charged. An equalise charge attempts to reduce or eliminate the charge imbalance 

problems between cells in the same string. This generally involves raising the float voltage of 

the entire string to increase the float current through it. This increased float current should be 

sufficiently high to allow the lesser-charged cells to be bought up to a fully charged state. 

However, the recharge ofthese cells through increased float current can only be achieved at the 

expense of fully charged cells. During the course of an equalise charge, gas venting from the 

already fully charged cells may occur. 

Although it has been stated that periodic equalisation is not nonnally required to correct cell/unit 

imbalance61, scattering of plate potentials can lead to non-unifonn ageing62
• As the potentials of 

the positive and negative plate within a cell produce its tenninal voltage, it must be expected that 

voltage differences between cells will promote dissimilar ageing. While dissimilar ageing of 

cells due to tenninal voltage variations may be possible, of far greater concern is the recently 

identified parasitic reaction imbalance problem. This typically results in the gradual discharge of 

the negative electrode, despite the cell outwardly appearing to be fully charged by the float. 

While this gradual discharge of the negative electrode stems from problems with cell design, the 

condition may be temporarily corrected by applying a boost charge. 

Depending on the application, 'boost charging' has several meanings. When describing standby 

applications 'boost charging' implies a short-tenn elevated float charge that attempts to correct 

cell problems. When used in traction applications 'opportunity charging' is sometimes described 

as a 'boost charge'. This involves using partial recharges (when and where available) to extend 

the operational duration of a battery. 
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A well designed VRLA cell or battery should not nonnally require boost charging. However, if 

it is detennined that the battery capacity is reducing through negative limitation, or its negative 

electrode is operating in a depolarised state, a boost charge may be used to temporarily correct 

this problem. With a boost charge of sufficient magnitude and duration, it should be possible to 

recharge a partially discharged negative electrode, albeit at the expense of excessive overcharge 

of the positive, and the resulting increased corrosion and gas production. To allow the negative 

electrode to be recharged, the float current must be raised to the point where gas venting occurs. 

Gas venting reduces the current consumed by oxygen recombination at the negative, and 

produces a surplus current that is used to recharge the negative electrode. While gas venting is 

undesirable, intentional boost charging to recover a discharged negative electrode may 

temporarily correct imbalance problems. Due to the shift in the polarisation distribution with 

temperature, at extreme temperatures individual plate discharge or overcharge problems may 

occur. In addressing thermal runaway concerns, it may be necessary to provide periodic boost 

charges, or accept reduced life due to overcharging63 . 

2.4.1.5 Intermittent Charge 

Intennittent float charge involves charging a battery until a fully charged sate is reached, and 

then removing the charger to allow the natural self-discharge to proceed until a lower SOC 

threshold is reached. At this point, the charger is reconnected to the battery and the battery is 

returned to a full state. This cycle is repeated indefinitely to ensure that the battery is 

continuously maintained in a high SOC. The charger used during intennittent charging may 

either be constant voltage (maintained for a specified time, or until a current threshold is 

achieved), or constant current (maintained until a maximum voltage threshold is obtained). 

There are several claimed benefits of intennittent float charging, including the prevention of 

continuous thennal stress64 that may lead to thennal runaway65, and the reduction of failure 

modes, such as positive grid corrosion, by reducing continuous overcharge and therefore 

extending the operating life of the battery66. 

Intennittent charge of lead acid batteries in standby applications was first investigated after it 

was realised that automobile batteries in automobile service were outlasting sealed lead acid 

standby batteries on a constant voltage float charge67. It was detennined that the intennittent 

charge typical of automobile service is easier on batteries than the constant voltage float charge 
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used in standby applications. Accelerated life testing of sealed lead acid batteries revealed that if 

the float charge is applied for only 50% of the time, the expected life is double that for a 

continuous float charge. 

With regards to grid corrosion, a VRLA battery operating as designed should outlast a battery on 

intermittent float charge. It is shown in Section 2.2.1.1 that the rate of grid corrosion increases 

below the optimal PPP (including open circuit). However, the open circuit corrosion rate is an 

upper bound value, which is significantly lower than the corrosion rate when the entire 

polarisation is supported by the positive electrode, as would be the case with a poorly designed 

or manufactured cell. In relation to gassing and dryout, the reduction in float current and 

associated overcharge gas producing reactions with intermittent charge may have some 

advantages over constant voltage float charge. However, if the rate of hydrogen evolution from 

the negative electrode is reduced to the level necessary for balanced cell design at the 

recommended (constant) float voltage, the level of gas venting should be negligible. It has been 

shown recently that there are no life advantages from intermittent charging at recommended 

operating temperatures, however at elevated temperatures (>35 °C) intermittent charging may be 

beneficia168
• 

Numerous claims have been made regarding increases of battery life through the use of 

intermittent charge67 
69 70. From a theoretical point of view, a properly designed cell that is 

continuously float charged at a voltage corresponding to the corrosion minimum should have its 

life maximised. In practice however, a cell's design and actual operating point will dominate the 

float charge operation. A poorly designed cell may have an operating point (at a constant float 

voltage) far from optimal, and the adverse effects for intermittent charge may indeed be less than 

those imposed by constant float voltage. Therefore, under certain conditions, life improvements 

may be realised with intermittent float charge techniques. In a recent study71, no clear 

correlation between charging modes and premature failure of VRLA cells was found. It was 

suggested however, that the reduced life of VRLA batteries may be related to shortages in the 

charging procedure, rather than to the continuous float charge. 
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2.4.1.6 Float Current Monitoring 

Flooded lead acid batteries have traditionally had their charge state determined through the use 

of electrolyte specific gravity measurements. While this technique may give an approximation 

of a cell's SOC, due to the relatively narrow window of specific gravity that a lead acid battery 

typically operates over, highly accurate measurements are unlikely. As the electrolyte in a 

VRLA cell is immobilised, with no simple means of accessing it, specific gravity measurements 

of VRLA batteries are not possible. Estimations of specific gravity are made using 

measurements of the stabilised open circuit voltage, and the application of a basic rule of thumb 

where specific gravity;:::: open circuit voltage - 0.85. While this technique gives a basic estimate 

of the SOC for a VRLA cell, 12 - 36 hours open circuit stand is required for voltage 

stabilisation72
• This is not practical for standby power applications, and as specific gravity based 

estimates of SOC are not precise, alternative methods of determining if or when a battery is fully 

charged are required. 

It has been said73 that a VRLA battery is charged when the float current has stabilised at the 

charging voltage, and there is less than a ± 1 0% change in battery current over a three hour 

period. While this technique will provide an indication that the battery is fully charged, it does 

not ensure that every cell within the battery is fully charged. Also, the technique may not 

provide an indication that any cells are suffering from float charge imbalance problems, which 

result in the discharge of a single electrode. Due to the large differences seen in the magnitude 

of float currents and in discharge/recharge currents, accurate measurement of float current with 

conventional current shunts (very low value resistance) is difficult. Systems are available for 

resolving low level float current measurement74 75, although these are not commonly used. 

A single precise float current measurement is unlikely to detect float charge problems. 

Appropriate trending of the current drawn by a string throughout its life may highlight problems 

that develop over time. It is expected that float current changes gradually throughout the life of a 

battery76, and is expected to increase with age75. Any sudden variance in float current may 

highlight potential problems that would otherwise go unnoticed. As an increase in float current 

must accompany thermal runaway, it has been suggested that float current monitoring may be 

used to prevent this 77. 
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While trending of float current does hold potential for the early detection of float charge 

problems, the wide range and accuracy of current sensors makes measurement difficult. As each 

cell in a series string receives an identical float current, string based current sensing will only 

indicate problems within a string. Further investigation would be required to determine whether 

these problems are related to a particular cell or mono-block. Furthermore, as the detection of 

float problems through float current measurement is largely comparison based, the technique can 

not ensure that the string or individual cells within the string are fully charged. Similarly, float 

current measurement does not determine that the battery is operating in a state that will maximise 

its life. 

2.4.2 Cell Level Float Improvement Schemes 

As the battery in a typical standby power system is constructed from a string of series connected 

cells charged from a single power supply, all cells in the string must receive an identical float 

current. Despite all cells being of an identical type, with a strong possibility that they were 

manufactured on the same production line, small variances between cells may result in a 

distribution in their terminal voltages. If left unchecked, this may result in charge imbalance 

between cells. Attempts made at the string level to correct this imbalance through boost or 

equalise charges normally impose unnecessary stress on the cells that have a higher charge state. 

To reduce this stress, the correction of charge imbalance problems may be implemented at a cell 

or mono-block level, although additional hardware is required for this. 

2.4.2.1 Individual Voltage Equalisation 

To force an even distribution of the applied float voltage between all cells within the string, 

individual cell voltage equalisation may be implemented with some additional hardware. While 

there are many possible hardware schemes for achieving cell voltage equalisation, all schemes 

must either bypass excess float current around higher voltage cells, or supply additional current 

to lower voltage cells. 

The simplest individual equalisation schemes simply limit the maximum voltage on a cell (or 

mono-block) by installing a high-power zener-like bypass unit across every cell78
. This scheme 

may prevent excessive overcharge of an individual cell, but because the bypass voltage is pre-set 
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it may not work in conjunction with temperature compensation, or with the elevated voltages 

sometimes used to accelerate recharge. Additionally, the scheme will not assist with unit 

equalisation during the discharge or recharge phases of battery operation. 

An improvement over simple voltage limit based bypass units involves hardware that balances 

(equalises) the voltage between two adjacent cells. By overlapping these units so that every cell 

is equalised with both its neighbours, the overall battery voltage becomes evenly distributed 

between all cells in the string over time. Advantages of these neighbouring cell equalisation 

systems are that accurate voltage references are not required, and also that equalisation occurs 

during all phases of battery operation. Although this type of voltage equalisation is active, no 

control is necessary. A disadvantage of neighbouring cell equalisation is that while cell voltage 

differences are eliminated, the current required to achieve this is not monitored, and the 

indicators of problem or defective cells are therefore removed. Examples of these types of 

equalisation systems include switched capacitor79 designs, and switched inductor80 designs. 

Similar free-running equalisation systems use multiple output fly-back type DC/DC converters. 

Diode action and the multiple output transformer ensures that cells with the lowest voltage 

receive the equalisation charge. 

As complexity of equalisation hardware increases, the configurations for controlled active cell or 

unit equalisation become essentially unlimited. Controlled equalisation involves the use of 

DC/DC converters to transfer energy between cells in a string, or between individual cells and 

the battery as a whole. These systems typically have either permanently connected charge and/or 

discharge hardware dedicated to each cell/unit, or at least one floating charge/discharge unit that 

connects to unbalanced cells when equalisation is required. With controlled active equalisation, 

microprocessors are typically used to determine which cells require equalisation, and to what 

level. Logging of the currents required to equalise voltages may also be implemented in the 

microprocessor. This information may assist with the identification of defective cells in a similar 

fashion to extreme float voltage divergences, when no voltage equalisation is used. 

Almost invariably for a given temperature, VRLA battery manufacturers recommend a float 

voltage per cell. The string voltage is simply calculated using the given voltage and the number 

of cells in the string. If all cells were identical, it would be expected that the cells would evenly 

distribute the voltage applied to the string. However, slight tolerance differences between cells 

result in a spread of their terminal voltages. The distribution of cell voltages tends to increase as 
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the length ofthe string increases. Additional hardware may be used to force an even distribution 

of the applied float voltage between all cells, in order to ensure that the manufacturer's 

recommended float voltage is applied to every cell. However, voltage equalisation does not 

guarantee that each or every cell in the string is fully charged. In the absence of suitable 

knowledge of a cell's charge state, forced voltage equalisation should ensure that each cell is 

float charged as recommended by its manufacturer. Provided that the cell is designed and 

manufactured properly, optimal float charge should result. The fact that equalisation is 

necessary when all cells in the string receive identical float current highlights the fact that all 

cells are not created equally. This raises questions about the feasibility and appropriateness of 

having one universal recommended float voltage for all cells of a given design. 

2.4.2.2 Catalysts 

Section 2.2 details how imbalances in the currents required to support the parasitic reactions of 

grid corrosion (at the positive electrode) and hydrogen evolution (at the negative) may result in 

either of the electrodes discharging while the cell appears to be on float charge. Alone, the 

currents that are required to support the internal oxygen cycle at the positive and negative 

electrodes must balance when the cycle is complete. This oxygen cycle should approach 100% 

efficiency, and the currents at the positive and negative electrodes should be approximately 

equal. Due to the float current enteling one electrode and exiting from the other, both electrodes 

must account for identical currents. When the internal oxygen cycle currents at both electrodes 

are equal, the balance of the float current consumed by parasitic reactions at both electrodes must 

also be identical. Attempts to increase battery life by reducing positive grid corrosion, coupled 

with the negative electrode's sensitivity to impurities, results in an imbalance in the parasitic 

reaction currents between the electrodes. To rebalance these currents, the excess current drawn 

by the highest consuming parasitic reaction is supplied by the energy stored in the primary 

reaction at that electrode. This typically results in VRLA cells suffering from a gradual 

discharge of the negative electrode while on a long-tenn float charge. 

Ideally, negative plate discharge should be rectified by appropriate cell design in which the 

parasitic reaction currents at each electrode are balanced. Due to the cost of raw materials, 

manufacturing methods, and battery life requirements, this may not be possible. One solution to 

the problem of unbalanced parasitic reactions is compensation through the unbalancing of the 
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internal oxygen cycle. This may be achieved by placing a catalyst in the head (gas) space of 

each cell. When a catalyst, made from a noble metal (such as palladium), is placed in the 

atmosphere of a VRLA cell, a site is created that allows small amounts of excess oxygen to be 

combined with hydrogen, which is always available. 

Cells used in traction (cyclic, deep-cycle service) applications are often charged at relatively 

high voltages, causing electrolysis that produces significant quantities of hydrogen and oxygen. 

Catalysts may be used to recombine these bulk hydrogen and oxygen gasses81
. While analysis 

has shown that the gas vented from VRLA cells contains less than 5% oxygen, some 

recombination will still occur within a cell when a catalyst is installed. When oxygen and 

hydrogen are recombined to form water vapour at the catalyst instead of at the negative 

electrode, the efficiency of the internal gas cycle is reduced from 100% (with regards to both 

electrodes). In relation to the electrodes, this oxygen cycle imbalance is similar to gas venting, 

although the production of water vapour at the catalyst avoids dryout. The end result of adding a 

recombination catalyst into the headspace of a VRLA cell should be an increase in the negative 

electrode's polarisation, and a corresponding reduction at the positive. 

There have been many claims of improved negative polarisation and reduced gas emission4o 
82 83 

when a catalyst is added to a conventional VRLA cell. Other testing84 found that the addition of 

catalysts did not improve the polarisation of the negative electrode at 25 ec, although cells fitted 

with a catalyst did show a reduction in float current at elevated temperatures. While the use of 

catalysts in VRLA cells goes some way towards correcting float charge parasitic reaction 

imbalance problems, improving cell design to eliminate these problems would be preferable. It 

has been suggested that a balanced design is technically possible, although high material costs 

and the problems associated with the use of recycled lead may make this impractical85
. The 

application of oxygen recombining catalysts in VRLA cells is a relatively new concept. Initial 

fears of catalytic poisoning83 have recently been acknowledged86
, resulting in the use of suitable 

materials to absorb catalyst-poisoning contaminants. Because the recombination of oxygen and 

hydrogen is exothermic, catalysts may also suffer from heat dissipation problems if high rates of 

recombination are encountered. 

The addition of oxygen recombining catalysts into the headspace of VRLA cells directly targets 

the negative plate discharge problems common to many VRLA battery designs. This solution 
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does not directly correct the root cause of the problem. Correcting the problem at its source may 

not be financially viable, and the use of catalysts may prove to be a more economic alternative. 

However, as the addition of a catalyst does not guarantee polarisation of the negative electrode84
, 

it does not ensure that either of the two float charge goals identified in Section 2.3 will be 

fulfilled. 

2.4.2.3 Sensed Polarisation Float Control 

Successful and optimal float charging relies almost entirely on the distribution of polarisation 

between each electrode within a cell, and in particular, on the magnitude of the positive 

electrode's polarisation. To ensure optimal polarisations, several systems have been developed 

to sense or measure the electrode's polarisation87 
88(&89) 90. The measured results may then be 

used to appropriately adjust the float voltage or current in order to achieve the desired 

polarisations. Of these systems, only the most recenfo describes control of VRLA batteries. 

This also suggests· that the output voltage of the rectifier be adjusted so that the reference 

electrode to either the positive or the negative is set at a desired value. 

As conventional laboratory reference electrodes for lead acid systems (such as cadmium or 

mercurous-sulphate) are fragile and require regular maintenance and calibration, they are not 

suitable for long-term polarisation control. Willihnganz's polarisation measuring systetJ7 

overcomes this problem with the use of a complete 'reference cell'. The electrolyte from this 

reference cell is electrically connected to the electrolyte of the test cell via a porous plug that 

allows current to pass, but impedes electrolyte flow. By connecting like terminals of the 

reference and test cells, the reference cell is charged. When fully charged, the reference cell's 

terminals are isolated from the test cell, and it is allowed to settle for 24 - 48 hours to its normal 

open circuit potential. When the reference cell's potential has stabilised, voltmeter 

measurements between like terminals of the reference and test cells may be made. These 

measurements are the polarisations of the positive and negative electrodes in the test cell. 

Periodically, the reference cell must be recharged by reconnecting it in parallel with the main test 

cell. The measurement of the positive electrode's polarisation is shown in Figure 2.14 
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Figure 2.14 Willihnganz's Polarisation Measurement System87 

The polarisation measurement system shown in Figure 2.14 allows direct measurement of both 

the positive and negative electrodes' polarisations, however as a complete additional cell is 

required, the system has significant complexity and expense. A simplification of this system that 

provides only positive electrode polarisation measurements, for the purpose of float charge 

polarisation control, is described by Mistry et al88 
89. In this system, an additional piece of 

positive electrode is used as a reference. It is inserted into the test cell so that it is in contact with 

the electrolyte. This reference electrode requires periodic recharging (every four to six months), 

which is achieved by shorting the reference electrode to the positive electrode for a period of 

time, followed by a 10 - 15 hour open circuit stand. Mistry's work also describes an electronic 

controller that uses the reference electrode polarisation measurements to determine the necessary 

additional charge current required to achieve a desired positive electrode polarisation. This 

system allows the level of positive electrode polarisation to be directly set, and maintained 

indefinitely. While not specifically stated, it is understood that this system targets flooded lead 

acid batteries. 

A polarisation based charge control system that specifically targets VRLA batteries has been 

described by Chalasani et al9o• Again, the reference is lead, or an alloy of lead, with a similar 
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fabrication to the main electrode. The system contains a three-position switch for charging, rest, 

and measurement periods. The installation of the reference electrode is not described. 

Considering the difficulties of adding reference electrodes to finished VRLA cells due to the 

immobilised electrolyte and sealed construction, it is assumed that the reference electrode must 

have been added during the cell's manufacture. By applying either a positive or negative charge 

to the reference electrode during the charge phase, the polarisation of the positive or negative 

electrode may be measured. 

All of the systems described in this Section directly measure the amount of polarisation on one 

or both electrodes within a cell. These measurements are then used as the basis for adjustment of 

either the overall battery voltage, or an additional charge current at the cell level, allowing 

optimal float charge at specified electrode polarisations to be achieved. With this direct control 

of electrode polarisation, both of the float charge goals described in Section 2.3 should be 

realised. While a level of complexity is still associated with the charge maintenance of these 

lead based reference electrodes, this· process is significantly less labour intensive than some 

traditional reference electrode systems. The system described by Chalasani et a190 specifically 

targeted VRLA batteries, however its use may be restricted by the inability to easily insert the 

required reference electrode into commercially available VRLA cells. 

2.4.3 Existing Float Analysis 

Besides common voltage, current, and temperature measurements, the analysis of conventional 

flooded lead acid batteries is able to draw on many additional parameters, such as electrolyte 

level, electrolyte specific gravity, individual electrode potentials and polarisations, and 

observations of the physical condition of the cell's electrodes. As VRLA batteries are effectively 

sealed, there is no facility to access a cell's internal elements. While conventional voltage, 

current, and temperature measurements are still available, alternative methods of assessing 

internal parameters (based largely on a cell's terminal response) have been developed to provide 

increased knowledge about the internal (and/or external) operation of a VRLA cell. 

Cell models are produced to replicate a cell's characteristics. These models may assist with the 

analysis of the cell's internal operation, with the aim of improving cell design. Similarly, a 

model may be used to assist with the understanding and prediction of operational characteristics. 
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Through suitable modelling, it is possible to predict available capacity, or the duration of a 

discharge for a given load. Predictions of a cell's SOH or remaining life may also be more 

accurately made when an appropriate model is used. While measurements of VRLA battery 

parameters are generally limited to voltage, current, and temperature, further information may be 

revealed through impedance based measurements at various frequencies. By probing a cell at a 

particular frequency, specific features or characteristics may be isolated, or more easily assessed. 

Direct identification of characteristic features of a transient response resulting from a particular 

physical occurrence may also provide an understanding of a cell's present state or condition, 

without requiring a model. 

2.4.3.1 Models 

Many different types of models are used in the description or analysis of lead acid and VRLA 

battery characteristics. Because different operational regions may be targeted, and each model's 

outputs are used for different purposes, no one model will satisfy all requirements. There are 

two general reasons for modelling; the verification or analysis of a particular cell design, and the 

prediction of operational characteristics. Correspondingly, there are two general types of 

models. These are derived from either an understanding of the cell's chemical operation, or a 

black box representation, in which the internal operation of the model is largely unimportant, 

provided that its response replicates the terminal response of the cell. 

The primary purpose of any lead acid battery is energy storage. The majority of battery models 

therefore focus on the energy storage and extraction processes of recharge and discharge. 

However, as this thesis targets the, analysis and subsequent optimised control of VRLA battery 

float charge, only models that describe this region of operation have been investigated. In 

particular, models that have been developed for the operational analysis and optimisation of a 

given cell (with andlor without design problems) have been considered. Many problems 

associated with long life VRLA batteries are largely due to fundamental design problems. Once 

a cell has been manufactured, deficiencies in design cannot be altered or corrected. Therefore, 

models that have been developed for the analysis and optimisation of cell chemistry will only be 

briefly described. 
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Models based on a present or presumed understanding of various chemical processes are used to 

gain a greater understanding of the dependencies and interactions of the possible chemical 

reactions occurring within lead acid cells. These may be compared with a measured response in 

order to gauge whether the reactions are occurring as understood, or whether other factors are 

involved. Previously published models are often improved or extended to provide a better 

representation of certain operational characteristics. However, due to the many possible 

reactions present in the lead acid system, large complicated models are required in order to 

adequately describe the cell's characteristics over its entire operational range. Targeting only 

specific regions of operation may reduce the complexity of the model. Teutsch et al36 
37 15 

described a mathematical model based on balancing the float charge currents consumed by the 

reactions at each electrode during steady state float charge. Through the use of this model, a 

plausible explanation for the premature failure of many VRLA batteries in long-term float 

service is given. Because of this, the model has been used extensively within this Chapter. The 

Tafel plot analysis with this model has been used to demonstrate the steady state interaction of 

the many reactions involved -in float charge. However, as this model deals only with steady state 

characteristics, and the differing scenarios are portrayed in terms of electrode polarisation 

(requiring some form of reference electrode) in several Tafel plots, the model does not offer a 

field useable mechanism for the detection of poor float charge. 

The model by Teutsch et al is derived from a chemistry basis, and targets only a very small but 

extremely important region of VRLA battery operation. Other somewhat more complex 

chemistry based semi-analytical models have evolved over time. These rely more heavily on an 

understanding of chemical reactions, and the chemical and physical conditions required to 

support these reactions. These models tend to combine diffusion and mass-flow equations, 

electrical circuits, and semi-empirical laws. It has been said that "Although these models can 

give a better insight into the role of specific parameters, they are not very reliable due to the 

large number of parameters and assumptions involved,,91. A model of this type, recently 

modified by Tenno et al92
, has shown a close correlation between measured and simulated 

results. This model specifically targets VRLA batteries, and covers transient behaviour over the 

full range of charge and discharge, including overcharge. While this model appears to be 

calibrated to the terminal response of a 12 V mono-block, subsequent analysis and plots detail 

profiles of parameters within a single 2 V cell. It is also stated that this model can distinguish 

between outwardly equal batteries with different back-up and cut-off times. However, because a 

12 V mono-block is internally constructed from six 2 V cells, there is a possibility that one weak 
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cell may be masked by the remaining (stronger) cells. Verification of the calibrated model is 

shown through measured and simulated terminal response comparisons. While a plot of 

simulated 'Electrolyte overpotential vs. hydrogen electrode' is shown, this has not been 

compared to experimental reference electrode data. If this model (when calibrated to the 

terminal response of a 2 V cell) replicated experimental data measured with a reference 

electrode, it may be possible to use such a model as a means of determining whether float charge 

problems exist, or whether the float voltage is optimal. Two implementations of this model have 

been described: a 'Robust Distributed Parameter Model' used for fast discharge transients while 

ignoring overcharge gas formation processes, and a computationally faster 'Complete Lumped 

Parameter Model' that accounts for overcharge gas fOlmation as well as charge and discharge. 

While this lumped parameter model is said to have high prediction accuracy for overcharge, the 

averaging process that must result from a 12 V characterisation may not detect any individual 

cells within the block suffering from problems associated with unbalanced parasitic reactions. 

Characterisation and assessment of the smallest series element is essential to ensure that no weak 

links in the chain exist. 

Analysis using chemistry derived models can allow several batteries to be compared, and/or a 

battery's limiting factors to be determined, enabling design optimisation. However, the 

complexity of such models and the large number of parameters associated with them may be 

excessive when only a single region of operation is targeted. A reduced model, targeting only 

the float region of operation, may be more suitable for the comparatively simple task of 

determining individual electrode polarisations while the cell is in float service. A black box type 

model that replicates the potential of both electrodes (and hence the cell as a whole) would be 

sufficient for this purpose, and given its reduced complexity a reduction in computation time 

and/or necessary processing power should also result. Reduced model complexity may also 

allow assessment of the smallest element (a 2 V cell). 

Because they are familiar and easily understood, electrical equivalent circuits are often used for 

'black box' modelling of a cell's operational characteristics. Conventional, well-understood 

analysis tools and techniques may be used to construct and validate a model that replicates 

battery characteristics. These empirical models are commonly designed using standard (mainly 

passive) electrical components. Numerous electrical equivalent models have been developed, 

most of which attempt to replicate the terminal response of a battery over a wide range of 

operating conditions, covering the discharge and recharge phases of operation. Few models 
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describe the initial transient behaviour when a battery is discharged from a float charge. As the 

discharge of a float charging cell commences, the polarisation on the electrodes due to the float 

charge is eliminated. Noworolski et al93 describes electrical equivalent models that specifically 

target this transition region. These models are shown in Figure 2.15. Figure 2.15 a) shows the 

basic model, which accounts for any increase in the imaginary part of impedance during float 

operation, and the subsequent decrease during discharge. This change of state is achieved by 

using the non-linear resistor 'Re'. Capacitor 'Cl', described as double layer, is associated with 

electrode polarisation (it carries the voltage due to the float voltage91
). Charge, discharge, and 

recharge conditions can be described by appropriate non-linear coefficients of 'Re'. However, 

because these coefficients also change sign from charge to discharge, the model shown in Figure 

2.15 b) may be more attractive and convenient. 

R2 R3 

Rm - mechanical path resistance 
Re - electrochemical resistance (time 
dependant) responsible for the • coup de fouet' 
Rs - self discharge resistance 
R2 and R3 - overcharge resistance 
C l' Double layer capacitance 
C2 and C3 - overcharge capacitance 
Vterminal - measurable terminal voltage 
Cb - electrochemical capacitance 
Eo - open potential of the fully charged cell 

a) 

Rl R2 Rn 

b) 

Figure 2.15 Electrical Equivalent Models Targeting the Transitionfrom Float to Dischargl 3 

Figure 2.16 a) shows the measured voltage profile given when a 12 V battery is discharged from 

float. This profile has been separated into regions using the letters A-D. Figure 2.16 b) shows 

the model's simulated response with an enlarged X-axis (assumed to be regions A-C). The 

initial drop in voltage (A-B) is said to be due to the combined resistance of the connectors, 

plates, and electrolyte. Resistor 'Rm' models this combined resistance. Following the initial 

drop, the double layer capacitor 'Cl' discharges with a linear profile, provided that the discharge 

current is constant. As the overcharge double layer capacitor is significantly smaller than the 

bulk electrochemical capacitance 'Cb', the voltage change of 'Cb' is negligible during the 
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discharge of 'C1'. When 'C1' discharges to 'Voe ' (open circuit voltage), an appropriately small 

resistance for 'Re' provides the path for 'Cb' to continue to discharge through. 

If the fully charged rest voltage is assumed to be 2.14 volts per cell (VPC), the rest voltage ofthe 

six cell block will be 12.84 V. It can be seen in Figure 2.16 a) that the 'initial drop' falls below 

this open circuit rest voltage due to the resistive losses associated with high rate discharges. 

However, it is suggested that the voltage decay of the polarisation capacitance (above the float 

voltage) can still be resolved on a suitable time scale, as shown in Figure 2.16 b). 
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A-B initial voltage drop d 
B-C voltage dip ('coup defouet') 
C-D) voltage recovery, 
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Figure 2.16 a) Measured and b) Modelled Response (Enlarged X Axis) 93 

As the discharge rate is reduced, the resistive voltage drop will also decrease. The limiting case 

for this is a zero current (natural open circuit decay) 'discharge'. The parasitic discharge of 

polarisation capacitance causes the cell's voltage decay from the float to the rest voltage when 

the float charge is removed and no load is applied. It has been suggested that both electrodes 

within a cell have different time constants97 
100 94. The differentiation of the polarisation 

capacitance 'C1' (and possibly C2, C3 ... Cn) associated with individual electrodes may, when 

coupled with an appropriate discharge rate, allow each electrode's polarisation-capacitance 

discharge to be identified. This would provide a mechanism to determine the distribution of 

polarisation between the positive and negative electrodes within a cell. Such a mechanism may 

be used for float analysis or optimisation control. 
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2.4.3.2 Impedance Analysis 

With large numbers of VRLA batteries in field service failing well short of their designed life, a 

growing trend for the use of impedance based battery analysis techniques has been seen. These 

techniques are generally based on relationships between magnitude and phase measurements of 

voltage and current at a particular frequency. Ultimately, most of these techniques produce 

measurements that are a function of the cell's internal resistance, and for this reason, they may 

collectively be termed as 'Ohmic' testing. While many systems use one or more specific test 

frequencies, some systems derive the cell's internal resistance from its voltage response during a 

step change in load95
. 

Increased internal resistance generally indicates that a cell is approaching the end of its life. This 

may result from either a reduction in cross-sectional area of the current carrying positive grid 

(due to corrosion), or a reduced amount of electrolyte caused by excessive dryout. Assessment 

of Ohmic data is largely comparison based, and requires the resistance to be tracked throughout 

the life of a cell or compared to the measurements of similar aged cells. While large differences 

may indicate possible problems, it has been suggested that if a cell's internal resistance increases 

by more than 25% from a base line value, the cell will be no longer be able to deliver 80% or 

more of its rated capacitY5. Logging the impedance of individual cells as they age may provide 

timely indication of failure, however, at best, impedance techniques will only identifY cells that 

have become degraded. Conventional impedance techniques cannot identifY a healthy cell that is 

being subjected to a less than ideal (damaging) float charge (for its operating environment), or a 

cell that is suffering from unbalanced parasitic reaction problems despite being charged 'as 

recommended'. Because the consequences of the present float charge impact on (and eventually 

determine) battery life, the optimum float charge for the environmental and cell conditions 

should be applied so that maximum battery life is realised. 

While traditional impedance measuring systems use a single frequency, more information about 

a battery can be extracted if the impedance spectrum over a range of frequencies is known. A 

system described by Scott96 uses a bipolar, complex frequency, square wave, random current 

signal to determine component parameters for 'Randles' equivalent circuit. Assessment of these 

parameters is suggested to reveal information such as SOC and service life. A system described 

by Champlin et al97 
98 99, uses impedance measurements at two or more discrete frequencies (5 -

1000Hz) to construct an impedance model ofthe tested battery. The model is essentially a multi-

61 



VRLA Battery Float Charge: Analysis and Control 

element impedance network in series with a DC voltage. With experimental data from n discrete 

frequencies, an impedance model with 2n elements is constructed to fit the data. When two test 

frequencies are chosen, the theoretical and experimental spectrums agree exactly at the tested 

frequencies, although away from these the agreement is poor. Using three discrete frequencies 

to calibrate a six-element model shows a significant improvement in the correlation of the 

modelled impedance spectrum and the continuously measured data. When a battery's impedance 

spectrum is monitored and modelled during various operational phases, such as charge and 

discharge, it is shown that components of the model continuously vary as functions of the 

battery's state. It is suggested97 that parameters such as SOC, absolute charge, percent capacity, 

load current capability, internal temperature, and mono-block uniformity can be extracted from 

the values of model parameters. Attempts are made to relate model components to physical 

reactions occurring within a ce1l99
, and it is suggested that reactions at the positive electrode are 

orders of magnitude slower than those at the negative. This work largely focuses on the main 

discharge reaction, and associates capacitance 'C2' with the electrical overpotential, which is 

equal to the ionic double layer capacItance of the negative electrode's surface. This appears to 

deal only with operation below 100% SOC, and therefore excludes float charge operation. 

While the model is adapted to replicate a battery's impedance spectrum under differing operating 

conditions, a certain level of ambiguity is associated with a model that contains continuously 

changing parameters. Conventionally, a capacitor has a fixed value and the charge stored by the 

capacitor is varied. In the model described by Champlin, capacitor and conductance size vary as 

functions of the operating state. This requires an understanding of not only the model, but also 

of how the model changes with operating (charge) state. 

The lowest frequency used in Champlin's impedance system (described above) is 5 Hz, however 

impedance analysis, using frequencies extending down to the milli- or micro-Hertz regions, may 

resolve information about electrochemical processes instead of the double layer processes 

detected by higher frequency measurements. HuetlOO has undertaken a review of the impedance 

of secondary batteries including low frequencies. Systems developed for low frequency analysis 

oflead acid batteries have recently been described by Karden et al lol and Tenno et al102
• 

The Electrochemical Impedance Spectroscopy (EIS) system described by Karden has a lower 

frequency limit, arbitrarily set to 30 I-IHz due to time restrictions. As this meter has a single 

channel, impedance measurements of each electrode are undertaken in separate experiments 

immediately after measuring the cell's impedance. The system restricts the amplitude of the 
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applied cunent signal to two-thirds of the (DC) float cunent. It is said "a better insight into the 

electrochemical processes, electrode properties, and transport characteristics is gained by 

extending the frequency range into the milli-Hertz or even micro-Hertz region". Because float 

charge may be regarded as being stationary for many weeks, this is the only operating phase for 

which there is no restriction on minimum frequency, due to the requirement of 'quasi

stationarity' . Flooded cell float impedance measurements are undertaken after several days of 

float charge at 2.23 V, with frequency ranging from 3 kHz - 38 /-LHz (measurement of Z. at 38 

/-LHz takes approximately 22 hours). It is shown that for only very low frequencies (~ < 0.5 

mHz) the impedance of the positive electrode can be observed in the overall cell's impedance. 

Above this frequency, the negative electrode's impedance masks that of the positive. Analysis 

of VRLA batteries on float charge at 2.15 V with test frequencies ranging from 6 kHz - I mHz 

reveals that impedances measured below 100 mHz are significantly higher (three - five times) in 

those cells operating in hydrogen evolving (polarised negative electrode) mode. Although this 

increase in low frequency impedance may be used to detect negative electrode polarisation, 

testing at multiple float voltages would be required to determine the point at which the negative 

begins to polarise. It is also suggested in this work that VRLA cells operating in recombinant 

mode do so with almost depolarised negative electrodes, however Teutsch's recent analysis15 

suggests that this only occurs in cells with unbalanced parasitic reactions. 

Low frequency impedance analysis of VRLA batteries has also been undertaken by Tenno et 

a1102. However, as this work utilises a presently unpublished 'model-based method' to perform 

the impedance analysis, the merits of this technique can not be assessed. This work's outcomes 

are therefore only briefly discussed in this thesis. The impedance analysis is divided into that of 

the faster double layer impedance involving capacitive cunent, and the slower electrochemical 

reaction impedance involving faradic cunent. The double layer impedances of the positive and 

negative electrodes are shown to have different frequency responses. The negative electrode has 

a peak in the phase angle at approximately 10 Hz, while the positive electrode's peak is at 

approximately I Hz (the double layer process is slower on the positive). It is shown that while 

the double layer impedance of both electrodes is strongly influenced by SOC (between 16 - 99% 

SOC), small inequalities between batteries cannot be detected by double layer capacitance. 

However, the significantly slower electrochemical impedance (measured in the milli- to micro

Hertz range) is shown to be a sensitive indicator to small inequalities, and can be used to 

distinguish between outwardly equal batteries with different back-up times. 
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As VRLA batteries are essentially sealed, access to the internal elements of cells is not practical. 

Impedance measurements applied through the terminals of a cell may allow an assessment of a 

cell's internal parameters to be made. To a degree, the selection of an appropriate testing 

frequency may allow some differentiation between reactions occurring at the positive and 

negative electrodes and the type of reaction (double layer or electrochemical). However, it has 

been said "It is clear that the impedance diagram of the cell does not enable separation of each 

electrode in a single way"IOO. The majority of commercially available lead acid battery analysis 

systems based on impedance techniques use test frequencies ranging from several Hertz up to 

kilo-Hertz. With these frequencies, the measurements provided by these systems are functions 

of double layer effects and internal resistance. Impedance analysis is largely comparison based, 

requiring the impedance of one cell or battery to be compared to another, or, more reliably, 

compared to historical impedance data of the cell under test. The abilities of impedance 

measurement systems to detect low capacity cells are commonly promoted by the manufacturers 

of such equipment. It has recently been shown that although these (Ohmic based) impedance 

techniques may perform satisfactorIly when detecting cells of less than 60% capacity, the 

relationship between impedance and capacity becomes questionable above this level, and is 

practically non-existent above 80% capacityl03. As measurement frequencies are extended down 

to milli - or micro-Hertz, internal parameters relating to electrochemical processes may be 

observed. However, as long time periods are generally required for such low frequency 

measurements, the requirements for both plant and temperature stability may restrict low 

frequency testing in practical telecommunication battery environments. 

A measure of polarisation distribution between the positive and negative electrodes is necessary 

for float charge analysis and control. It has been suggested that at frequencies below 100 mHz, 

impedance measurements of a float charging battery increase significantly when the negative 

electrode is polarised101
• However, there has been no indication that the magnitude of 

polarisation for either the positive or negative electrodes can be detected through appropriate 

impedance measurement. Almost universally, impedance measurements have been used for the 

detection of cells or batteries that have reduced capacity, andlor for estimations of a battery's 

remaining life. 
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2.4.3.3 Voltage Response 

Assessment of lead acid batteries using impedance measurements generally relies on magnitude 

and phase measurements of voltage and current when a periodic signal is applied to the terminals 

of a battery. However, if a known perturbation (either voltage or current) is applied to the 

terminals, the corresponding response (in current or voltage) may be directly used to evaluate the 

state or condition of the battery. For ease of implementation, this testing typically involves 

applying a signal current (charge and/or discharge), and monitoring the battery's terminal 

voltage response. The perturbation applied to the battery may be intermittent or applied 

periodically. Generally, either the magnitude of the corresponding response or the existence or 

lack of a specific characteristic profile is analysed during the assessment. While the application 

of a known perturbation is normally required, SOH assessments on VRLA batteries using noise 

measurements104 have also been suggested. 
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Figure 2.17 Cell Voltage Profiles with Constant Current Recharge105 

Figure 2.17 shows the expected terminal response of sealed lead acid cells recharged at various 

constant current rates. As the cells approach their fully charged state, a rapid rise in terminal 

voltage is seen. This rapid increase occurs when the current supplied to the cell can no longer be 
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completely absorbed in the recharge reactions, and the excess current is consumed in the 

overcharge reactions. Due to kinetic limitations on reaction processes, the SOC at which this 

rapid rise in terminal voltage occurs is reduced as the rate of recharge is increased, or when the 

cell's temperature is reduced. As the current is maintained at a constant, the rapid rise in cell 

voltage suggests that the apparent internal resistance of the cell has increased. This voltage rise 

or increase in apparent internal resistance does not guarantee that a cell is fully charged. 

However, if the test current is of a similar magnitude to the expected float current and the cell is 

at a conventional operating temperature, a rapid increase in cell voltage or an increase in internal 

resistance may indicate that the cell is at or near its fully charged state. Some analysis systems 

detect this rapid increase in internal resistance by observing the magnitude of voltage response 

when a signal current is applied, while more complex systems assess the profile of the voltage 

response. 

A system described by Gabriel et all06 107 applies a pulsed 1 A signal to a battery string or cell, 

and measures each cell's peak to peak voltage response to the applied charge pulses. The ratio 

of the peak to peak voltage response between fully charged and discharged cells can be as high 

as 22.7:1. For a given battery type, the measured peak to peak voltage response may be 

compared to a reference level calibrated for that battery. Cells with a peak to peak polarisation 

voltage above the reference level are considered to be fully charged. It is also suggested that the 

level of the measured polarisation voltage may be used as a control mechanism to ensure that 

each cell is fully charged. While it is suggested that the 'polarisation charger' system may 

eliminate the need for temperature compensation, equalise charge, and float voltage settings, and 

may also reduce corrosion, the system does not distinguish between, or identify the level of, 

polarisation on individual electrodes. Therefore, this system does not ensure that the float charge 

goals identified in Section 2.3 are achieved. Depending on the recharge rate, the increase in cell 

voltage towards the end of recharge does not guarantee that the cell is fully charged, as indicated 

by Figure 2.17. 

The system described by Gabriel ( above) applies a pulsed charge current signal to determine 

whether fully charged status or a particular level of polarisation has been achieved. Other 

systems that may appear similar apply pulsed discharge currents for analysis purposesl08
• 

Generally, these systems measure magnitudes of the voltage response to an applied discharge 

pulse. The relationship between applied current and voltage response is then used to determine 
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SOH or SOC with measurements relating to internal resistance. Because such systems are not 

typically used for float charge analysis, they are not covered in this work. 

Analysis of the voltage response profile produced when a current perturbation is applied to a 

battery may reveal more information about a battery's state than simple magnitude 

measurements. A system described by Fingerl09 uses a single 6 A current source commutated 

between the blocks that make up the battery system. The 6 A current source is shown to be 

connected to each 12 V block for a half-hour charge restoration period. During this time, the 

voltage response profile of the block receiving the charge current is monitored. At the end of the 

charge restoration period, the voltage profile is used to assess the battery's SOH. Figure 2.18 

shows the window at the end of the half-hour charge restoration period that is used for the SOH 

assessment. The expected voltage within this window is compensated for by variables such as 

the number of discharge cycles and battery age. While this system targets VRLA batteries and is 

suggested to operate at a voltage designed to balance positive plate corrosion and negative plate 

self-discharge, it does not directly. assess the polarisation of individual electrodes within each 2 

V cell. The system is shown to operate on 12 V blocks, and the identification of a healthy state 

appears to target a window in the curves commonly accepted for constant current recharge of 

VRLA batteries, as shown in Figure 2.17. This does not ensure that each cell within a battery or 

each electrode within a cell is fully charged. 
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Figure 2.18 Battery Health Assessment using Voltage Response Projile109 

Another system utilising the transient voltage produced in response to a current perturbation has 

been described by Cun et al110
. This system utilises the voltage produced by battery blocks 
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during the charge phase of intermittent float charge. Figure 2.19 a) shows the response expected 

for a good block, while Figure 2.19 b) depicts the expected response of a defective block. The 

assessment is based on curve shape and rising and descending times. However, other than 

having been measured on known good and known defective batteries, no reasoning for these 

profiles is given. 
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Figure 2.19 Detection ofFa~lty Battery Blocks using Transient Voltage ResponsellO 

A similar system described by Dupuis et al1l1 compares the voltage response of cells or batteries 

to the average for the entire string when a known current pulse is applied. This system is 

intended to be used for checking lead acid storage batteries as they come off a production line. 

In a short test, cells or batteries are rejected depending on the polarity and absolute value of 

deviation from the average. The current pulses are either of constant intensity (5 A for 10 

seconds), or increasing intensity over time (increasing at 1 A per second for 10 seconds). It is 

indicated that this system may detect internal shorts, reverse plate installation, reverse forming of 

cells, twisted plates, lack of electrolyte, and/or defective separators. As it is suggested that 

reference electrodes may be used with batteries that do not allow access to the terminals of every 

cell, it must therefore be assumed that this system targets flooded lead acid batteries. 

Measurements made with a reference electrode produce the voltage between the positive and 

negative electrodes of neighbouring cells, and may be analysed in a similar fashion to individual 

cell voltages. Although this system utilises a reference electrode, no analysis of the individual 

response of either the positive or the negative electrode within a cell is made. 
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2.5 Research Approach 

There have been numerous attempts made to optimise float charge of lead acid or VRLA 

batteries. Section 2.4 of this thesis evaluates the ability of commonly used float charge 

techniques to meet the float charge goals that are identified in Section 2.3. These goals largely 

relate to polarisation of individual electrodes within a cell. Only a small number of these 

techniques directly target this critical electrode polarisation during float charge, and all of those 

that do, require the cell to be modified for the insertion of a reference electrode. 

The key indicator for the success of the float charge is the polarisation distribution within a cell. 

Typical (recommended) float voltages apply a total polarisation of approximately 130 mV to a 

cell. To achieve maximum cell life, the positive electrode is required to support 40 - 80 m V of 

this polarisation, with the negative electrode supporting the remainder. At present, the only 

accurate way of determining the distribution of applied polarisation is through the use of some 

form of reference electrode. As reference electrodes are often fragile and require ongoing 

maintenance, their use is largely limited to testing carried out in a laboratory setting. 

To facilitate this research specialised battery specific test equipment was required. Chapter 2 of 

this thesis has described many existing battery analysis techniques and test procedures, including 

Tafel plots, transient response, and impedance analysis. Chapter 3 of this thesis describes the 

test equipment and systems designed and constructed during the course of this research. The test 

systems developed allow existing techniques to be assessed and also provide a basis for further 

research. 

There have been several suggestions in the literature that the impedance or response times differ 

for each electrode within a cell. This thesis investigates the ability of impedance and other 

similar frequency or time based measurement techniques to reveal additional information about a 

cell's internal operation. 

In Chapters 4 and 5 of this research, an electrical equivalent model that replicates both the steady 

state and transient responses of each electrode within a VRLA cell is developed. This model is 

subsequently used in Chapter 6 to develop a test and analysis procedure that estimates how the 

polarisation, applied through the float charge, is distributed between the positive and negative 
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electrodes within a cell. This test may be applied to the tennina1s of a standard 2 V VRLA cell 

in field service, and requires no modification of the cell under test. Outcomes of this test and 

analysis procedure allow the identification of float charge imbalance problems, and may also be 

used as a basis for optimisation of the applied float voltage in order to maximise cel1life. 
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3 Test Equipment 
In this Chapter a description of the test systems and test equipment constructed during the course 

of this project is given. The test systems developed allow existing battery analysis techniques, 

such as reference electrode testing (to produce Tafel plots), transient response, and impedance 

analysis, to be assessed. The developed test systems also provide the platform for further 

research. Steady state reference electrode testing is required to produce Tafel plots. While this 

testing typically requires milli-Amp and milli-Volt stability for time periods measured in hours, 

it is dependent on the capacity of the cell under test. Due to the thermal sensitivity of VRLA 

batteries, the temperature variation of the tested cell during this steady state testing should be 

less than 1°C. Transient response testing typically requires constant current charge and 

discharge facilities ranging from milli-Amps to Amps, and for single cell testing, voltage 

measurements with milli-Volt resolution over a 0-3 V range. Impedance measurements of 

VRLA storage batteries typically range from kilo-Hertz down to milli- and even micro-Hertz, 

with AC signals ranging from milli-Amps to several Amps. The voltage signals encountered 

during such impedance measurements typically range from milli-Volts to hundreds of milli

Volts. Current shunts used to measure the charge and discharge currents typical for storage 

batteries must be capable of passing several hundred Amps with minimal voltage drop (typically 

up to 50 m V). Due to the extremely low resistance of these shunts, their ability to resolve float 

current (typically lOs - 100s of mill i-Amps) is not practical. To allow a single shunt to measure 

both float current and charge/discharge currents, a temperature-compensated precision shunt 

amplifier is also developed as part of this work. 

This Chapter has been divided into two sections, the first of which describes the automated test 

system hardware and the MATLAB® based control software. The second section details 

electronic test hardware that was designed and constructed to allow this research to progress. 
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3.1 Test System 

Three VRLA battery parameters, namely cell (or block) voltage, current, and temperature, are 

easily and therefore commonly measured. An additional parameter of ambient temperature is 

also useful when analysing results. The success of float charge relies heavily on the polarisation 

applied to the cell terminals being optimally distributed between the two (positive and negative) 

electrodes within the cell. Reference electrodes may be used for float analysis as they allow each 

electrode's operation to be individually assessed. A reference electrode is normally inserted 

through the cells' case so that it makes contact with the electrolyte within. This effectively gives 

the cell a third terminal, allowing the contributions of each electrode to the overall cell voltage to 

be directly measured. 

As float charge typically involves maintaining a battery in a fully charged state for long periods 

of time, an automated test system is desirable to ensure that battery parameters may be 

accurately monitored during these extended time periods. There are many dedicated battery test 

systems commercially available, however these target either laboratory based analysis of 

chemical processes within a battery (used for cell design and verification), or end-user 

assessment of a battery installed in the field. As these test systems generally have predefined test 

procedures, their usefulness in exploratory research may be limited. In order to provide a test 

environment free of restrictions, an automated test system was constructed from programmable 

test equipment commonly found in electronics laboratories. 

3.1.1 Hardware 

Two separate test systems were constructed and used during this research. The system used for 

the majority of this work catered for both steady state and transient testing. A second test system 

was developed to allow both voltage and current controlled impedance testing. 

3.1.1.1 Steady State and Transient Testing 

Figure 3.1 shows the basic test system used throughout this project. The system is largely based 

around standard programmable test equipment commonly found in electronics laboratories. The 

equipment is programmed and controlled through a General Purpose Instrumentation Bus (GPIB 
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IEEE-488) from a desktop personal computer (PC). MATLAB was used to provide a common 

PC software environment for both automated testing and the subsequent analysis of the test data. 

MATLAB was chosen as the PC based software platform as it has simple unrestricted script

based programming for test set-up and control, and strong mathematical computation power for 

data analysis, and also due to its availability. 
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The test system shown in Figure 3.1 contains two constant current loads. For discharge rates 

above 1 A, the HCL-2501 constant current load is used. Because this load is designed for 

discharge currents up to 500 A, its controllability and consistency at low currents is limited. In 

order to provide greater control at currents below 1 A, a low power constant current load was 

designed and constructed. Because each test is performed at a predetermined rate, no automated 

adjustment of the load was necessary, and the discharge rate was simply pre-set before initiating 

each test. Two current shunts are used to measure the battery current. Shunt # I is a I n 100 W 

resistor, used to measure both the charge current and the low rate discharges. This is a relatively 

high value resistor for a current shunt, however it was chosen to simplify measurements of low 

discharge rates. Shunt #2 is a 200 m V 200 A (class 0.5) shunt manufactured by Compton, used 

to measure discharge rates greater than 1 A. During all discharge testing the power supply's 
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(HP6652a) voltage is set lower than the minimum battery voltage, thus allowing the series diode 

to become reverse biased. All measurements of voltage, current, and temperature were obtained 

with the HP34970a Data Acquisition / Switch Unit with an HP34901a 20 Channel Multiplexer. 

An HP6652a programmable DC power supply is used for all charging. This supply has a 

programming accuracy of 10m V and 25 rnA. This power supply contains an over-voltage 

'crowbar' protection circuit on its output. Because of this, a diode was placed in series with the 

positive supply line to prevent the tested cell from discharging should this be activated. As 

voltage stability of this supply is improved by eliminating the diode's voltage drop, the diode 

was shorted when voltage stability was critical and no discharging was required. To reduce 

steady state stabilisation times and ensure that the terminal voltage of the cell was consistent, the 

remote voltage sensing features of this power supply were also used. However, the combined 

effects of shunt resistance, cabling, and the diode introduced some low frequency noise. While 

the desired voltage on the terminals of the tested cell is held constant (within measurable limits), 

the current supplied to the battery .and voltage on the output tern:iinals of the power supply were 

found to contain low frequency (0.5 - 1 Hz) random noise. Simple LC filters in the remote sense 

lines reduced this noise. These filters directly coupled the high frequency response of the 

supply's output terminals with the remote sense input terminals, while still allowing the remote

sensed DC voltage to be applied to the sense inputs. Each filter consists of a 1200 ~F capacitor 

and a 1.75 ~H inductor. These are applied to both the positive and the negative sense leads. 

F or the test system shown in Figure 3.1, measurements of voltage, current, and temperature are 

taken by the HP34970a unit. K-type thermocouples are used for all temperature measurements, 

and current shunt voltages are appropriately scaled (using Mx+B features within the HP34970a 

unit) to provide true current readings. The HP34970a unit is a versatile piece of test equipment 

containing a single 22-bit (6~ digit) digital multimeter that can be over-sampled up to 26-bit 

resolution. For noise rejection, the integration time period for the analogue to digital conversion 

is set in multiples of the mains, with a maximum integration time of 200 PLCs. This single 

digital multimeter is switched between the desired input signals by mechanical relays on an 

armature card. Seven different armature cards are available to cover a range of applications from 

standard voltage, temperature, and current measurements, to matrix switching, RF multiplexing, 

digital input/output, and analogue outputs. The HP34970a meter has three bays into which any 

combination of armature cards may be inserted. For this application, an HP34901a 20 Channel 

Multiplexer card was used. This has the following key features: 20 differential channels of 300 
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V switching (both Hi and Lo switched), two channels for DC or AC current measurements (100 

nA - lA), a built-in thermocouple reference junction for temperature measurements, and 

switching speeds of up to 60 channels per second. 

Dependant on the rate of discharge, one of two constant current electronic loads is used. For 

discharge rates up to and including 1 A, the purpose designed constant current load is used. 

Discharge testing above 1 A is performed with the HCL-2501 load. The low current load was 

designed and constructed as the result of difficulties experienced with the accuracy and 

consistency of the HCL-2501 at low currents. Further design detail of this low current load is 

given in Section 3.2.4. The HC Power Electronic Load (model HCL-2501-C001) is adjustable 

for constant current loads between 0 - 500 A, and voltages up to 80 V DC. This unit has a power 

limit of 2500 W that further limits the maximum discharge current limit above 5 V DC. The 

design of this load requires the DC supply (battery under test) to be raised above 1.5 V before an 

under-voltage lockout may be latched off. This causes problems when discharging 2 V lead acid 

cells. This under-voltage lockout is disabled when the unit's remote control is used, and for this 

reason the remote control is used to set the discharge rate. The remote control simply supplies a 

DC voltage between 0 - 5 V to select a load current between 0 - 500 A. 

The PC used for test control and data storage is a Digital Venturis 5100, with 32MB of RAM and 

a 2GB hard disk. This has a National Instruments PCI-GPIB Card installed to enable 

communication with the test equipment. The PC's operating system is Microsoft Windows NT 

4.00.1381, and all testing is controlled directly from MATLAB version 5.3.0.10183 (Rll), as 

detailed in Section 3.1.2.1. 

A Radiometer TR200 Mercury Mercurous-Sulphate reference electrode (see Appendix B) is used 

for all testing. To facilitate reference electrode testing, a sealed insertion adapter was designed 

and manufactured. This required a hole to be drilled and tapped (M8) in the battery container 

lid, with the O-ring sealed adapter screwed into this. A salt-bridge (I{zS04) was inserted through 

the adapter and aligned with its porous tip in contact with the cell's AGM separator. A second 

O-ring seal in the adapter was then tightened to seal and support the salt-bridge. The O-ring 

sealed adapter, salt-bridge, and reference electrode are shown in Figure 3.2. 
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Figure 3.2 Reference Electrode, Salt-Bridge and Double O-Ring Seal 

To verify expected reference electrode operation, the positive and negative electrode voltages 

(w.r.t the reference) are measured and the sum of these compared to the directly measured 

terminal voltage of the cell. Typically, the sum of the reference electrode measured voltages and 

the cell voltage agreed within 100 /lV. If the tip of the salt-bridge loses contact with the AGM 

separator, or if the reference electrode is removed from the salt-bridge, the reference point is 

removed and the measurements do not agree. Ideally, simultaneous measurements are required 

to ensure that the working (positive and negative) electrode voltages sum to the total cell voltage. 

However, as the total measurement period of all channels is less than 1 second duration, and 

considering the cell's slow response during float charge, the slight delay between measurement 

of individual channels does not significantly influence results. Reference electrode testing of 

VRLA batteries can involve a number of difficulties, and is not common practice. Section 

3.1.1.3 contains more detailed information on the use of the reference electrode. 
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3.1.1.2 Impedance Test System 

The test system detailed above in Section 3.1.1.1 was used for all steady state (Tafel) and 

transient (charge and discharge) testing. The mechanical switching operation of the HP34970a 

unit restricts the frequency at which measurement channels may be scanned. The test system 

shown in Figure 3.3 was designed and constructed to provide the simultaneous high speed 

measurements of multiple data sources required for the investigation of cell impedance at 

frequencies ranging from DC up to several kilo-Hertz. The core of this test system was designed 

and constructed specifically for this project, again utilising conventional electronics laboratory 

test equipment to enable automation and control via GPIB interface. While preliminary 

impedance testing with this system identified a promising characteristic, analysis of this 

characteristic is simpler when conventional transient testing is used. For this reason, the 

impedance test system was never automated. The unit central to the impedance testing system 

provides an isolated interface between ground referenced laboratory test equipment and a VRLA 

cell that may either stand alone, or be situated anywhere in a battery string. A detailed 

description of this central unit is given in Section 3.2.1, and the key features of this impedance 

system are listed below. 

Key features: 

• Bi-directional optical signal isolation between ground referenced test equipment and tested 

cell. 

o 4-wire cell interface, plus an additional reference electrode channel. 

o Current or voltage control. 

o DC coupled to allow low frequency or DC operation (frequency range DC - 2 kHz). 

o Offset / DC bias generated separately (analogue output from HP34970a), and summed with 

AC signal (HP33120a) to provide set point (voltage or current). 

o Bias subtraction from voltage signal and AC voltage gain of ten to simplify oscilloscope 

viewing. 
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Figure 3.3 Impedance Measurement System 

3.1.1.3 Reference Electrode Use in VRLA Cells 

There are many difficulties involved with .reference electrode testing of commercially available 

VRLA cells, and because of this they are not frequently used with VRLA cells!. As this type of 

testing is not common practice, documentation regarding the techniques involved is scarce. 

Being essentially sealed, the ability and ease of installing a reference electrode in a VRLA cell is 

reduced. To add a reference electrode to a VRLA cell, the cell's case must be punctured. This 

may alter its characteristic as the delicate gas balance in the cell's headspace may escape, and 

more importantly, puncturing the case will allow atmospheric oxygen to enter the cell. When 

atmospheric oxygen comes into contact with the negative electrode, its spontaneous reduction 

produces a depolarising effect, and gradually discharges the negative. For this reason, the 

installation and sealing of the electrode's salt-bridge was performed as quickly as possible. 

Following the installation, a boost charge was applied to the cell in an attempt to reverse any 

discharge the negative electrode may have incurred. The boost charge also promotes some gas 

venting in order to expel and rebalance headspace gases. 
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Apart from the problems associated with the addition of a reference electrode potentially 

modifying the cell's operation, the lack of available application information relating to the 

correct use of reference electrodes in VRLA cells results in many unknowns, which may lead to 

measurement error. Some of these potential problems include voltmeter input impedance, test 

duration, ageing of the reference electrode, junction diffusion, electrolyte/K2S04 contamination, 

acid concentration compensation, and temperature correction. The data sheet supplied with the 

reference electrode has been included in Appendix B, however this provides little information in 

these areas. 

Current drawn from or supplied through the reference electrode will charge junctions within the 

reference. This may result in measurement error, and possibly damage the reference electrode. 

Historical works attempt to alleviate this problem through the use of balance bridges, however 

advances in modem electronic instrumentation are believed to have eliminated this problem. In 

the voltage ranges suitable for single cell measurements, the HP34970a unit has the option of 

selecting either 10 MO or > lOGO input resistance. Although noise sensitivity is increased, the 

> lOGO voltmeter input resistance is used with all reference electrode measurements to prevent 

reference electrode damage or measurement error. In addition to this, as a result of the relay 

switching mechanism in the HP34970a, the reference electrode's measurement circuit is 

completed for only 21 ms while measurements are taken. For the remainder of the time, the 

reference electrode is essentially floating. Periodic comparisons between the sum of the positive 

and negative electrode voltages (measured w.r.t the reference electrode) and the terminal voltage 

of the cell verified satisfactory contact between the salt-bridge and the cell's electrolyte 

suspended in its separator. 

Although it is suggested that mercury/mercurous sulphate reference electrodes are suitable for 

continuous measurement in VRLA batteries2
, ageing of the reference electrode is also a concern. 

It has been suggested that with correct maintenance, reference electrodes have a lifetime of 

approximately two years3. However, further correspondence with the manufacturer of the 

reference electrode suggested that this was conservative, and that reference electrodes will 

generally outlast the working electrodes (cell under test). As trends and relative responses are of 

greater significance than a precise measurement, slight accuracy degradation due to age is not 

seen to be detrimental. 
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Associated with reference electrode ageing and measurement accuracy, the test duration may 

also influence results through two separate mechanisms, namely wear-out of the reference 

electrode, and junction diffusion. Continuous long-term operation of reference electrodes may 

result in premature ageing, and it is recommended (Appendix B Data Sheet) that between 

measurements the reference electrode is stored in a protective tube filled with saturated I\:2S04 

solution. During continuous testing the tip of the reference electrode is submersed in the 

saturated K2S04 solution of the salt-bridge, and between measurements the lead of the reference 

electrode is isolated from the metering equipment by the meter's switching relays. This situation 

replicates the state recommended for storage of the reference electrode, therefore no adverse 

effects should occur. The given conversion value (offset voltage) for the Hg/Hgz/K2S04 

reference electrode to a standard hydrogen electrode (S.H.E.) assumes that an abrupt junction 

occurs at the interface of the saturated K2S04 solution and the cell's sulphuric acid electrolyte. 

The permanent installation of the salt-bridge in the cell gives a possibility that a diffused junction 

and possibly even cross contamination may result over time. The tip of the salt-bridge utilises a 

porous ceramic plug that allows flow of ionic currents but largely prevents liquid flow. To 

alleviate the diffusion problem in an Hg/HgzS04 reference electrode (without a salt-bridge), a 

redesigned reference electrode that utilises gelled electrolyte has been suggested4. However, the 

design of the commercially available reference electrode and the lack of a suitable gelling agent 

prevented use of this technique in this research. Again, as relative response is more important 

than precise measurement, small voltage offsets generated through diffusion potentials should 

not significantly influence results. Repeated removal and installation of the salt-bridge and the 

associated ingestion of oxygen is considered to be more detrimental to cell operation than 

voltage offsets generated through diffusion potentials. 

Mercury/mercurous sulphate reference electrodes are normally filled with dilute sulphuric acid 

with a density similar to that of the sulphuric acid electrolyte in the cell under test. As a lead 

acid cell is discharged, changes in its electrolyte density occur. If the acid density in the 

reference electrode and the cell differ, compensation of the reference electrode's potential to an 

S.H.E. is necessary. The Radiometer TR200 reference electrode used has a set acid density that 

cannot be altered. This research targets the fully charged region of operation, for which acid 

concentration within the cell under test does not change significantly. As relative response is 

more significant than precise measurement, no compensation of the reference electrode's 

potential is necessary. Similarly, temperature compensation of the reference's potential (w.r.t. 

S.H.E.) is also required. Typical compensation values have also been included in Appendix B, 
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however despite being supplied by the manufacturer of the used reference electrode, differences 

in the potentials at 25°C are noted. Again, the relative response is more significant than precise 

measurement, and therefore no compensation of the reference electrode's potential is undertaken. 

All reference electrode based voltage measurements shown in this thesis have been converted to 

S.H.E using the +658 mV value stated by the data sheet supplied with the reference (Appendix 

B). 

3.1.2 Software 

The automated test system shown in Figure 3.1 is controlled directly from MATLAB run on a 

PC with a Windows NT operating system. The software used for control of the automated 

testing is divided into two functions, namely software used for communication with the test 

equipment (via GPIB), and application software which controls the test procedure. This 

application software is further divided into two functions, software used for continuous data 

logging of the transient testing, and software used to control Tafel testing. 

3.1.2.1 Matlab - GPIB communications 

A detailed description of the software and hardware used to enable MATLAB m-file scripts to 

control test equipment has been previously described5
, however for completeness, a brief 

description of this software and hardware interaction is provided in this Section. 

MATLAB WINDOWS NT 

National 

HP34970a.ll 
PCl GPIB Card 
and Driver 

GPIB Cable to 
Instruments 

Figure 3.4 MATLAB - Programmable Test Equipment Communications 

The Instrument Control Toolbox available with Version 6 (R12) of MAT LAB provides a means 

of communication between MATLAB and programmable test equipment. However, this version 

of MAT LAB was unavailable during the early stages of this research, and an alternative solution 
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was sought. The GPIB.DLL obtained from the Math Works website provided a mechanism for 

communication between programmable test equipment and MATLAB Version 5 (Rll). This 

DLL (Dynamic Link Library) is not developed or supported by Math Works, however it is 

available through the MATLAB Central File Exchange6
• The GPIB.DLL contains the 

MATLAB 'gate way,7 routine, which provides a path from MATLAB's workspace out to the 

standard Windows operating system. Once in the Windows environment, calls to existing DLLs 

can be made. Figure 3.4 shows the communications path out of MAT LAB to the programmable 

test equipment, such as the HP34970a unit. All equipment configuration and data acquisition is 

performed from within MATLAB via the GPIB connection shown in Figure 3.4. 

To simplifY the GPIB calls from application control code within MATLAB, instrument driver m

files are written for each piece of test equipment. These instrument driver m-files simply 

combine (wrap) the many GPIB calls required to perform a simple task. A simple call such as 

'hp34970a 'scan!' produces the following sequence of GPIB calls: 

gpib ( , wrt ' , ud, 'TRIG: SOURCE BUS ') 

gpib ( , wrt ' , ud, 'TRIG: COUNT I') 

gpib (' wrt' , ud, 'format: reading: time: typeABS ') 

gpib( 'wrt " ud, 'format:reading:time on') 

gpib( 'wrt', ud, 'INIT' ) 

gpib( 'wrt', ud, , *TRG') 

gpib( 'wrt', ud, 'fetch? ') 

x = str2num(gpib( 'rd', ud » i 

3.1.2.2 Continuous Data Logging 

In comparison to the software used to perform Tafel testing, the software used for transient 

testing is straightforward and uncomplicated. Figure 3.5 shows the general layout and simplified 

functionality of the software modules used for continuous data logging during transient tests. 

The main file 'floatlog.m' is broken into three sections. The first section is modified according 

to the requirements of the test to be undertaken. This includes the name of the file to which test 

data will be saved, a configuration file that specifies the set-up of the data acquisition unit, cell 

voltage and current limits, and the time interval between successive measurements. The second 

section of the 'floatlog.m' file initialises and configures the programmable test equipment and 

the timer for data logging. The italic text indicates sub-functions within the instrument driver 
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and timer m-files. The third section of 'floatIog.m' continuously checks the timer, measures all 

configured channels of the data acquisition unit when a scan is due, and suitably formats and 

appends the results of this to the results data file. The name of the configuration file used to set

up the HP34970a unit is appended to the end of each line of the results file in order to maintain a 

record of instrumentation settings (filtering, integration time, scaling, etc). This configuration 

file name is preceded by a % (MATLAB comment) symbol to avoid problems when loading this 

numeric data into MATLAB. A sample of the saved data file format is shown in Figure 3.6. 

The first six numbers of each line correspond to the time of the scan (year, month, day, hour, 

minute, second). The next three numbers indicate the ambient and cell temperatures cae), and 

battery current (A). The last three numbers are the cell's voltage and the voltage of the negative 

and positive electrodes measured with a Hg/Hg2S04 reference. 

floatlog.m 

save file = XXXX.dat 
config file = XXXX.m 
voltage XX 
current = XX 
scan delay = XX 

hp34970a 'open' 
hp34970a 'configure' 

hp6652a 'open' 
hp6652a 'voltage' 
hp6652a 'current' 

timerstd 'set delay' 
timerstd 'start' 

loop 
if timerstd 'check' 

hp34970a 'scan' 
format data 
save data 

endif 

1 

hp34970a.m 

open 
close 
error 
configure 
scan 
measure 
alarm 

hp6652a.m 

open 
close 
error 
voltage 
current 
measure volt 
measure current 

timerstd.m 

set delay 
start 
stop 
check 

Figure 3.5 Software Modules used for Continuous Data Logging 
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2003 1 17 7 26 13.607 20.7800 25.2530 -2.5098 2.3469 1.1452 1. 2017 % floatconfig2.m 

2003 1 17 7 26 23.600 20.8080 25.2310 -2.4893 2.3469 1.1404 1.2065 % floatconfig2.m 

2003 1 17 7 26 33.615 20.7350 25.2400 -2.4708 2.3469 1.1359 1. 2110 % floatconfig2.m 

2003 1 17 7 26 43.597 20.7630 25.2460 -2.4541 2.3469 1.1327 1. 2142 % floatconfig2.m 

2003 1 17 7 26 53.611 20.7380 25.2360 -2.4390 2.3469 1.1296 1. 2173 % floatconfig2.m 

2003 1 17 7 27 3.635 20.7870 25.2360 -2.4253 2.3469 1.1269 1. 2200 % floatconfig2.m 

2003 1 17 7 27 13.605 20.7670 25.2560 -2.4130 2.3469 1.1246 1. 2223 % floatconfig2.m 

2003 1 17 7 27 23.624 20.7590 25.2320 -2.4017 2.3469 1.1226 1.2243 % floatconfig2.m 

2003 1 17 7 27 33.616 20.8000 25.2430 -2.3916 2.3469 1.1209 1.2260 % floatconfig2.m 

Figure 3.6 Saved Data File Format 

3.1.2.3 Tafel Testing 

The Tafel testing software uses modules and data storage formats similar to those used for 

transient testing and shown in Figure 3.5 and Figure 3.6. However, as the measurements must be 

analysed for stability before the test stage can be incremented, the main control file is 

considerably more complicated. Figure 3.7 shows a simplified flow diagram of the procedure 

used to perform Tafel testing. This testing is performed by maintaining a constant float voltage, 

and waiting for the current and both the positive and negative electrode's voltages to stabilise 

before the float voltage is incremented and the procedure repeated. 

The mechanical relays used in the HP34970a unit have a finite life, and rapid measurements of 

multiple channels will prematurely age the switching matrix card. To prevent this, after the cell 

test voltage has been set only the current channel is monitored until the current is seen to be 

stable. Whilst only a single channel is monitored, no switching is necessary and excessive 

ageing is avoided. To reduce measurement error, current stability is determined by performing 

linear least squares regression of data sampled every 2 seconds over a 5 minute period. Current 

stability is assumed when the slope of the regression line indicating current change is less than 

10 IlA over a I hour period. After the current has been determined to be stable, the meter is 

reconfigured for voltage and current measurements. These are logged at I minute intervals, and 

linear least squares regression is performed over a 1 hour period to ensure stability. The absolute 

slope of the voltage regression line is used to determine stability, with less than 50 IlV change in 

a 1 hour period indicating steady state. When steady state is determined, the Tafel points (cell 

and electrode voltages, float current, and temperature) are recorded before the float voltage is 
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incremented and the process is repeated. To maintain a log of the cell's transient behaviour 

throughout Tafel testing, the meter is configured for both voltage and current measurements and 

the state of the battery recorded every 10 minutes. Figure 3.8 plots the transient response of the 

cell during Tafel testing, and relates to the 25°C Tafel plot shown in Figure 4.25. 

Delete Oldest Record 

Increment 
Voltage 

Measure V &1 
Save Measurements 

Yes END 
TEST 

Figure 3.7 Flow Diagram of Tafel Testing Software 
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Figure 3.8 Transient Profile during Tafel Testing 

The basis of Tafel analysis is to maintain a constant voltage ( or current) on the cell under test, 

and wait until the current (or voltage) has stabilised to a steady state value. These values are 

recorded, the supply is set to a new value, and the process is repeated. While the concept of 

detecting steady state (no change in the measured current or voltage) is simple, mathematically 

this is not practical and finite minimum slopes must be detected. Linear least squares regression 

of the sampled data points over a specified time period provides noise rejection and a simple 

method of determining the rate of change (slope) of the data. The regression period was chosen 

as a trade off between noise reduction and test duration. 
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Few guidelines on Tafel testing have been found in the literature. The Tafel testing procedure 

described in this Chapter is the end result of continuous refinement and improvement over many 

tests. A Tafel test method described by Misra et al8 uses constant current steps while waiting for 

the cell and plate voltages to stabilise before data is recorded. Data gathering from high to low 

currents is their preferred mode, however at very low currents, the opposite steps were used in 

order to gain stability in that region. It is also stated that it may take weeks for a particular 

current value to stabilise.. Other work suggests that Tafel points should be approached from both 

directions and averaged, or that the extrapolations should be averaged9
, although no reasoning is 

given for this practice. Unless there is hysteresis in lead acid cells, the approach path taken to 

the steady state Tafel point should not affect the steady state value. Approaching each Tafel 

point from both directions may provide a reduction in test duration as a true steady state 

condition may not required, although this technique will significantly complicate the test 

procedure. Stepped voltage Tafel testing is predominantly used during this research, as it 

provides greater resolution than stepped current. 

3.2 Custom Hardware Designed 

During the course of this research the design and construction of several electronic circuits was 

found to be necessary in order for the project to proceed. In this Section, a description of these 

circuits is given. Appendix D contains the circuit schematics, and Printed Circuit Board (PCB) 

layouts (top and bottom copper layers, and the component overlays). While these circuits were 

considered necessary for continued progress, the design is not critical to the outcomes of this 

research. For this reason only a brief description and key features of these circuits are given. 

3.2.1 Isolated Impedance Measurement 

The isolated impedance acquisition circuit combines the signals received from the HP33120a 

signal generator and the analogue output of the HP34970a unit into one signal. This is then 

optocoupled to a high power buffer, which injects the signal into the cell under test. The 4-wire 

connection to the cell under test utilises separate voltage sense and signal (current) injection 

connections for each terminal of the cell. The selection of either voltage or current feedback 

allows the demand signal to be interpreted or realised as battery current or terminal voltage. 
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Both the cell's tenninal voltage and supplied charge current are optocoupled back to a ground 

referenced oscilloscope for subsequent analysis. A third reference electrode signal may also be 

optocoupled from the cell under test to the ground referenced test equipment. Because small 

forced changes in the cell's tenninal voltage can require large signal currents, several options for 

assessing the cell's voltage are provided. These options include a direct 1: 1 DC voltage output, 

the ability to subtract either the supplied DC bias or an arbitrary DC voltage before amplifying 

the remaining AC signal by ten. This allows the relatively small AC component of the signal to 

be assessed independently of the DC operating point. All signals are DC coupled and have no 

theoretical minimum frequency limit. 

A single floating DC supply (5 V 3 A) is used to power this impedance circuit. This supply 

provides battery charge current (when necessary), and also powers electronics for signal transfer 

between the ground referenced test equipment and the potential at which the battery is situated. 

Two matched ± 5V isolated supplies are derived from the single floating DC supply through a 

basic push-pull switch mode DC/DC converter. The electrically isolated signal transfer is 

achieved using HNCR200 analogue optocouplers. These devices contain one Light Emitting 

Diode (LED) source, and two closely matched photodiodes. One of these photodiodes is used to 

monitor and stabilise the output of the LED at the transmitting end. At the receiving end, the 

second photodiode responds to the stabilised LED output to reproduce the signal. The use of this 

feedback technique virtually eliminates the non-linearity and drift nonnally associated with 

analogue operation of optocouplers. 

Only one prototype of this impedance acquisition system has been constructed and debugged (as 

far as the PCB layout would allow). While several minor problems exist with the circuit design 

and layout, this prototype worked sufficiently well to perfonn an initial investigation of 

impedance analysis; This initial investigation identified the large signal characteristic as being 

significant to float charge and polarisation detection. As large signal assessment can also be 

perfonned using simple transient testing, further development and refinement of the impedance 

acquisition circuit was not undertaken. 

High frequency noise originating from the switch-mode supply is the most significant problem in 

the impedance circuit, and is always present in the battery measurement signals. Small amounts 

of averaging applied to the signals viewed on the oscilloscope removes much of this noise, 

however it would be preferable to eliminate the source of the noise. Noise reductions may be 
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achieved by increasing the gap between the switching supply and the analogue signal paths, and 

shielding the signal circuitry andlor power supply. Noise conducted through the power supply 

rails may be reduced by adding shields between transformer windings, or by increasing the 

filtering of unregulated DC output. 

Precise matching of the ± 5V isolated supplies is required for the signal optocouplers to function 

correctly. Although a degree of adjustment and calibration is provided, the low cost regulators 

drift with time. Similarly, difficulties are encountered with offset and gain calibration of the 

many optocouplers. This is believed to be due to resistor tolerances, as precision operational 

amplifiers with favourable specifications (10 11 V typical offset voltage, 40 pA bias and offset 

current, and extremely low thermal drift) are used. Single 0 V reference points and discrete 

(star) returns for each signal channel are implemented where possible to avoid cross-talk 

between measurement signals. Further improvements may be realised if this star technique is 

applied to the 5 V rails used in the optocouple circuits. 

While the minor problems associated with this prototype circuit make the use of the impedance 

measurement system more difficult than necessary, overall the system functions as expected and 

produces adequate results. 

3.2.2 Precision Current Shunt Amplifier 

The magnitude of float current is extremely small when compared to discharge and recharge 

currents. Because of this, measurement of float current is not normally possible using the 

standard current shunts that measure discharge and recharge currents. Section 2.4.1.6 details 

how monitoring of float current may provide additional information regarding a battery string's 

SOC or SOH. A shunt typically used to monitor current in a telecommunication battery string 

will produce a 55 m V signal when a current of 500 A is passed through it. When combined with 

a suitable calibration resistance network, such a shunt produces 10m V per 100 A. Manganin 

current shunts are commonly used for thermal resistance stability. To monitor the float current 

(typically hundreds of milli-Amps) passing through a conventional low resistance current shunt, 

a high gain amplifier is required to measure the voltage produced across the shunt. When a 

manganin shunt is connected to copper PCB track, two thermocouple junctions exist in the 

voltage measurement circuit. If the temperature of these junctions is identical, the thermal 
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voltages developed will cancel. In typical installations however, one end of the shunt is 

connected to a bus-bar carrying the load current, and the other end is connected to cables leading 

to the battery. With differing terminations, significant temperature differences between the ends 

of the shunt can be experienced. The manganinlcopper thermal voltage is approximately 1.5 

!l V 1°C, which is similar to the voltage developed by the shunt at the current resolutions typically 

required for telecommunication battery float charge. 

To allow a microprocessor based VRLA Battery Intelligent NodelO to accurately assess the float 

current passing through a typical telecommunication battery shunt, a precision high gain 

amplifier was developed. A temperature measurement of both copper/manganin junctions 

allows the temperature difference to be calculated. Using this information, the measured shunt 

voltage can be appropriately compensated. Figure 3.9 shows a diagram ofthe current shunt/PCB 

thermocouple junctions,· the high gain amplifier, and analogue to digital input of the 

microprocessor. Temperature measurement of the thermocouple junctions is achieved using 

temperature dependant resistors and additional analogue to digital inputs ofthe microprocessor. 

l.5uV I deg C 

,---1"1---,1 
+-! [ti-o,C!!"u ....... " 

>j 
lOrnA= l.IuV 

~.~ x330 
~ Cu x 13 

~\ 
-l.5uV I deg C 

Figure 3.9 Current Shunt Amplifier Thermocouple Junctions 

The microprocessor used for the intelligent node is a Texas Instrument MSP430FI49. This 

contains a 12-bit analogue to digital converter, with a selectable 1.5 or 2.5 V input range. The 

circuit diagram, PCB component layout, and top and bottom copper layers of the developed 

amplifier are shown in Appendix D. To cover the wide range of current encountered during 
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nonnal battery operation, two amplifiers are used. An amplifier with a gain of 13 covers the 

entire ±500 A range of the shunt, at a resolution of approximately 250 rnA. A second amplifier 

with a gain of 330, and a range of ±20 A with a resolution of approximately 10 rnA is used for 

float current measurements. Chopper stabilised operational amplifiers are used to minimise 

input offset errors and drift, and precision (0.1 %) resistors are used in signal paths. 
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Figure 3.10 Temperature Compensated Shunt Performance at Zero Current 

The developed circuit board also contains an isolated switch mode supply, allowing the 

monitored battery to power the shunt and intelligent node circuitry. No problems were 

experienced with the analogue amplifier circuitry, however a second prototype of the switch 

mode supply has been prototyped to improve the surface mount chip transfonner's (Philips 

IIC10) inter-winding coupling, and to reduce its leakage inductance. While significant 

improvements have been made to this supply circuit, the core appears to run relatively hot 

considering the minimal power requirements of the transfonner. Noise from the switch mode 

supply does not have a large impact on the signal measurements. The temperature measurements 

contain only 1 bit of noise, while the signal out of the high gain amplifier typically contains 3 - 4 

bits of noise. This noise may easily be filtered by software within the microprocessor. Figure 

3.10 shows microprocessor measurements from the shunt with no float current. The temperature 
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at either end of the shunt has been artificially raised in order to show the effects of temperature 

imbalances on float current measurement. Measurement of and compensation for the 

temperature difference produces the expected zero current reading. 

3.2.3 Temperature Controller 

As the procedure for performing Tafel tests was refined and improved, the influence of ambient 

temperature became more notable. The majority of early testing was undertaken in an air

conditioned room, where a cyclic fluctuation of the ambient temperature was noted 

(approximately 2 °e over a 20-30 minute period). This was considered too rapid to affect the 

cell temperature. During the course of this research several physical relocations of the test 

system were imposed. The final relocation was to a room that was air-conditioned, although this 

was automatically switched off at night and during weekends. The resulting variation in the 

uncontrolled ambient temperature during these times was noted to have an effect on 

measurement results. A temperature controlled water bath was developed to maintain a 

consistent battery temperature, regardless of the room temperature. An insulated picnic hamper 

was used as the basis for the bath, and contained the water. The sides of the hamper were 

extended (above the water line) with polystyrene, allowing the lid to be fitted above the cell 

under test when a reference electrode was inserted. A 34 V 600 W water-cooled element was 

used to provide the necessary heating. Water in the bath was circulated with a submersible 4.5 

W garden pond pump. 

A simple temperature sensing and control circuit was developed to regulate water temperature. 

LM335 temperature sensing integrated circuits were sealed with pre-glued heat-shrink tubing, 

and submersed in the circulated water. The temperature dependent voltage produced by the 

LM335 is compared to a set reference point, and the result of this comparison is used to activate 

the heating element as required. Due to the volume of water in the bath and the effective 

insulation, it was found that 12 V applied to the heating element provided a suitably slow water 

temperature increase to allow the circulated water to be maintained at a uniform temperature. A 

minimum amount of hysteresis was applied to the comparator circuit, ensuring that the element 

is either switched hard on or off, thus avoiding excessive heat dissipation in the MOSFET 

switch. The developed temperature controller regulated the cell temperature to within 0.2 °e. 
An LMlO (operational amplifier with a built in reference) was used to produce the set reference 
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point, and thermally induced drift of this reference again resulted in a very slight dependence on 

the ambient temperature. This variance was typically less than 0.3 °C, and does not significantly 

influence test results. For safety, an additional over-temperature cut-out circuit is also included. 

This operates in a similar manner to the main temperature control, but the reference point is set 

approximately 10°C higher than the desired controlled temperature. If a fault in the main 

control system causes the second higher temperature to be exceeded, or the safety temperature 

sensor becomes disconnected, power to the entire temperature control system will be cut. Power 

can only be reapplied manually. A schematic diagram of the temperature controller and 

associated PCB has been included in Appendix D. 

3.2.4 Constant Current Load 

The available HCL-2501 constant current load was designed for discharge rates up to 500 A. 

Because of this, resolution and noise problems are experienced when discharging at rates below 

1 A. To overcome these problems, a low rate constant current load was developed. The circuit 

diagram and PCB for the designed load have been included in Appendix D. This relatively 

simple circuit compares voltage developed across a current sensing resistor in the discharge path 

to a pre-set reference value. The result of this comparison is used to control the on state of a 

transistor, in order to ensure that voltage across the sense resistor matches the desired current 

(reference voltage). As the transistor is essentially used as a variable resistor to ensure that the 

desired current is drawn from the battery, suitable heat sinking is required. The circuit is 

designed to be powered from the cell under test, thus avoiding the need for any additional power 

supplies. This constant current load is also designed to terminate the discharge should an 

adjustable end voltage be reached. This feature allows the load to be used for unsupervised 

capacity testing of small batteries. To measure the duration of a discharge to the defined end 

voltage, a connection that supplies power to a small analogue travel clock (replacing its battery) 

is used. When the end voltage of the battery under test is reached, the load is disconnected along 

with the supply to the travel clock. The discharge duration can be determined from the elapsed 

time on the clock. An adjustable voltage divider ladder is also provided to allow testing of 

batteries with differing numbers of cells. A minimum voltage of approximately 1.6 V is required 

to produce the reference voltage, and therefore the constant current discharge unit requires at 

least two 1.5 V (Nickel/Cadmium or Nickel/Metal Hydride) cells, or a single 2 V lead acid cell 

for operation. Either of two current ranges may be selected by shorting a jumper that alters the 
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current sense resistor. The low current range allows discharge currents between 0 - 1.5 A, while 

the high range allows discharge currents up to approximately 15 A. 
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Float Charge Model 
It is commonly accepted that there is little correlation between the exact float voltage and SOC, 

similarly the precise float current is not a true indication of SOC. However it is generally 

accepted that at the end of a recharge, when the change in charge current is less than 10% over a 

three-hour period, the battery is considered fully charged!. While this is commonly accepted, it 

has been shown in Chapter 2 that although the battery may appear to be on a float charge, a cells 

design and construction materials may actually result in one of the electrodes within the cell 

being gradually discharged. 

While exceSSIve deviation between cell voltages may indicate a possible problem, it is 

commonly expected that there will be a distribution in the steady state float voltages of 

individual cells that are charged in a series-connected string from a common supply. Detailed 

trend analysis of discharge performance and float voltage variations over the life of the battery 

may reveal some information on the status of individual cells within the battery. Spot 

measurements of variance between cells are unlikely to uncover subtle problems. 

Challenged with determining optimal float charge control, the following goals have been 

identified: 

1. Each cell is maintained in a fully charged state indefinitely. 

» Both electrodes within each cell must be polarised above their open circuit potential. 

2. Maximise cell life. 

» Positive Plate Polarisation maintained at specified value (minimum corrosion rate). 

» Gassing must be maintained within acceptable levels. 

With steady state voltages and currents not providing a definitive indicator of the actual charge 

status of VRLA cells in continuous float service, some form of active test procedure may be 

required. A test such as impedance or response to voltage and current perturbations may reveal 

more information about the actual charge status of the cell or its internal operation. 

Ideally, a practical indicator is required to provide a spot assessment of the charge status of 

individual cells. A measure of the polarisation of each electrode within a cell will provide 
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sufficient information to allow both float charge goals to be achieved. Ensuring both electrodes 

are polarised will satisfy the first goal, while ensuring the polarisation of the positive electrode is 

maintained near an optimal value will satisfy the second. 

Over recent years there has been increasing support for the use of impedance based techniques to 

assess the condition of VRLA batteries (Section 2.4.3.2). However the majority of these appear 

to deal with assessing remaining capacity during discharge, SOH, or life predictions rather than 

charge status and charge control optimisation. While a timely indication of battery or cell failure 

is essential to guarantee continuous power supply, impedance based methods may not identify 

charge control problems until damage has been done and the life of a cell has been reduced. 

4.1 Preliminary Float Behavioural Testing 

With steady state float voltage and current showing little correlation to actual charge status, it 

was necessary to find an indicator that would provide sufficient information to diagnose float 

charge problems or allow float charge optimisation. There have been several suggestions (see 

Section 2.4.3) that the frequency response of the positive and negative electrodes differ 

significantly. This suggests that impedance or perturbation testing may reveal the necessary 

information on the inner workings of a cell. An investigation was undertaken in an attempt to 

identify a characteristic that would allow the charge status of each electrode within a cell to be 

determined using only the two terminals of the cell. This investigation was broken into several 

key phases. 

The first phase was familiarisation with reference electrodes and their use in Tafel plots. Battery 

designers and chemists rely on Tafel plots to analyse float charge behaviour and determine 

appropriate float voltages. It was essential to become familiar with Tafel analysis, as the 

envisaged outcome of this research was a simplified, field-useable alternative to Tafel analysis. 

Results of this research will ultimately be compared to or judged against conventional Tafel plots 

and analysis. Once familiar with reference electrodes, the second phase of testing involved 

assessing the possibilities of using impedance to reveal 'hidden' information on the inner 

operation of a cell. Results of this lead to an analysis of the cell's transient voltage profile in the 

third phase, from which a suitable means of identifying covert polarisation information was 

found. An in-depth exploration of the phenomenon was then undertaken. This involved a test 
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plan to cover common operational variables and allow the phenomenon to be appropriately 

modelled. 

4.1.1 Tafel Plots 

Tafel testing and Tafel plots form the basis of float operation analysis for many types of 

batteries. These are extensively used to analyse the float charge characteristics of lead-acid and 

sealed-lead-acid batteries. Typically, when the steady state values of voltage and current are 

plotted on a linear/log graph, a Tafel plot produces a series of straight lines. The technique was 

named after its discoverer, J. Tafel, who in 1905 was the first to describe the over

voltagelcurrent relationship2. Tafel analysis is based around steady state measurements and 

requires well-controlled conditions. It is therefore normally confined to laboratory testing only, 

as the technique and required equipment do not lend themselves to automated field use. The 

ultimate aim of this research was to identify a practical field useable alternative to Tafel testing. 

For the outcomes of the research to be valid, familiarity with these testing techniques was 

essential, as Tafel testing is the benchmark by which any alternative technique will be judged. 

Although the concept behind Tafel testing is relatively simple, there appears to be little 

information recently published on modem standards, methods, and practices. There are 

numerous publications on early test and measurement systems involving equipment such as 

balance bridges and chart recorders, however with the advances in modem automated digital test 

and measurement systems, there appear to be few guidelines detailing modem test practices. 

This may be because test practices are common knowledge to those in the industry, or it may be 

that the details have become unimportant now that specifically designed testing units may be 

purchased3
, where all the operator is required to do is connect the battery and reference 

electrode. 

The primary reasons for the first series of tests were to become familiar with reference electrode 

testing, and to refine the test system and automation software. The aim of these tests was to 

reproduce the Tafel plots commonly seen in the literature for float charge analysis. This first 

series of tests should answer questions including: should the test be voltage or current 

controlled? and, should this be increasing or decreasing? Also of interest is the effect puncturing 

the cell's case to add a reference electrode has on cell characteristics. 
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Figure 4.1 Voltage Control Increasing vs Decreasing 

Figure 4.1 shows Tafel plots generated by setting the voltage and allowing the current to stabilise 

before measurements are taken and a new voltage is set. As the measurements are steady state, it 

is thought that the approach path should not be important unless there is some form of hysteresis. 

Figure 4.1 shows the differences between increasing or decreasing the voltage after each steady 

state point. This is not believed to be related to premature steady-state-detection, as at a given 

voltage the current of the increasing plot is lower than that of the decreasing plot. A voltage 

increase would produce a current spike that decays down to the steady state value, while 

decreasing voltage would initially draw little current and gradually rise to the steady state value. 

This may suggest that there is some form of hysteresis present that warrants further investigation. 

Ifhysteresis is found, and is seen to be repetitive and predictable, it may be taken advantage of in 

order to optimise float charge and control. 
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While few guidelines on Tafel testing have been found, there are suggestions that Tafel points 

should be approached from both directions and averaged, or that the extrapolations should be 

averaged4
, although no reasoning is given for this practice. A description of Tafel test methods 

used by Misra et al5 describes using constant current steps and waiting for the cell and plate 

voltages to stabilise before data is recorded. Data gathering from high to low currents is their 

preferred mode, however at very low currents the opposite steps were used in order to get better 

stable values in that region. It is also stated that it may take weeks for a particular current value 

to stabilise. While apparent approach related differences have been noted, the size of these is 

relatively small (10-15 rnA current difference at low float voltages, producing a lO-20 m V shift 

in plate polarisations - for a given float voltage). The reason for the difference is unknown, and 

further detailed investigation is necessary. Possible causes may include test history, a shift in 

battery characteristics due to testing, experimental variance, or possible hysteresis. While an 

understanding of the cause of the variance is desirable, the variance is not large enough to hinder 

further work. 
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Figure 4.2 Current Control Increasing vs Decreasing 
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Figure 4.2 shows a similar plot to Figure 4.1, however the plots have been generated by fixing 

the current, and allowing the cell voltage to stabilise before measurements are taken and a new 

current is set. The decreasing current-plot has an upper voltage limit of 2.4 V, causing the 

cluster of results around this point. Again it can be seen that there is an offset in the polarisation 

of the positive electrode from the increasing plot to the decreasing plot. It is also noted that there 

is a small variance in the Tafel slope of the negative electrode. This may be due to gassing or 

dryout caused by the amount of time spent at the higher voltage during the initial part of the test, 

or experimental variation. 
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Figure 4.3 Voltage Increments vs Current Increments 

Figure 4.3 compares the difference between current and voltage controlled testing. Very similar 

plots are produced with no polarisations, and high polarisations, however significant information 

is 'missed' with current controlled testing due to the drop in current as the negative electrode 
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begins to polarise. Current is a function of voltage, but voltage is not a function of current. For 

this reason, it was decided that future testing would be voltage controlled. 

To perform reference electrode testing on a VRLA cell, a hole must be drilled in the case of the 

cell to allow insertion of the reference electrode. The greatest problem associated with the 

addition of the reference electrode the inability to sufficiently seal the insertion point and avoid 

the formation of gas leaks. It is well documented that oxygen entering the cell through case 

leaks may have a depolarising effect on the negative electrode. The above test plots show that 

the current at which the negative electrode begins to polarise is similar to that at which the 

positive begins to polarise. This suggests that the cell is functioning as intended, although at the 

manufacturer's recommended float voltage of 2.27 V, about 20 - 30 m V of positive electrode 

polarisation is evident. Ideally, this should be between 40 - 80 mY. With low positive 

polarisation, excess polarisation exists on the negative electrode, however this suggests that the 

reference electrode insertion point is appropriately sealed, and that no leaks are present. 
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Figure 4.4 Open Circuit Characteristics o/Tested and Untested Cells. 

After the testing was completed, the reference electrode insertion-hole in the tested cell was 

plugged. The cell was then returned to its original string, where it was placed on float charge for 

24 hours. The charger was then removed and the string left to decay to its open circuit state. 
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Figure 4.4 compares the untested cells with the tested cell. It is clear that the tested cell has a 

larger initial drop and faster decay to open circuit, however the open circuit voltage is similar to 

that of the untested cells. The reason for this difference is unknown, however it is suspected that 

it may be related to the temporary addition of the reference electrode, or due to the differences in 

recent charge and discharge history of the tested and untested cells. 

4.1.2 Impedance 

With VRLA batteries, physical measurement parameters are limited to voltage, current, and 

temperature. Resolution in temperature sensing is relatively inexpensive, however the high cost 

required to accurately measure individual cell temperatures (sensor accuracy and physical 

connection) so that comparisons can be made between cells is unjustified. The only practical 

measurements available for analysis are cell voltage and string current. It is commonly accepted 

that minor differences in float-voltage between cells, and the exact value of float current for a 

string are not definitive indicators of cell health or SOC, however excessive differences may 

indicate potential problems. The limited measurement possibilities of a VRLA battery combined 

with a poor or non-existent correlation with desirable identifiers, such as SOC or SOH, has 

forced alternative measurement techniques such as impedance to be investigated. 

There are a number of commercial units in the marketplace that use measurements of 

conductance, impedance, resistance, or dynamic response of a pulsed voltage/current to analyse 

the state ofVRLA batteries. Generally, these instruments inject a voltage or current signal and 

measure the responding current or voltage waveform. The amplitude and phase shift of the 

response are typically used to calculate the impedance at the test frequency. Many commercial 

test instruments attempt to correlate measured or derived parameters at specific frequencies with 

physical parameters such as grid or electrolyte resistance. This information, or more 

importantly, any differences in measurements between similar cells or changes in a single cell 

when tracked over time, highlights potential problems. While there are many claims of analysis 

advantages with the use of impedance testing, generally all solutions rely on some form of 

ohmic-based measurement comparison, as little is gained from a single measurement unless the 

cell under test is severely degraded. 
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a) 1000 Hz b) 100 Hz 

c) 10 Hz d) 1 Hz 

e) 0.1 Hz 1) 0.01 Hz 

Figure 4.5 Applied Voltage and Current at Various Frequencies 

Using the impedance acquisition hardware described in Chapter 3.2.1, initial testing was 

undertaken to assess the potential use of impedance based measurements for charge analysis and 

control. With suggestions in literature that the frequency responses of the positive and negative 

electrodes within a cell are different, impedance appeared a logical technique to investigate. It 

was envisaged that an impedance signature or identifier might be found that would indicate 
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whether the float charge goals are achieved. Such an identifier may also aid in setting a more 

appropriate float voltage. If impedance or differences in impedance could be used to separate 

the response from each electrode within a cell, it may be possible to detect conditions such as a 

fully charged state, or negative plate discharge. 

Figure 4.5 shows the current required to maintain a sine-wave voltage (centred about 2.27 V) on 

the terminals of a 275 Ah VRLA cell on float charge. The plots show the terminal voltage of the 

cell and the applied current waveforms at frequencies ranging from 0.01 Hz to 1 kHz. Due to 

offsets introduced through level shifting, the DC level (referenced to the indicated ground) is not 

correct, however the scale (m V or rnA per division) indicated in the top left hand comer of each 

plot is true. In all plots, the top trace is the applied current and the bottom trace is the signal 

voltage on the cell's terminals. Using the peak to peak voltage and current, and the phase 

difference from the plots, the resistance, reactance, and equivalent capacitance at each test 

frequency have been calculated and shown in Table 4.1. It can be seen in Table 4.1 that as the 

test frequency increases the apparent capacitance decreases, and even becomes slightly inductive 

at 1000 Hz. Compared to the large variance in reactance (Xc and Xd with frequency, the change 

in resistance is relatively small. It is expected that unless there is a change in the electrolyte 

concentration, there should not be any significant change in cell resistance over a short period of 

time. 

Frequency Voltage Current IZI Phase R Xc XL C (Farads) 

(VPP) (IPP) (0) (degrees) (0) (0) L (Henries) 

1000 0.0043 0.0536 0.0806 -2 0.0805 0.0028 445.6E-9 

100 0.0016 0.4880 0.0032 13 0.0031 0.0007 2.199 

10 0.0019 0.7110 0.0026 15 0.0025 0.0007 23.506 

1 0.0068 1.2470 0.0055 64 0.0024 0.0049 32.283 

0.1 0.0163 0.4100 0.0397 86 0.0028 0.0396 40.180 

0.01 0.0400 0.1068 0.3745 85 0.0326 0.3731 42.657 

Table 4.1 Impedance Test Results on Float (2.27 V) 

The test plots in Figure 4.5 and the analysis in Table 4.1 are all undertaken at discrete 

frequencies about a given float voltage. Ideally, these measurements should be repeated for 

other float voltages and compared with data obtained with a reference electrode. Due to 
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difficulties in selecting a test signal amplitude sufficiently large to minimise the influence of 

noise, while still ensuring that the test voltage and current remained sinusoidal, the measuring 

process could not be easily automated, and therefore only limited testing was undertaken. 

Compounding the impedance measurement problems are the time base and storage limitations of 

available test equipment. The plots shown in Figure 4.5 were recorded using an Agilent 54622A 

Digital Storage Oscilloscope (DSO). This instrument has a time base that extends to 50 seconds 

per division, which makes it possible to compare the phase of two signals down to frequencies of 

several milli-Hertz. Initial testing was undertaken with a Hewlett Packard 54600A DSO, which 

has a maximum time base of five seconds per division, and limits phase measurements to a 

lowest frequency of approximately 25 mHz. At frequencies lower than this, the oscilloscope's X 

vs. Y mode (with storage) was used. When the cell's voltage is plotted on the Y-axis and the 

supplied current is plotted on the X-axis, the displayed trace can be used to determine the phase 

difference between the two signals, provided both inputs (voltage and current) are sinusoidal. 

By combining peak to peak current and voltage measurements and the phase difference between 

them, the resistance and reactance .at the test frequency may be calculated. As no time base is 

required, this technique may be used at any frequency. 

Figure 4.6 shows the type of plot expected with voltage input recorded on the y-axes and current 

input on the X-axes. The phase angle between the measured voltage and current sine waves is a 

simple calculation of sin e = AlB or CID. The peak to peak values of voltage and current can be 

directly measured from the maximum swing (span) in the Y and X directions. To determine the 

sign of the angle (current leading or lagging the voltage) the waveforms must be compared in the 

time domain. 
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Figure 4.6 Sine Wave Phase Measurements 
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The phase measurements and calculation above rely on both waveforms being sinusoidal, with 

the resulting plot being a symmetrical circle, ellipse, or straight line. If the impedance of the cell 

under test is not constant, the resulting plot may not be symmetrical and will appear distorted. 

This was noted when the appropriate amplitude of the applied voltage signal for the test 

frequency was not selected. 

Similar to the testing above, if a triangle voltage is applied to the cell terminals, the resulting 

voltage-current plot may be analysed to determine the impedance of the cell under test. Using a 

triangle voltage waveform can greatly simplify analysis if the Device Under Test (DUT) has a 

capacitive or resistive nature. The basic formula I = C dV / dt, suggests for a constant rate of 

change of voltage (dV / dt), as occurs in a triangle waveform, a capacitive device will produce 

two parallel vertical lines as shown in Figure 4.7 a). The (current) separation of these lines is 

proportional to the rate of change of the voltage and the size of the capacitance. If the DUT is 

purely resistive, Ohms law holds, and a single straight line is produced as shown in Figure 4.7 b). 

The slope of the line is proportional to the size of the resistance. If the DUT has both resistive 

and capacitive components, the results are combined as shown in Figure 4.7c) . 

.-- y y 

x x x 

1 
a) Pure Capacitance b) Pure Resistance c) RC Combination 

Figure 4. 7 Triangle Voltage and Current Waveforms 

An interesting characteristic becomes apparent when applying a triangle voltage waveform with 

reduced frequency or increased amplitude of the test signal. Figure 4.8 shows the XY plot for 

applying a 278 mV peak to peak triangle voltage to the terminal of a 275 Ah VRLA cell on float 

charge. In this plot, the units per division indicated in the top left comer are appropriately 

scaled, and DC offsets have been corrected. It is interesting to note that near the nominal float 

voltage, the cell appears almost entirely capacitive, however as the voltage is raised above this 
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point, it maintains the same capacitance. The progressive introduction of a resistive component 

is indicated by a tilt to the right at higher voltages. Below the nominal float voltage the plot is 

seen to flare out, indicating an increase in capacitance. The variance from the ideal waveforms 

(for constant resistance and capacitance) shown in Figure 4.7 suggests that the impedance of a 

cell may change considerably within the float region. Great care must be taken in selecting 

signal amplitudes and frequencies if valid measurements are to be obtained. 

Figure 4.8 Current Required (X axis) to Force a Triangle Voltage (278 mVPP at 10 mHz) (Y 

axis) on a Cell's Terminals 

Conversely, if a constant current square-wave signal is injected into a cell on float charge, from 

the above analysis it is expected that the change in cell voltage will not be linear, as would be the 

case if the impedance were constant. As the test frequency is reduced or the injected test-current 

is increased, a non-linear response indicating changing impedance is expected. Figure 4.9 shows 

the voltage profiles of a 275 Ah cell that has been subjected to ± 1 A current injection whilst part 

of a 12 cell string on float at 2.27 VPC. The float current for the string was approximately 190 

mA. As expected, it can be seen that the impedance is not constant. It is also seen in Figure 4.9 
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that when a current perturbation is applied to a fully charged cell on float charge, the voltage 

response at the terminal of the battery is almost entirely produced from the response of the 

negative electrode. In this case there was a change of approximately 250m V in the negative 

electrode, and a 10m V change in the positive electrode over this time. The negative electrode 

changes between two voltage limits, while the positive electrode has a relatively constant slope 

during both the charge and discharge phases. 
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Figure 4.9 Voltage Response Il A Current Manipulation 

With prior knowledge of the cell's impedancelfloat voltage profile, an appropriately selected 

'small signal' impedance measurement may be able to determine the cell's operating region. 

However there is a band in the normal float region that appears to have little change in 
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impedance. As optimal float charge requires the positive electrode's polarisation to be 

maintained at a specific value, a single impedance measurement (and impedancelfloat voltage 

profile knowledge) will only determine which region the cell is in. Combining impedance 

measurements and a slight charge or discharge (to change the float voltage) may determine 

where the impedance boundaries are. With this information it is possible electrode polarisations 

may be estimated, however impedance measurements alone do not provide sufficient 

information for float charge optimisation. 

Impedance measurements, and in particular tracking the resistance component trend over time, 

may be of benefit in estimating remaining life, as the resistance of the continually corroding grid 

ultimately determines the end of life. Impedance measurements alone do not have the ability to 

determine whether the presently applied float charge is maintaining the corrosion rate at 

minimum levels. Tracked impedance measurements can only determine when the cell has been 

degraded, or damage to the cell has occurred. 

4.1.3 Transient 

It has been shown in the previous Section that there is an abrupt change in the impedance 

(apparent capacitance) of a cell as the negative electrode makes the transition from recharge to 

overcharge, or vice-versa. However, simply detecting this transition does not ensure optimal 

float charge has been achieved. The primary float charge goal requires both electrodes to be 

raised above their open circuit potentials, while the second float charge goal requires an 

appropriate distribution of polarisation between both the positive and negative electrodes. 

While it may be possible to detect this change in impedance (as the negative electrode becomes 

fully charged) with dedicated impedance testing equipment, determining an appropriate universal 

test frequency and signal levels for all batteries may be difficult. Determining the present 

operating point through impedance measurement would require knowledge of the impedance 

around this region, and the use of an additional discharge/charge supply to manipulate the cell's 

charge through this transition point. 
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Drawing a constant current from the cell under test and detecting any changes in the slope or 

discharge curve is a far simpler concept to implement. This approach does not require history or 

knowledge of the cell, except for an appropriate discharge rate. It is commonly accepted, and 

shown in most constant current recharge plots, that an increase in the rate of voltage rise occurs 

as the cell nears a full SOC. Similarly, it is accepted that before open circuit voltage 

measurements can be made (for specific gravity and SOC estimations) the cell must stand 

disconnected from the charge supply for a minimum of 24 - 48 hours. Figure 4.10 shows the 

voltage decay as the charging supply is removed from a VRLA cell on float charge. It can be 

clearly seen in the 1 A discharge plots of Figure 4.9, and the open circuit decay plots of Figure 

4.10 that the time response of the negative electrode is significantly quicker than that of the 

positive electrode. In the short-term (minutes), the overall terminal response of a cell is a 

function of the changes in the negative electrode while the positive electrode voltage remains 

virtually constant. When: the negative electrode has decayed to its fully charged open circuit 

value, the positive electrode dominates the terminal response of the cell (over a significantly 

longer period). 

On closer inspection of the negative electrode in Figure 4.10 b), it can be seen that there is 

approximately an 18mV drop in the first three minutes. A further 5mV decay to the electrode's 

minimum is evident in Figure 4.10 a) after approximately 1.5 hours. A small voltage recovery 

(increase) of approximately 10 mV is seen on the negative electrode over the remainder of the 24 

hour period shown. It is understood that the gas recombination process at the negative electrode 

has a depolarising effect. When the float charge supply is removed, there is an initial rapid 

decay of the voltage on the negative electrode. After this initial negative decay, the positive 

electrode supports the remaining polarisation. It is speculated that as there is still polarisation on 

the positive electrode, hydrogen and oxygen continue to be produced. As expected, this migrates 

to the negative electrode, where it recombines and further depolarises the negative. As the over

voltage of the positive electrode decays to its open circuit value, the amount of overcharge-gas 

produced reduces, in tum reducing the amount of gas recombining at the negative. It is 

speculated that this may be a possible reason for the slight (10m V) recovery of the negative as 

the positive electrode discharges. 

A significant difference in the time constants associated with the overcharge polarisation decay 

of the positive and negative electrodes has been identified. This difference is seen as a possible 

mechanism to allow the polarisation distribution within a single cell to be assessed without the 

119 



VRLA Battery Float Charge: Analysis and Control 

use of a reference electrode. Requiring only a simple current perturbation test, the procedure 

may be automated and applied to cells in float service in the field. This test has the potential to 

identify whether a cell is fully charged, as well as to give an indication of the positive plate 

polarisation, which is related to grid corrosion rates and life estimations. Such a current 

perturbation test should have the ability to regularly assess the status of cells in field service. 

This should provide a guide for float charge optimisation so that the float charge goals may be 

achieved. 

4 .. 2 Conceptual Float Model 

The key requirement for optimal VRLA battery float management requires the polarisation of 

both the positive and negative electrodes within each cell to be maintained at specific values. 

For a given lead-acid battery chemistry, the fully charged open circuit voltage should be known. 

Subtracting this open circuit voltage from the float voltage gives the total polarisation for the 

cell. Determining how this polarisation is distributed between the positive and negative 

electrodes will indicate if the float charge goals have been fulfilled, and aid in selecting a more 

appropriate float voltage if required. Preliminary testing with the aid of a reference electrode has 

identified significant differences in the transient-response ofthe positive and negative electrodes' 

polarisation. If each electrode within a cell is modelled appropriately, it should be possible to 

use the model to decompose the terminal response (to a predefined test) into the contributions 

from each electrode within the cell. In doing so, it should be possible to estimate the internal 

status of a cell without the aid of a reference electrode. 

The model developed below is aimed specifically at the float charge region of VRLA cell 

operation, and should reproduce both the steady state and transient responses of a cell on float 

charge. As the model is targeting the float phase of battery life, the representation of the main 

discharge and recharge reactions is basic and unrefined. Existing cell models derived from 

impedance, step, or transient responses attempt to predict available capacity or remaining life. 

As the aim of this model is to provide a tool for the assessment and optimisation of float charge, 

the model is not intended to be used for available capacity estimation or SOH assessment. 

However, the model should potentially identify float health problems such as positive or 

negative plate discharge. 
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Figure 4.11 shows the response of a 275Ah cell on float charge (approximately 200mA) that has 

been supplied with an additional ±lA current injection. It can be seen that the basic response of 

both the positive and negative electrodes can be approximated by a series of straight lines. Over 

the test period shown, two straight lines represent the positive electrode. The slope of these lines 

is dependent on the polarity of the injected current. As the test signal consisted of an alternating 

constant current, the linear response suggests a single capacitor may be a suitable model. Over 

the same test period the response of the negative electrode is more complex, and consists of a 

series of lines linked with suitable transition functions. With a positive current injection 

(charging) three distinct lines are shown, while for the negative injection current (discharging) 

two distinct lines are seen. 
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Figure 4.11 Capacitor Model I = C dV / dt Approximation 

Starting from the transition of negative to positive current injection, a very gradual (near-zero) 

slope is seen. After approximately one minute on charge, a transition occurs and a faster linear 

rise is seen before it returns to a near-zero slope. When a negative current commences, there is 

an initial rapid drop in electrode voltage, followed by a brief transition to a line with almost no 
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slope. Again, as the injected signal was a constant current, the response can be approximated by 

straight lines, and several capacitors may be used to model the response. The size of the 

capacitors can be determined through the basic formula I = C dV I dt. If it is found that the lines 

previously described as near-zero slopes are in fact horizontal, appropriate sized resistors may be 

used in the model. 

It is important to note the voltage scale of the positive and negative electrodes in Figure 4.11. 

During the period where there is approximately 200 m V change in the negative electrode, there 

is less than 5m V change in the positive electrode. As both electrodes are subjected to identical 

current, the relative difference in the effective capacitance of each electrode during this time 

must be significant. Figure 4.12 shows a continuation of the 1 A discharge in Figure 4.11. On 

this time scale, it can be seen that the positive polarisation discharge by a 1 A load (275Ah cell) 

can be approximated as a linear decay. Slight voltage recoveries, similar in nature to that of the 

Coup de Fouet, can be seen at both the positive and negative electrodes. To avoid complicating 

the model, and to minimise the number of required calibration parameters, no attempt has been 

made to model these small recoveries. Typically, at the very low discharge rates used, these 

recoveries have been less than 10 mY. In relation to the total polarisation and the optimal 

polarisation window, these recoveries are considered small and should not significantly influence 

the results. 

Figure 4.10 showed the open circuit voltage decay when a cell was removed from float charge. 

It can be seen that the ratio of time responses for the polarisation decays of both the positive and 

negative electrodes is similar to the 1 A discharge shown in Figure 4.12, however the shapes of 

the decays differ. It has been shown that a constant rate of voltage decrease results from a 1 A 

constant current discharge, suggesting that a capacitor model is appropriate. At low discharge 

currents such as open circuit self-discharge, the exponential decay suggests a resistor (self

discharge) in parallel with a capacitor is a suitable model. As the rate of the self-discharge is 

small when compared to the 1 A discharge, the addition of a self-discharge resistor should not 

alter the constant voltage decay when a 1 A discharge is modelled. 

A parallel resistor capacitor model may be suitable for the transient response of a VRLA cell on 

float charge, but the model must also reproduce the steady state characteristics. Excluding 

parasitic reactions such as hydrogen evolution at the negative electrode and grid corrosion of the 

positive electrode, there is no net charging or discharging of the cell when it has stabilised to a 
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steady state. As virtually all the energy supplied to the cell during steady state float charge is 

consumed in the internal oxygen cycle and eventually dissipated as heat, steady state is best 

modelled through appropriate resistance values. The steady state characteristics of lead acid 

batteries are often shown in the form of Tafel plots, such as Figure 4.1. When steady state 

voltage current pairs are plotted on linear/log axes, straight lines are produced. Each electrode 

has a slope measured in milli-volts per decade, and a minimum current (start or break point) at 

which polarisation begins. As the voltage is proportional to the log of the current, a non-linear 

resistor is required to reproduce this characteristic. 
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Figure 4.12 Complete Polarisation Discharge at 1 A 
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Figure 4.13 shows how a simplified cross section of a VRLA cell is used to produce the general 

structure of the cell model. While the basic physical characteristics of cell components have 

been used, no attempt has been made to model the electrochemical reactions occurring within the 

cell. The model is an electrical circuit that will mimic the response of each electrode and the 
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entire cell under both steady state and transient conditions. The aim of the model is to aid the 

understanding of what is occurring within a cell at individual electrode level, based on 

information derived from the terminal response of the cell. While it may be possible to speculate 

about the chemical processes or reactions occurring within the cell, the model's elements are not 

developed to recreate the chemical reactions or processes occurring within a VRLA cell. 

R Pos Metal 

C Positive R Pos Self- C Positive 
R Pos Self- Discharge 

Discharge 

R Acid R Acid 

C Negative 

R Neg Self- R Neg Self- C Negative Discharge Discharge 

R Neg Metal 

a) b) 

Figure 4.13 Basic Cell Model Architecture Development 

It can be seen in Figure 4.13 b) that the distributed metallic resistance of the grid has been 

lumped into a single resistor for each electrode in the model. Metallic resistance has 

traditionally been an important aspect of cell models, as it is often used to indicate the amount of 

grid corrosion and remaining life. However, as this model is intended for float charge analysis, 

the influence of metallic resistance (or changes in resistance) is very small, and does not greatly 

affect the result due to the very low currents associated with float charge and float testing. The 

model also greatly simplifies the energy storage. It is assumed in the developed model that 

charge is stored and a potential produced at the junction between the electrode and the acid 

absorbed in the separator. Conventional reaction based modelling elements such as mass 

transport to the reaction site, kinetic limitations, and available surface area, etc. are not used in 

this model. Charge storage for each electrode is modelled with an appropriately sized 

conventional capacitor. A resistor placed in parallel with these storage capacitors is used to 
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simulate the self-discharge of the cell. The acid is modelled with a variable resistor, varying 

from a high resistance when the cell is discharged, to a very small resistance when fully charged. 

However for the purposes of float modelling, the variable resistor may be replaced with a single 

fixed (float) value. Again, as the currents associated with float charge and testing are small, the 

generally low value of acid resistance suggests that resistance changes with time, caused by 

increasing concentration with dryout, should not greatly influence the analysis. 

R Pos Self
Discharge 

R Neg Self
Discharge 

C Float 
Positive 

C Bulk 
Positive 

C Bulk 
Negative 

C Float 
Negative 

Figure 4.14 VRLA Float Charge Model 

Figure 4.14 shows how the basic model of Figure 4.13 b) is adapted to produce the overcharge 

response identified in Sections 4.1.1 and 4.1.3. The bulk capacitors cater for the main 

charge/discharge region of cell operation, while the float capacitor and non-linear resistor are 

used to model the float region of cell operation. In parallel with the bulk capacitor is a zener 

diode, which is used to limit the maximum voltage able to be supported by the capacitor. The 

zener voltage of this diode has a value equal to that of the fully charged open circuit voltage of 

the electrode. The switch shorting (eliminating from the circuit) the float charge capacitor and 

non-linear resistor is closed when the float charge capacitor's voltage has discharged to zero. 
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When the voltage on the bulk capacitor increases (due to charge current) to the zener voltage, the 

diode starts conducting and the float switch opens. This then requires the charge current to pass 

through the parallel non-linear resistor / float capacitor combination causing the float capacitor to 

charge. The capacitor will continue to charge until the supplied charge current is passed 

completely by the non-linear resistor, i.e.: Veap_tloat = ISupply X RNon-Lineal'. The value of the non

linear resistor is a function of the voltage on the float charge capacitor. 

It is evident in the above model that the structures of both the positive and negative electrodes 

are similar, however the time constants associated with the electrodes' float components are 

considerably different. It is believed that these differences, when combined with a current 

perturbation test, may be used to determine the contribution each electrode makes to the total 

polarisation of a cell. 

4.3 Structured Float Testing and Results 

Section 4.1 detailed the initial testing which identified a transient feature with the potential to 

reveal information on a cell's response to the supplied float charge. It appears feasible that the 

individual electrode polarisations may be estimated from the cell's terminal voltage response to a 

change in the applied float current. Section 4.2 detailed the general structure of an equivalent 

electrical model that has the ability to replicate both the steady state and transient responses of a 

VRLA cell on float charge. Through the use of an appropriate test procedure and model, it 

should be possible to first analyse how individual cells in field service are responding to the 

applied float charge, and secondly to provide a reference to assess the effectiveness of attempts 

to correct cell problems. 

Discharge I \ Float V 2.3 V 2.1 V 2.2V 2.35 V 

26 Tafel plot 

Open Circuit 27 32 37 44 

lOrnA 28 33 38 45 

100 rnA 29 34 39 46 

lA 30 35 40 47 

lOA 31 36 41 48 
42 test failed 49 pre-Tafel 

43 Tafel plot 50 Tafel plot 

Table 4.2 Discharge Test Plan 
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To verify and characterise the model shown in Figure 4.14, a series of tests was planned and 

undertaken. This testing involved charging a single cell with a fixed float voltage until the 

current stabilises, then removing the charge supply and discharging the cell with a constant 

current, while the voltage profiles of each electrode and the cell are monitored. Testing was 

undertaken for four float voltages and five discharge rates, including open circuit. Float voltages 

both above and below the fully charged open circuit voltage were used. All testing was 

performed with the aid of a reference electrode to separate the contributions of each electrode. 

Table 4.2 shows the test number (26 - 50) and associated data file of the raw test data, e.g. 27 

relates to test data file float27.dat. This file contains the open circuit decay for a cell that had 

previously been on a float charge at 2.3 V. All of the testing shown in Table 4.2 was performed 

at approximately 22°C. At the conclusion of this testing a further series oftests was undertaken 

at temperatures between 25 and 45°C. 

The planned testing was largely aimed at assessing the transient response of a cell when 

discharged from various float voltages at various discharge rates. To track changes in the cell as 

testing proceeded, Tafel plots were also performed at the beginning, during, and at the end of the 

planned testing. 

4.3.1 Tafel Plots 

Tafel plots are conventionally used to evaluate how a cell responds to an applied float voltage. It 

is envisaged that the outcome of this research will be a field useable test or procedure that will 

determine a slice of a Tafel plot (detailing electrode polarisations) at the present float voltage. 

Therefore, to evaluate the accuracy of any developed test or procedure, a conventional Tafel plot 

is required so that comparisons and assessments may be made. 

Figure 4.15 compares Tafel plots of the test cell at the beginning, middle, and end of the testing 

detailed in Table 4.2. It can be seen that throughout the testing there are changes in the 

polarisation characteristics of the cell. The response of the positive electrode remains reasonably 

consistent, with the majority of the characteristic changes being associated with the negative 

electrode. 
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Figure 4.15 Cell Variation Throughout Testing 

From the day a VRLA cell is manufactured, unavoidable reactions within the cell cause it to 

gradually wear out. While it is expected that there will be some changes in the cell as it ages, the 

testing duration is relatively short when compared to the expected life of the cell. It is thought 

the changes noted above do not result directly from the accepted wear-out process of a VRLA 

cell. 

The first Tafel plot (Test 26) shows that the negative electrode does not begin to polarise until 

the float current has risen to approximately 300 rnA. As the positive electrode begins to polarise 

at approximately 20 rnA, the 300 rnA required to polarise the negative electrode appears 

excessive. While the reasoning for this large difference must be related to the cell's chemistry 

and is beyond the scope of this work, it is possible that the test set-up or process contributed to 
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this unbalanced effect. It is understood that atmospheric oxygen entering the cell through leaks 

in the cell case can have a depolarising effect on the negative electrode. It is possible that a poor 

seal around the reference electrode insertion point may allow unwanted oxygen from the 

atmosphere to enter the cell. However with the aid of soapy water around the pressure relief 

valve, it was noted at the higher voltages encountered during the latter stages of the Tafel testing 

that gas was occasionally released from the pressure relief valve. It is unlikely gas would vent 

through the pressure relief valve rather than via a poor seal around the reference electrode entry 

point. Another possible reason for the large unbalanced effects seen in the first Tafel plot may 

be that atmospheric oxygen entered the cell when it was initially punctured to allow insertion of 

the reference electrode. However, after the electrode was added, care was taken to 'work' the 

cell and vent some gas in an effort to rebalance internal gases. 

The tests detailed in Table 4.2 were undertaken in several series, with each test within a series 

being performed at the same float voltage. The first series of tests was performed at 2.3 V, 

which is a reasonably high voltage, but remains within the allowed voltage range for the cell, and 

should not significantly alter the cell's characteristics. The second series of tests used a float 

voltage of 2.1 V, which is below the fully charged open circuit voltage (~ 2.14 V) and no 

polarisation was expected. The third series of tests was performed at 2.2 V, slightly above the 

fully charged open circuit voltage. During this third series of tests, indications suggested that the 

polarisation response had changed from the first test and the proceeding Tafel plot. At the end of 

the third series another Tafel test was undertaken. It can be seen in Figure 4.15 that the Test 43 

plot has a negative polarisation intercept or break point, just slightly greater than 100 rnA. This 

is a significant reduction from the 300 rnA recorded in Test 26. Again, the reason for the 

changes in the cell's characteristics has not been investigated, but is likely to be related to the 

testing history. The period of time spent 'float charging' the cell below its fully charged open 

circuit voltage may have changed the overcharge characteristic, or this change may have resulted 

from the time spent testing at 2.3 V. This voltage may have been high enough to cause gas 

venting leading to dryout or further elimination of atmospheric oxygen ingested during the 

addition of the reference electrode. 

The Tafel plot (Test 50) performed at the end of the planned testing shows further changes to the 

characteristic of the negative electrode. While the negative polarisation break point is at a 

similar current to the previous Tafel plot (Test 43), the characteristic has changed. In Test 43, 
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the overall negative polarisation formed a straight 'Tafel' line on a linear/log graph. In the final 

Tafel plot (Test 50), the negative electrode's characteristic has changed to a rapid increase after 

the polarisation break point. This rapid increase then settles to an almost constant polarisation as 

the float current is further increased. 

It is accepted that the VRLA cell is a complex living electrochemical system, and the impacts of 

any active testing may therefore influence or alter the future characteristics of the cell. As 

passive testing is not possible, it is accepted that changes in the tested cells' characteristics may 

occur as the tests proceed. Normal cell ageing, test history, and set-up and stabilisation times all 

have an impact on a cell's characteristics. The production of a single Tafel plot, as shown in 

Figure 4.15, requires several days set-up time (open circuit stabilisation), followed by 

approximately two weeks of testing. With only a single test system and a finite research time, it 

is accepted that some variance over the duration of the testing may be experienced. It is neither 

economic nor feasible to endlessly repeat tests in attempts to eliminate or reduce changes in the 

characteristic. A compromise between set-up times, stabilisation times, test duration, and 

characteristic drift is needed. It must be accepted that there may be some changes in the 

characteristics over the duration of the testing. It is important to be aware of any changes, and 

monitor these as they occur throughout the testing period. 

4.3.2 Transient Test 

The initial testing identified the use of differences in the transient response of the positive and 

negative electrodes' polarisation as a means of estimating the polarisation of each electrode. To 

further investigate the possibility of using transient response as an analysis tool, and to examine 

how variations in operating conditions affect the transient response, the tests detailed in Table 

4.2 were performed. The analysis of the testing has been undertaken to isolate the effects of 

applied float voltage and discharge rate. All analysis in this Section assumes the cell 

temperature to remain between 22 and 23 °e. 

4.3.2.1 Constant Voltage, Variable Discharge Rate 

Figure 4.16 shows the effects of discharging a cell that has been float charged at a voltage that is 

too low. It is hypothesised that when a cell is not fully charged, the dual-slope rapid decay 
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associated with the discharging of the polarisation capacitance would not be present. Instead, the 

response of the cell is expected to be a simple, steady decay associated with the discharge of the 

main storage reaction. 

To be sure that the cell under test was not fully charged, it was first discharged to approximately 

80% SOC (this should settle to an open circuit voltage of approximately 2.09 V) and then 

charged with a supply set to 2.1 V. As the fully charged open circuit voltage for this cell is 

approximately 2.14 V, a charge voltage of2.1 V should result in the cell being 'float charged' at 

only 85% SOC. The cell was charged at 2.1 V until steady state (no change in charge current) 

was achieved before the discharge testing plotted in Figure 4.16 was initiated. The terminal 

voltage was maintained in a tight group at approximately 2.1 V prior to the discharge. With the 

exception of the lOA discharge, there appears to be a drift of the electrode potentials with each 

successive test. It is seen that the potential of the positive electrode increases with each test. 

The reason for the lOA discharge not following the trend is due to the testing order. As virtually 

no decay was seen in the first (open circuit) test, the lOA test was bought forward to the second 

test performed so that it could be determined whether a measurable response would be obtained. 

Having verified a measurable response, the remainder of the testing at 2.1 V was performed in 

the planned order (10 rnA, 100 rnA, and 1 A). While care was taken to visually ensure the 

achievement of steady state conditions before initiating the next test, time limitations resulted in 

finite settling times. Reasoning for the drift in electrode potential below open circuit is not 

essential to the outcomes of this research, and therefore the cause has not been investigated. 

However, it is speculated that the drift may be related either to the finite settling time, or to 

differences between discharge and recharge efficiency of each electrode at this operating point. 

As expected, it can be seen in Figure 4.16 that at low currents (open circuit to 100 rnA) there is 

virtually no change in the cell's terminal voltage when the charge is removed and the discharge 

commenced. As the discharge current is increased, an increased rate of voltage decay for the cell 

and each electrode can be seen. This is a combination of increased voltage drops due to resistive 

components, and an increased rate of cell discharge. The response of the negative electrode to 

higher discharge rates shows an initial drop followed by a constant voltage, suggesting a large 

capacitor and series resistor may be used as a model. When compared to the negative, the 

response of the positive electrode at high rates has a significantly slower and larger initial drop, 

followed by a slow continuous decrease in electrode voltage. This suggests that a similar series 

resistor-capacitor model would require a slightly smaller capacitor and a larger resistor. The 
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modelled positive resistance may also require a small capacitor in parallel with the resistor to 

give the slower response of the initial drop. While a complete battery operational model will 

require a detailed model of the bulk discharge, to avoid excessive calibration parameters the bulk 

capacitors, positive metal, negative metal, and acid resistances detailed in Figure 4.14 are 

sufficient for a model targeting the float (overcharge) region ofVRLA battery operation. 
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Figure 4.16 Variable Discharge Rate from a 2.1 V Float Charge. 
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It can be seen in Figure 4.16 that almost no change in the terminal voltage occurs with discharge 

rates lower than 1 A. This is desirable, and in keeping with the proposed model. If the bulk 

charge capacitors are orders of magnitude bigger than the overcharge capacitors, it is expected 

that when there is no polarisation, the change in terminal voltage from low rate discharges will 

be very slow. Test currents of a magnitude similar to or lower than the float current are 

preferred, as resistive drops are seen to have very little influence on the response voltage. No 

terminal voltage response is seen when no polarisation exists. 
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Figure 4.17 shows the response of various discharge rates for a cell that has been float charged at 

approximately 2.2 V. The fully charged open circuit voltage for this cell is 2.140 V at 20oe. 
When measured against a Standard Hydrogen Electrode (SHE) the positive electrode has a fully 

charged open circuit potential of 1.738 V, and the negative electrode has a potential of 0.402 V. 

During the series of tests conducted at a float voltage of2.2 V, it was noted that the potentials of 

each electrode prior to the discharge did not correspond to the first Tafel plot (Test 26 in Figure 

4.15). It can be seen in Figure 4.17 that prior to the discharge, the positive electrode has a 

potential of approximately 1.76 V with respect to (wrt) SHE, and the negative electrode's 

potential is -0.438 V wrt SHE. Tafel Test 26 in Figure 4.15 suggests that at this test voltage, the 

positive electrode should have a potential of approximately 1.8 V, and the negative 0.4 V wrt 

SHE. As a significant amount of negative electrode polarisation is seen prior to the discharge in 

Figure 4.17, it was suspected that the battery characteristics might have changed as a result of 

testing. At the end of this series of tests another Tafel plot (Test 43, Figure 4.15) was conducted. 

While this plot does show a small peak of approximately -425 m V in the negative electrode 

potential at a cell voltage of 2.2 V, there is still a discrepancy of 15 mV between the Tafel and 

transient tests. It is suspected that this may be related to settling time limitations in the Tafel 

plots. Electrode potential plots in Figure 4.17 typically took three to four days to settle to steady 

state (prior to the discharge), however the current used for steady state detection in Figure 4.15 

stabilised much faster. 

It can be seen in Figure 4.17 that the response of the positive and negative electrodes is as 

expected. At the low discharge rates (open circuit to 100 rnA) the negative electrode is seen to 

decay to the fully charged open circuit potential, while there is very little response from the 

positive electrode. At the 1 A and lOA discharge rates, a decrease in the positive electrode 

potential is seen, however when compared to the near instantaneous drop of the negative at these 

rates, the transient response of the positive electrode is significantly slower. Also evident at the 

higher discharge rates is a small 10 - 20 m V recovery on the negative electrode following the 

initial voltage. This recovery appears to coincide with the point in time at which the positive 

electrode polarisation is discharged. 

The negative electrode's fully charged open circuit voltage for the cell tested in Figure 4.17 is 

approximately -400 m V. As the discharge rate is increased, the negative electrode is seen to 
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decay to lower voltages. It is believed that the potential differences are due to resistive effects. 

At discharge rates of a similar magnitude to the float current, the influence ofthese resistive volt

drops is negligible. Again, similar to the plots shown inFigure 4.16, it is evident in Figure 4.17 

that each successive test has a small drift in electrode potential prior to the discharge. This drift 

increases the potential of the positive electrode at the expense of the negative. 
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Figure 4.18 Variable Discharge Rate from a 2.3 V Float Charge 
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Figure 4.18 shows the previously tested cell discharged from a float voltage of approximately 2.3 

V. As the 2.3 V series of tests was the first to be conducted, it is appropriate to compare these 

tests to the first Tafel plot (Test 26) shown in Figure 4.15. The Tafel plot shows that at a cell 

voltage of approximately 2.3 V the negative electrode is just beginning to polarise, and has a 

potential of approximately -410 m V. This correlates well with the open circuit plot in Figure 

4.18 .. Similarly, the Tafel plot (Test 26) shows a positive electrode potential of approximately 

1.89 V, which again correlates well with the positive electrode's potential seen prior to the open 

circuit plot (Figure 4.18). However, as the testing progresses, a shift in the electrode potentials 

can be seen prior to the discharge. The change in potential of the negative electrode is seen to 

increase as opposed to the positive increasing in the previous two plots (Figure 4.16 and Figure 

4.17). While the reason for this change is unknown, it may be related to the repeated shallow 

discharging during testing. The trend of increasing negative electrode potential with testing is 

supported by later Tafel plots (Tests 43 and 50). 

Prior to the discharge testing, the difference between the float voltages in Figure 4.16 and Figure 

4.17 is approximately 100 mY. With a fully charged open circuit voltage of approximately 2.14 

V, the 2.2 V tests have a total polarisation of 60 mY, while the 2.3 V tests have a total 

polarisation of 160 mY. For float charge optimisation, it is important to know how this total 

polarisation is distributed between the positive and negative electrodes at the operated float 

voltage. It can be seen that as the float voltage is increased, there is an increase in the potential 

of the positive electrode, and a decrease in the potential of the negative. Comparison at a similar 

discharge rate, for example 100 rnA, shows that the potential of the positive electrode increases 

by 123 mY, from 1.760 V at a cell float voltage of 2.2 V, to 1.883 Vat a float voltage of 2.3 V. 

Similarly, it can be seen that the potential difference (wrt SHE) of the negative electrode has 

decreased by 24 mY, from -438 mV at a float voltage of2.2 V, to -414 mV at a float voltage of 

2.3 V. As the fully charged open circuit potential of the negative electrode is approximately -

400mV, there is about 14mV of negative polarisation at a cell float voltage of2.3 V, and 38 mV 

at a float voltage of 2.2 V. The fully charged open circuit potential of the positive electrode is 

approximately 1.74 V. At a float voltage of 2.2 V the positive electrode has approximately 20 

m V of polarisation, while at a float voltage of 2.3 V this is 143 m V. As the optimal positive 

electrode polarisation for minimal grid corrosion is accepted to be between 40 - 80 mY, a float 

voltage should be found between these two operating conditions to produce the desired result. 
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On comparison of the cell voltage discharge profiles in Figure 4.17 and Figure 4.18, it can be 

seen that although the discharge rates are similar, the rate of voltage decay is faster in Figure 

4.18. As the initial response in both plots is almost entirely from the negative, it would be 

expected that with more negative polarisation, the rate of decay in Figure 4.17 would be faster. 

It is, however, seen to be slower. Dependant on the discharge rate, the decay of the negative 

electrode's polarisation takes up to take up to ten minutes in Figure 4.17, while in Figure 4.18 

this is seen to be less than one minute at all discharge rates. While the reason for this feature is 

related to the cell's chemistry and is not subject to investigation in this research, it is speculated 

that the increased rate of decay in Figure 4.18 may be due to a greater depolarising effect from 

oxygen recombination. As Figure 4.18 has significantly more polarisation, it is expected that 

there will be more production and corresponding recombination of overcharge gas. As oxygen 

recombination is said to have a depolarising (slight discharging) effect on the negative electrode, 

the increased positive polarisation may explain the increased rate of negative polarisation voltage 

decay in Figure 4.18. While small differences in the rate of the negative electrode polarisation 

decay have been noted, these are not significant when compared to the rate of polarisation decay 

of the positive electrode. Furthermore, these slight variations do not affect the ability to use the 

transient response to externally determine the polarisation distribution within the cell. 

Excluding the high rate (10 A) discharge, Figure 4.18 shows a rapid (less than one minute) decay 

of the negative electrode to within 10m V of its fully charged open circuit potential. An 

overshoot (settling period) and recovery is seen on the 10 A discharge, with the recovery 

appearing to coincide with the time at which the positive electrode reaches its fully charged open 

circuit potential. While the overshoot and recovery is visible on the lOA discharge, it is also 

present to a lesser extent on the lower rate discharges. However, as the magnitude of the 

overshoot appears to be proportional to the discharge rate, the overshoot is not obvious at low 

discharge rates, and the recovery occurs outside the plotted region. Over the period of this 

negative electrode decay there is less than 10m V change in the potential of the positive 

electrode. 
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Figure 4.19 Variable Discharge Ratefrom a 2.35 V Float Charge 

Figure 4.19 shows the cell and each electrode's responses to various discharge rates after being 

float charged at 2.35 V. In keeping with previous analysis, the discharge response of the 

negative electrode is still significantly quicker than the positive. Less than one minute is 

required for the negative electrode's polarisation to decay, and during this time there is virtually 

no change in the positive electrode's potential. It can again be seen that the negative electrode 
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temporarily overshoots to a slightly lower potential than the fully charged open circuit value 

before a recovery is made. The magnitude of this overshoot is again dependent on discharge 

rate, with an overshoot of approximately 16m V for a 100 rnA discharge rate. It is noted that the 

amount of overshoot has increased slightly from that evident in the series of tests conducted at a 

float voltage of 2.3 V. The electrode potentials prior to the discharge in Figure 4.19 are in 

reasonable agreement with Tafel Tests 43 and 50, shown in Figure 4.15. 

Assuming that the fully charged open circuit voltages of the positive and negative electrodes are 

1.74 V and 0.4 V respectively, it can be seen that at a float voltage of 2.35 V there is about 160 

m V of positive polarisation, and 50 m V of negative polarisation. With the prior knowledge that 

the fully charged open circuit terminal voltage is approximately 2.14 V, the 2.35 V float charge 

suggests that there is 210m V of polarisation. By simply measuring the initial terminal voltage 

drop at the beginning of a light discharge, it is possible to estimate that there were 60 - 70m V of 

negative polarisation, and that the remaining polarisation (140 - 150 mY) is associated with the 

positive electrode. While there is a slight 10 - 20 m V underestimate of the positive electrode's 

polarisation, it is clear that the polarisation is well outside the desirable 40 - 80 m V window. If 

polarisation estimations were to take into account negative overshoot, tighter polarisation 

estimations may be achieved. 

4.3.2.2 Constant Discharge Rate, Variable Float Voltage 

Figure 4.20 through Figure 4.24 show the effects float voltage has on the polarisation discharge 

response. In a given figure, all plots have the same discharge rate. Prior to the discharge the test 

cell had reached steady state at the indicated float voltage. In all plots the 2.1 V float charge is 

intentionally below the fully charged open circuit voltage, in order to differentiate the responses 

of a fully charged cell and a cell not fully charged due to a low float setting. As the 2.1 V float 

charge plots are not fully charged, polarisation does not exist, and these should therefore not be 

used for comparison oftransient polarisation decay trends. 

Figure 4.20 shows the open circuit decay when the float charge is removed. It can be seen that 

for the plots starting from 2.2, 2.3, and 2.35 V, the negative electrode eventually settles to an 

open circuit potential of approximately -400 m V after 24 hours. However, in the short-term (10 

- 20 minutes) up to 20 mV difference in the negative's potential is evident. This stems from a 10 
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mV overestimate caused by an overshoot in the trace with strong positive polarisation, and a 10 

m V underestimate from the trace with minimal positive polarisation. Similarly, the negative 

electrode's polarisation decays much faster in the plots demonstrating significant positive 

polarisation. 

If an initial drop in terminal voltage when the float charge is removed is used as an estimate of 

the negative electrode's polarisation, the accuracy of this estimate is seen to be ±10 m V. This 

drop should be obvious well within the first hour following the removal of the float charger. If 

no significant drop is seen and the cell voltage is above the fully charged open circuit voltage 

(often given in battery specification manual), it may be assumed that the cell is suffering from 

negative plate discharge. If the terminal voltage decays to the fully charged open circuit voltage 

within the first hour, it may be assumed that the cell is suffering from positive plate discharge. 
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The plots in Figure 4.21 show the effects that float voltage variations have on the voltage 

response of a 275 Ah (C20) cell when a 10 rnA discharge is applied. Excluding the plot 

beginning at 2.1 V, after approximately 20 hours the negative electrode potentials form a 

relatively tight group around -400 m V. After the same period there is slightly more separation 

in the potential of the positive electrode, ranging from 1.72 - 1.738 m V. However the lower two 

traces, starting at float voltages of 2.3 and 2.35 V, do show a gradual Coup de Fouet-like voltage 

recovery past the plotted region. On a much shorter time scale, it can be seen that the negative 

electrode of the 2.2 V float charge takes approximately 13 minutes to decay to its fully charged 

open circuit potential. The negative electrodes of the plots starting at float voltages of 2.3 and 

2.35 V show a significantly quicker decay of approximately one minute, and some overshoot. 

The maximum negative overshoot is seen to be 13 m V, associated with the plot starting from the 

highest (2.35 V) float charge. Again, it is speculated that the increased rate of negative 

polarisation discharge and overshoot are due to the level of positive polarisation. 

For the higher float voltages it takes approximately 20 hours to discharge the positive 

polarisation at the 10 rnA rate. This is significantly longer than the period of time (up to 15 

minutes dependant on associated positive polarisation) taken to discharge the negative 

polarisation capacitance. With such a vast difference in discharge times it is a relatively simple 

task to associate the shape and characteristic of the terminal response to that of each electrode. 

Virtually no change in the potential of either electrode (or the combined terminal response) is 

seen when a lOrnA discharge is applied to a cell that is not fully charged. The plot with a 2.1 V 

float charge is estimated to have a SOC of approximately 85%, with no significant change in cell 

voltage even after 20 hours of 10 rnA discharge. 

The plot in Figure 4.22 is similar to the previous two plots, however in this plot the test cell is 

subject to a constant discharge current of 100 rnA. Very similar trends are seen, however the 

time scale is reduced due to the increased discharge rate. It can be seen that the negative 

electrode still rapidly decays and slightly overshoots its fully charged open circuit potential. The 

worst case of overshoot is approximately 15 m V, and is similar to that seen in the previous plot. 

The duration of the polarisation decay of both electrodes has decreased with the increased 

discharge current. The shortest (worst case) positive polarisation decay takes two to three hours, 

while the longest time taken for the negative polarisation to decay is four to five minutes. 

Virtually no change in the positive electrode's potential is seen over this short negative 

polarisation decay period. It is therefore obvious that separating the responses of each electrode 

is still possible. 
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Figure 4.22 100mA Discharge from Various Float Voltages (Bottom: magnified time scale) 
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As expected, the 1 A constant current discharge plots detailed in Figure 4.23 show significantly 

reduced polarisation decay times. Dependant on the level of polarisation at the start of the 

discharge, the positive electrode's polarisation decay ranges from 30 - 45 minutes, and the 

negative electrode ranges from 18 - 30 seconds. At the 1 A discharge rate, the amount by which 

the negative electrode temporarily overshoots its open circuit potential is seen to increase. At 

this rate, overshoot is seen in all plots and has a magnitude ranging from 8 - 18 m V. Overshoot 

is visible in plots showing low amounts of positive polarisation. The increased level of 

overshoot is suspected to be due to increased resistive-volt-drops associated with increased 

discharge current. Due to the increased discharge rate, the overshoot recovery is more obvious, 

and reasonably well aligned with the end of the positive polarisation decay. A very small 

response of less than 8 mV is seen in the cell that is not fully charged. This is also believed to be 

largely due to resistive effects and should not affect the analysis. Using the significant time 

differences, the terminal response may be separated into that of each electrode, however the 

increased current causes resistive volt drops to cloud the measured response. 
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Figure 4.24 lOA Discharge from Various Float Voltages 

Figure 4.24 shows the discharge profiles from several float voltages for a cell that is discharged 

at a constant 10 A rate. As expected, the relatively high discharge rate reduces the time required 

for the polarisation to decay, with the positive electrode taking three to six minutes, and the 

negative taking only three to nine seconds. The amount of negative electrode overshoot also 

increases at this discharge rate, ranging from 20 - 33 m V. However the recovery of the negative 

electrode still corresponds to the point at which the positive polarisation has become discharged. 

The increased negative electrode overshoot is believed to be due to resistive volt-drop increases 

associated with the increased current. This effect is also seen in the plot of the cell that is not 

fully charged. The plot starting at 2.1 V shows a 30 mV decay after one minute. This is 

significantly more than the slope expected for the main discharge reaction at a 10 A discharge 

rate. When the high rate discharge profiles are compared to those of the lower rates (or open 

circuit), the exponential decays seen at low rates appear to become linear. Assuming the 
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capacitor model shown in Figure 4.14 is employed, the change in the discharge profile suggests 

that the high rate constant current discharge is significantly greater than the self-discharge 

current. Similar characteristics in electrode discharge profiles are present at both high and low 

rates, however the effect of resistive elements and associated voltage offsets make estimation of 

the electrode polarisation and distribution more difficult at high discharge rates. There are 

significant time advantages when using a high rate discharge polarisation estimation test, as the 

test may be performed in a matter of seconds, rather than tens of minutes as required for the open 

circuit decay. 

4.3.2.3 Transient Test Summary 

Through the use of reference electrode testing, it has been shown that the polarisation of both the 

positive and negative electrodes has a characteristic similar to that of a parallel resistor-capacitor 

combination. Although capacitors associated with polarisation are very small, when compared 

to an equivalent capacitance for the main charge-discharge reaction, polarisation capacitance is 

significant and may be used to analyse the float charge operation of a cell. It has also been 

shown that there is a significant difference in the capacitance associated with the polarisation of 

the positive and negative electrodes. The differences between the capacitance of the positive 

polarisation, negative polarisation, and bulk charge storage may be exploited to determine the 

polarisation of each electrode within a cell without the use of a reference electrode. 

When a cell is discharged, both electrodes within the cell are subject to an identical current. 

Differences in the effective polarisation-capacitance result in dissimilar discharge duration for 

each electrode. It has been shown that the duration of the positive electrode's polarisation 

discharge is typically about 100 times longer than that of the negative. However, this has been 

seen to range from about 30 to 1400 times. Even at the lowest end of this range, when the 

negative electrode's polarisation has become discharged, there is negligible change in the 

potential of the positive electrode. 

With analysis of the polarisation discharge profile, it is possible to determine the contribution 

each electrode makes to the total polarisation. It has been shown that the initial fast transient is 

almost entirely due to the polarisation decay of the negative electrode. The positive electrode is 

responsible for the remaining slower polarisation decay to the fully charged open circuit voltage. 
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If the voltage drop associated with the negative polarisation decay is subtracted from the total 

polarisation, the amount of positive polarisation may be estimated without further discharging 

the cell, and more importantly, without significantly altering its state. The total polarisation is a 

simple calculation of subtracting the settled fully charged open circuit voltage from the float 

voltage. 

Significant reductions may be made to the required test duration by increasing the discharge 

current. At high discharge rates, the influence of resistive elements within the cell produces 

current dependent voltage offsets in the measured transient response. At discharge rates up to a 

similar magnitude to that of the normal float current (approximately CIl 000), the effects of these 

resistive elements are seen to be negligible. At a discharge rate of CIl 000, the test duration 

should typically be less than ten minutes and require less than 0.02% of the cell's capacity to be 

discharged. 

Under certain conditions the rapid response of the negative electrode is seen to overshoot its 

fully charged open circuit potential. This is normally followed with a slight recovery back to the 

open circuit potential as the positive electrode's polarisation becomes discharged. While it may 

be possible to explain the reason of this overshoot and recovery through cell chemistry and 

reactions, this is beyond the scope of this investigation. It is speculated that as the amount of 

overshoot appears to increase with positive polarisation, the overshoot is related to the 

depolarising effect oxygen recombination has on the negative electrode, because less oxygen is 

produced with lower positive polarisation values. The discharge rate also appears to influence 

the magnitude of the overshoot, with the amount of overshoot being seen to increase with 

increased discharge rates. When using recommended float voltages and discharge rates less than 

CIlOOO, the amount of negative overshoot is typically seen to be less than 10 mY. Considering 

the window of optimal positive polarisation is 40 m V wide (40 - 80 m V), a 10m V offset in the 

estimate should not severely degrade the test result. 

It has been shown that the discharge duration associated with the polarisation of the positive and 

negative electrodes differs considerably. As the amount of capacitance associated with 

polarisation is extremely small when compared to the total stored energy, very low discharge 

rates (or even natural open circuit decay) are required to properly view the profile. Low rate 

discharge testing also reduces the effects of resistance-based current dependent voltage offsets in 

the measured response. Analysis of the polarisation discharge profile, between the float voltage 
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and the stabilised open circuit voltage, allows the polarisation voltage of each electrode to be 

assessed. Primarily, this may be used to ensure that both electrodes within a cell are fully 

charged. A secondary function of this is that the positive electrode's polarisation may be used to 

determine the cell's most appropriate float voltage, thus minimising positive grid corrosion. The 

hardware needed to perform the analysis requires only an extremely low rate discharge unit, and 

voltage measurement. This test may be automated and performed on any VRLA cell in field 

service that has access to the cell's terminals. Due to the low power requirements, both test 

hardware and installation costs should be minimal. 

4.3.3 Temperature Testing 

All of the analysis and testing performed in the previous Section was undertaken at a room 

temperature of approximately 22 DC. It is a commonly accepted guideline that for every 8 - 10 

DC increase in battery temperature, the reaction rates within the battery are doubled. It is 

expected that the overall polarisation decay may vary as the battery temperature is varied, 

however the response time ratios of the positive and negative should remain similar. 

Figure 4.25 compares the steady state (Tafel) characteristic of a cell at temperatures of 25, 35, 

and 45 DC. It keeping with the above guideline, it can be seen that for a given float voltage, e.g. 

2.25 V, the float current approximately doubles with each 10 DC increment in temperature. The 

drop in current at approximately 2.15 V indicates a slight reduction in the cell potential at which 

the negative electrode begins to polarise, however overall steady state characteristics remain 

reasonably consistent as the temperature is varied. 

Taking into account the expected variations caused by temperature changes, a comparison of 

Figure 4.25 and Figure 4.15 shows the plots in Figure 4.25 to be more consistent. After the final 

planned Tafel plot (Test 50), in an effort to improve test consistency, Tests 51, 52, and 53 were 

used to make improvements to the Tafel testing control code. Tests 54, 56, and 58 relate to the 

45,25, and 35 DC plots in Figure 4.25. These were performed under identical settling times and 

maximum slope values. The modifications to the test code included lengthening settling times, 

more stringent slope requirements, and the addition of an absolute value current slope detection 

condition. This was necessary as under certain conditions, the current drawn by the cell 

following a step increase in voltage does not always decay to the steady state value as expected. 
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Figure 4.25 Tafel Variations with Temperature 

Before the negative electrode begins to polarise, a step increase in cell voltage instantaneously 

increases the current drawn by the cell. This increased current gradually decays to the steady 

state value. However, when the negative electrode begins to polarise, the current characteristic 

changes. A step increase in cell voltage is accounted for almost entirely by polarisation of the 

negative electrode, while there is only a small increase in the current drawn by the cell. As the 

cell stabilises to the new float voltage, there is a redistribution of the polarisation gained by the 

negative. The positive electrode gradually increases its polarisation, with a corresponding 

decrease in the negative. As the polarisation gained by the negative electrode partially 

redistributes and stabilises to an increased polarisation on the positive electrode, there is a slight 

increase in the current drawn by the cell at that float voltage. As an increasing current (+mAlHr) 

is greater than the minimum negative slope (-10 j.!A/Hr) used to detect stable current, an 
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increasing current would result in premature detection of current stabilisation. In order to 

resolve this problem, the detection criterion was changed to ensure the absolute value of current 

slope is less than the stable detection limit. 

Although premature detection of a stable current will change the results significantly, the effects 

should. not be noticed due to the two-stage steady state detection used. The first stage of steady 

state detection requires the current drawn by the cell to be stable, while the second ensures that 

the electrode potentials are stable. If both current and voltage measurements are stable, all 

voltage, current, and temperature measurements are made and stored before the float voltage is 

incremented. Proper ( absolute) current stabilisation detection does however significantly reduce 

the required relay switching in the HP34970a data acquisition unit. This should extend the test 

acquisition unit's life. 
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Figure 4.26 Open Circuit Decay from 2.29 Vat 45°C 
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Figure 4.25 shows how the steady state float characteristics of a cell change with temperature. It 

can be seen that as the temperature is increased, as expected the characteristic remains largely 

unchanged apart from an increase in current. Figure 4.26 shows an open circuit decay of a cell at 

45°C. It can be seen that from the float voltage of approximately 2.29 V, there is a rapid and 

almost instantaneous decay of the negative electrode's polarisation to its fully charged open 

circuit potential. The positive electrode is seen to take approximately four hours to decay to its 

fully charged open circuit potential. During the short period required for the negative electrode's 

polarisation to discharge, there is virtually no change in the potential of the positive electrode. 

While the increased temperature has significantly reduced the time required for the polarisation 

to discharge in comparison with the plots at 22°C in Section 4.3.2, the large difference in 

discharge duration of each electrode is still present. Transient analysis of a cell's terminal 

voltage profile during a low rate (or open circuit) discharge is still able to resolve the response of 

each electrode within the cell, and determine their polarisation. Cell temperature may alter the 

overall duration of the transient test, however the relative response differences of each electrode 

still exist. 
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5 Model Implementation 
The float charge model shown in Figure 4.14 was developed to allow steady state and transient 

float charge features of both electrodes to be modelled. While the components and their layout 

have been selected to reproduce the overcharge response and to aid understanding of float charge 

voltage distributions, simulation of this model is complicated by the two switches that short 

(eliminate) the overcharge components. With two switches, four (22) separate simulation circuits 

are required so that all combinations of switch states are represented. On-Off switches do not 

allow smooth transitions to be made from one operating state to the next. Replacing the switches 

with variable resistors that change from a short (0 Q) to open circuit (MQ) may provide smooth 

transitions. However 0 Q resistors pose computation problems (divide-by-zero errors), as circuit 

nodes have effectively been eliminated. While the model functions similarly to the circuit in 

Figure 4.14, for simulation simplicity it has been simplified to that shown inFigure 5.1. The 

dual capacitors representing the bulk and overcharge capacitance of each electrode in Figure 

4.14 are combined into a single variable capacitor which 'switches' between the bulk and 

overcharge capacitance values. A smoothly transitioned 'switch' may be achieved through the 

implementation of an appropriate mathematical function. 

R Pos Self
Discharge 

R Neg Self
Discharge 

u 

.~ 

i 
u 

Figure 5.1 Implemented VRLA Battery Float Charge Simulation Model 
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5 .. 1 Model Components 

Matlab and the Matlab Ordinary Differential Equation (ODE) solver were chosen as the 

environment for the development and simulation of the VRLA battery float charge model shown 

in Figure 5.1. While it should be possible to simulate the cell model in any electrical circuit 

simulation package, modelling of non-standard components such as the non-linear (logarithmic) 

overcharge resistors and the dual value capacitors may be difficult to implement in some of these 

packages. Matlab provides an environment that does not have any limitations on how 

components are specified. Component values may be specified as functions of other 

components, or as functions of the present state (voltage-across or current-through) of other 

components in the circuit. Similarly, piece-wise modelling can be implemented through the use 

of 'if - then' statements. This is useful for implementing components such as zener diodes. 

Section 5.2 details the Matlab based software that was developed to model the float charge 

region of VRLA battery operation. The software is broken into three components: component 

sizing, model equations, and simulation control. In the remainder of Section 5.1 the individual 

components of the model are described, along with how appropriate values were selected. 

Section 5.2 describes the 'run time' simulation software, which allows the supplied voltage and 

current to be adjusted throughout the simulation, so that different or altered operating conditions 

can be shown. Section 5.3 details the underlying differential equations that allow the model to 

be simulated. 

5.1.1 Non-Linear and Self-Discharge Resistors 

Section 2.2.1 detailed how Tafel plots are often used to describe the steady state float operation 

of a VRLA cell. As a Tafel plot represents the steady state characteristic, no net charging or 

discharging of the cell exists. Virtually all of the energy supplied to the cell through the float 

charge is consumed in the internal gas cycle. Eventually, this energy must either be dissipated to 

the atmosphere as heat, or lost through gas venting. As there is no net change in stored energy 

during steady state float, resistance is the obvious choice of model component. However, the 

straight lines of a Tafel plot are produced only when a linear/log graph is used to plot 

polarisation against float current. This suggests that a single or constant value resistor is not 

appropriate. The resistance value required to replicate Tafel characteristics must be a function of 
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either the electrodes' polarisation, or the applied float current. The top left plot of Figure 5.2 

shows a single Tafel line that has a slope of 100 m V per decade, and a polarisation of 250 m V at 

a float current of 1 A. In the lower plot of Figure 5.2, the variation in resistance required to 

produce the Tafel line is shown as a function of float current, while in the right hand plot of 

Figure 5.2 the required resistance is plotted as a function of the electrodes' polarisation. 
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Figure 5.2 Equivalent Overcharge Resistance as a Function of Float Current or Polarisation 

A Tafel line may be specified through any two of the following: I) Tafel intercept (current at 

zero polarisation); 2) Tafel slope; or 3) Polarisation at a point (e.g. 1 A). The relationships 

between these points are graphically shown in Figure 5.3. The component value selection 

program vrla -.rart_ size.m uses the specified float voltage, the float current, the polarisation of 

the positive electrode at the float voltage, the open circuit voltage, and each electrode's Tafel 

155 



VRLA Battery Float Charge: Analysis and Control 

slope to calculate the polarisations of each electrode at 1 A. By doing this, the location of the 

positive Tafel line is directly defined by the specified operating point. The location of the 

negative Tafel line is used to balance the equations concerning the total polarisation supplied to 

the cell at the float voltage. Figure 5.3 shows the relationship between the possible variables 

used to describe a Tafel line and how the required simulation parameters are obtained by the 

software vrla ---'part _ size.m. The simulation model required the parameters shown in bold (Tafel 

slope and polarisation at 1 A), while the characterisation (specifying) parameters are shown in 

italics. Experience has shown that the location of the positive Tafel line is reasonably stable 

over time, however the location of the negative Tafel line has been seen to drift considerably. 

The Tafel slopes of each electrode have also been seen to remain reasonably consistent over 

time. 
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Figure 5.3 Model Specification of the Overcharge Tafel Characteristic 

Logi 

Equation 29) shows how the non-linear overcharge resistance is calculated as a function of the 

polarisation voltage (difference between the capacitor and zener voltages) and the model 

parameters (polarisation at 1 A and Tafel slope). This function may be easily scaled to represent 

any desired Tafel line, and was used to produce the polarisation versus resistance curve shown in 

Figure 5.2. Experimental polarisation data may show a slight deviation from a straight Tafel 

line, especially at low polarisation values. While for most purposes a straight Tafel 

approximation is satisfactory, if a more precise simulation is necessary Equation 29) may be 

modified as required. 
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29) 

where: r = resistance 

p = polarisation (volts) 

pI = polarisation at 1 A (volts) 

s = Slope (volts / decade) 

The value of the self-discharge resistor is selected so that the minimum current required for 

polarisation (Tafel intercept) is drawn at the point when polarisation begins, i.e.: 

RSelf-discharge = zener_voltage / Tafel_intercept_ current 30) 

Subtracting the capacitor voltage from the diode's zener voltage produces the electrode's 

polarisation. Ohms law is then used to calculate the current flowing through the non-linear 

(overcharge) resistor based on the polarisation and the resistance value. Similarly, the capacitor 

voltage and the self-discharge resistance are used to calculate the self-discharge current. Figure 

5.1 shows the self-discharge resistor in parallel with the series connected overcharge resistor and 

zener diode combination. This is not entirely correct, as the self-discharge resistor should be in 

parallel with the zener diode. It has been implemented as shown in Figure 5.1 however, in order 

to avoid computation problems. At and below the fully charged open circuit voltage, the non

linear overcharge resistor must have no resistance, however this introduces divide-by-zero 

computation problems. To compensate for the current through the self-discharge resistor during 

overcharge, this self-discharge current is subtracted from the overcharge resistor current before 

the differential equations are solved. 

5.1.1.1 Minimum Grid Corrosion Point - An Observation: 

In Figure 5.2 a voltage- or current-dependant equivalent resistance that replicates Tafel 

characteristics is shown. While the computation of this equivalent resistance may be achieved 

with a simple Ohms law calculation at each steady state operating point (voltage-current pair), 

plotting this equivalent resistance against current or voltage reveals an interesting characteristic. 

It can be seen in the top right plot of Figure 5.2 that there is a peak in resistance at approximately 

43 mY. The corresponding Tafel line has a slope of 100 mV per decade and 250 mV of 
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polarisation at 1 A. Interestingly, the peak in resistance occurs within the accepted window (40 -

80 m V) for minimum grid corrosion. While this is purely an observation derived from a 

mathematical phenomenon, it does entice further investigation. 

Figure 5.4 shows the corrosion current versus electrode potential for several lead alloys by 

several experimenters. While it is acknowledged that the various tests were performed under 

differing conditions with different techniques, and that direct comparisons can therefore not be 

made, general trends can be identified. For reference, a Tafel slope of 80 mV per decade has 

also been shown for oxygen evolution. It can be seen that the Tafel slopes for the corrosion of 

lead and lead alloys vary from 170 mV per decade (Rogatchev (1983) 10.6%) to 255 mV per 

decade (Willihnganz). 
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Figure 5.4 Corrosion Rate of Lead and Lead Alloys at Constant Potentia! 

Corrosion is a complex reaction, influenced by external parameters such as temperature, 

electrode potential, and acid concentration, as well as by internal parameters including the 
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composition of the corroding alloy, metal-Iographic structure, and local distribution of alloying 

additives. Corrosion rate measurement must be based on a number of general rules combined 

with empirical experience, as exact evaluation may not be possiblel
. However the observation 

detailed below, based on the characteristic of the electrode as a whole, displays some interesting 

features and similarities to experimental data. 

0.3 

2J 0.25 
(; 

; 0.2 
o 

~ 0.15 
·c 
~ rr. 0.1 

40 

'" E 
Q. 30 

10 

1 D·' 10·' 10° 
Float Current (Amps) 

I 11111111 I 11111111 

- - IITlfTill- IITIITiII- I-ITIIITI 

1. U I IlL LI-LI W L LI..lIIJlL Lll.J III 
III 111111111 I 11111111 I 1111111 

I-' t-I-tlttlll- t-I-tllttll-I-It-iitt 
III I 11111111 I 11111111 I 1111111 

Float Current (Amps) 

0.35 

0.3 

~ 
(; 

G 
c 
0 

~ 
'" ·c 

'" (; 
0.1 "-

0.05 

0 
0 

_ I - --j - 'c--c:~'--='J 

.J_~_L_ 

I I 
- - --

10 15 20 25 30 35 40 45 
Resistance (Ohms) 

o.25,-----,----,----,----,----:=____> 

0.2 
j!! 
o 
G 0.15 
c 

~ 
.~ 0.1 

'" (; 

"-
0.05 

0~0-~~--~~-~~-~~-~0.01 

Float Current (Amps) 

Figure 5.5 Variation in Equivalent Resistance with Tafel Slope 

Figure 5.5 compares the Tafel slopes for oxygen evolution and the corrosion rates of several lead 

alloys shown in Figure 5.4. The Tafel lines have all been normalised to have a zero polarisation 

intercept point at 1 mA. The equivalent resistances required to replicate the Tafel lines have 

been calculated and plotted against polarisation (top right), and float current (bottom left). The 

equivalent resistance versus float current plot shows that the current associated with the peak in 

equivalent resistance remains constant regardless of the Tafel slope. However the polarisation at 

which the equivalent resistance peak occurs increases with the Tafel slope. 

When a linear axis is used to plot the polarisation-voltagelfloat-current data, the reason for the 

occurrence of the peak in the equivalent resistance becomes apparent. The same polarisation 

versus float-current data shown in the top left plot of Figure 5.5 has been re-plotted in the lower 

right plot on a linear axis. With a conventional fixed value resistor, current is a direct function of 

159 



VRLA Battery Float Charge: Analysis and Control 

the applied voltage, and a voltage-current plot of such a resistor will pass through the origin. 

The bold line in the lower right plot of Figure 5.5 shows that the point at which a line starting at 

the origin forms a tangent with the polarisation-current curve corresponds to the peak in the 

equivalent resistance. At polarisations lower than this tangent point, the curve has a steeper 

slope, indicating increased resistance, while at polarisations above this tangent point, decreased 

resistance is indicated by a gradient lower than the fixed resistance. 
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Figure 5.6 Variation in Equivalent Resistance with Intercept Point 

Figure 5.6 shows four Tafel lines with an identical slope of 100 m V per decade, separated by 

differences in the zero polarisation intercept point. It can be seen in the plot of equivalent 

resistance versus polarisation that despite the differing Tafel intercept point, the polarisation at 

which the peak in resistance occurs remains constant. The plot of the float current versus 

equivalent resistance shows that the float current at which the peak resistance occurs increases in 

association with the zero polarisation intercept point. 

The Tafel slope determines the polarisation at which the peak in equivalent resistance occurs. 

The current of this peak is determined by the current at which the zero-polarisation intercept 

point occurs. In batteries of differing capacities, the float current is expected to increase 

proportional to the capacity. A Tafel plot of the positive electrode's polarisation would however 
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have the same slope regardless of the cell's capacity. As the Tafel slope remains constant, the 

polarisation at which the peak in the equivalent resistance occurs would also remain constant. 

As the lowest Tafel slope (i.e.: oxygen evolution) dominates the polarisation of the electrode by 

consuming the most current to support the reaction, the significance of the Tafel plots relating 

purely to the rates of grid corrosion is reduced. The overall polarisation of the electrode is set 

through the dominant reaction of oxygen evolution. The current consumed through grid 

corrosion is determined by the polarisation on the electrode rather than by the current flowing 

through it. Therefore, as the float current is increased, the change in current consumed through 

grid corrosion is significantly reduced from that expected by the corrosion Tafel line, despite the 

grid corrosion Tafel plots having a greater slope. 
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Figure 5. 7 Variation in Equivalent resistance with Grid Corrosion Correction 
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Figure 5.7 shows the effects of adding grid corrosion currents of 1, 2, and 3 rnA to an 80 rn V per 

decade, 1 rnA intercept, Tafel line representing the evolution of oxygen. The introduction of a 

slight curve can be seen at low polarisations, as the corrosion current becomes significant in 

comparison with the oxygen evolution current. The increase in corrosion current required to 

produce an increase in polarisation is insignificant when compared to that associated with 
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oxygen evolution. For this reason, Tafel plots are often simplified to a straight line associated 

with oxygen evolution, rather than the slight curve seen at low polarisations. 

The curved traces in the top left plot of Figure 5.7 are characteristic of that expected for the 

positive electrode (combining oxygen evolution and grid corrosion) in a VRLA battery. 

Interestingly, the equivalent resistance versus polarisation plot, seen in the top right of Figure 

5.7, has resistance peaks occurring between 35 and 56 mY. The oxygen evolution Tafel slope 

used to generate these plots was 80 m V per decade, however 90 m V per decade has also been 

commonly stated2 
3. When the same corrosion current levels used in Figure 5.7 are added to an 

oxygen evolution slope of 90 m V per decade, the polarisation range associated with the peak 

equivalent resistance is shifted slightly, and is seen to be 39 - 63 m V. While this range appears 

very similar to the general range accepted by battery chemists to have minimum corrosion, no 

associated verification has been undertaken. Any attempt to verify a correlation between the 

polarisation at which the peak in equivalent resistance occurs, and the polarisation producing 

minimum corrosion, would require significant electrochemical testing which is beyond the scope 

of this thesis. At this stage, the occurrence and similarities of this phenomenon must be 

considered purely coincidental. However, the similarities have been noted, and the influences 

. producing the peak in equivalent resistance, and its location, have been explained. 

No verification or proof has been undertaken to correlate the mathematical phenomenon of the 

peak equivalent resistance point with the minimum grid corrosion point. However, the often 

debated point or range of positive polarisations associated with minimum grid corrosion appears 

almost identical to the values obtained with a little mathematical manipulation of commonly 

found experimental data. This may warrant further experimental investigation and analysis. If a 

correlation between the mathematical peak in equivalent resistance and the corrosion minimum 

were experimentally proven, a chemistry free method of assessing the optimal positive 

polarisation for maximum life would be facilitated. 

5.1.2 Energy Storage Capacitors, Bulk and Overcharge 

Section 5.1.1 described the model components required to reproduce the steady state overcharge 

characteristics of a VRLA cell. This Section will describe the energy storage elements required 

to replicate the transient response of a VRLA cell as it moves from one steady state operating 
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point to another. Section 4.2 showed how a relatively high rate of constant current discharge (as 

compared to the natural self-discharge) produced a linear decay in the polarisation of each 

electrode. As some form of energy storage is required to slow the transition from one steady 

state operating point to the next, and due to the linear voltage decay produced when a constant 

current is drawn from a cell, capacitors are the obvious choice of model component. The model 

in Figure 5.1 employs a single variable capacitor for each electrode. Effectively, each of these 

capacitors has two values, one value for the bulk energy storage mechanism associated with the 

main charge-discharge reaction, and a second value associated with the polarisation transient 

response, which is significantly smaller. Although it may appear that energy is not conserved 

while the capacitor's value at each electrode is varied from the large bulk storage value to the 

smaller overcharge value, energy contained in the bulk storage capacitor is not lost. Rather, it is 

made unavailable during overcharge. When the float charge is removed and the overcharge 

voltage decays, the variable capacitor's value returns to that of the bulk storage, and its stored 

energy becomes available again. 

The size of the total (positive plus negative) bulk storage capacitance is calculated from the 

voltage difference between the fully charged rest voltage and the discharged rest voltage, the 

discharge current, and the discharge time (C = i. dt I dV). Assuming that the fully charged and 

discharged rest voltages are 2.14 and 1.9 V, the equivalent capacitance required to represent the 

bulk storage is approximately 15,000 Farads/Ah. Alone, this capacitor representation will 

produce an uncharacteristic linear voltage decay when a constant current discharge is applied. 

While this is significantly different to a typical constant current discharge curve, the model is 

targeted at the overcharge region of VRLA battery operation, and only a basic representation of 

the bulk storage is required. However, the discharge profile is significantly improved· if the 

variation in the electrolyte resistance is modelled during the discharge, as will be shown in 

Section 5.1.4. Furthermore, as only a single capacitor is used to model the bulk storage of each 

electrode, the reduction in apparent available capacity with increased discharge rate is not 

modelled. Similarly, the bulk recharge characteristics are not accurately modelled. By applying 

a current-limited constant voltage recharge, it is expected that the current limit will be exercised 

until the cell voltage has risen to the charger voltage, and that this voltage will then be 

maintained as the charge current exponentially decays to the float value. As the bulk storage of 

each electrode is modelled by a single capacitor, when the float voltage is reached, the current 

drops directly to that required for float charge. If improved modelling of the bulk discharge and 
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recharge characteristics is required, a distributed capacitor-resistor ladder type circuit may be 

necessary. This may be optimised to replicate the apparent reduction in available capacity seen 

in high rate discharges, and also to provide the exponential decay in recharge current when 

recharging with constant voltage. A distributed capacitor-resistor ladder type circuit should 

attempt to replicate the mass transport and kinetic limitations within a cell. However, as the 

developed model is intended for float charge analysis, the basic single capacitor representation of 

bulk storage at each electrode is sufficient, and requires minimal calibration. 

The total capacitance used to model the main charge-discharge reactions must be distributed 

between the two electrodes. The software vrla-'part_size.m, used to calculate the component 

values for the simulation model, contains a parameter 'pos _bulk -'percent' to allow the total bulk 

capacitance to be split as desired between the positive and negative electrodes. This allows each 

electrode's voltage-change ratio and the voltage supported on each electrode to be defined. For 

example, if the 'pos _bulk -'percent' were set to 60, the positive electrode would provide 60% of 

the cell's voltage, and 60% of the change in the terminal voltage during discharge would be 

attributed to the positive electrode. As series connection decreases the total capacitance, the 

distribution of the total bulk-storage capacitor must be such that each electrode produces the 

desired voltage-change during discharge, and that the series combination of the two capacitors 

still equals the required total. While the theory of sizing the capacitance of each electrode to 

produce a desired voltage-change during discharge is valid, the dominant reason for the 

characteristic shape of the discharge profile is due to an increasing electrolyte resistance. 

Voltage drops associated with electrolyte resistance overshadow the differences in each 

electrode's voltage decay. At high discharge rates, the apparent distribution of discharge 

voltage-change is more heavily influenced by the simulated location of the reference electrode 

(division of acid resistance) than the actual voltage-change on each electrode. The component 

value selection software also calculates a voltage offset (to be added to the model's centre, or 

reference, point). This offset voltage is the difference between the model's centre point voltage 

(centre of acid resistance) and the voltage that would be produced when a Hg/HgzS04/K2S04 

reference electrode is used on a cell in the same charge state. The offset voltage effectively 

normalises the voltage obtained by the simulated reference electrode as the 'pos_bulk-'percent' is 

altered. The simulated reference-electrode does not reveal the actual voltage supported on each 

electrode's capacitor. A 'pos_bulk-'percent' value of75% was found to be the most suitable and 

has been used for all simulations. 
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Having calculated the total required bulk storage capacitance and an appropriate distribution for 

each electrode, the capacitors required to produce the overcharge transient response must also be 

calculated. Due to variance between batteries, no precise method of determining the overcharge 

capacitor size for each electrode has been established. However, it has been found that 0.3% of 

the total bulk storage capacitance is suitable as an initial value for the overcharge capacitance of 

the positive electrode, and that 0.005% is suitable for the overcharge capacitance associated with 

the negative. Having calculated these initial values, simulation results can be compared with 

experimental data, and the overcharge capacitance values fine-tuned so that simulation results 

replicate experimental data. 

Figure 5.8 shows the transition between the bulk storage capacitance and the overcharge 

capacitance of each electrode. It can be seen that as the electrode voltage rises above the zener 

voltage, there is a rapid decrease in the capacitance to the overcharge value. To provide a 

smooth change between the two capacitance values, a transition region has been defined. Below 

the zener voltage for each electrode, the capacitor has the value calculated for the bulk storage of 

that electrode. Inside the transition region, the capacitance is a function of the electrode voltage 

as shown by Equation 31), while above the transition region, the capacitance has the value 

calculated for overcharge. Suitable transition regions have been found to be 40 m V for the 

negative electrode, and 10m V for the positive. 

Bulk Capacitor 

OverCharge 
Capacitor 

Zener Voltage 

Over Charge 

.......................... ·····t················································ .............................. . 

i Transition 

t Bulk Charge 

Figure 5.8 Transition of Bulk Storage and Overcharge Capacitance Values 
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(
1- [Vcap - Vzen )]S 

~ralls 

Ctrans = Cochg -1 + (CbU1k - Cochg + 1) 31) 

5.1.3 Zener Diodes 

where, CII-alls = Capacitance during transition 

Cochg = Overcharge Capacitor Value 

Cbu1k = Bulk-Charge Capacitor Value 

Vcap = Capacitor Voltage 

v'ell = Zener Voltage 

Vrralls = Transition Voltage-Range 

S = Shaping Tenn (5 was used) 

The zener diodes in the model are ideal, as when the capacitor voltage is below the zener voltage 

no reverse current flows through the diode. When the capacitor voltage is above the zener 

voltage, the current through the diode is determined by the value of the non-linear overcharge 

resistor, and the voltage across the same resistor. The voltage at which the zener diode begins to 

conduct is determined by the relative sizing of the bulk storage capacitors for each electrode. 

This is determined through the 'pos _bulk --'percent' variable in the component value selection 

software vrla --'part _size.m previously described in Section 5.1.2. 

5.1.4 Acid Resistance 

As the electrolyte specific gravity, and hence resistance, does not change considerably in the 

float charge region of VRLA battery operation, a fixed value of acid resistance is sufficient for 

float modelling. However, by attempting to provide a more realistic voltage profile during the 

bulk discharge, the effects of the change in electrolyte resistance during discharge have been 

modelled. While the model of acid resistance effectively changes the overall resistance, it is still 

a single element model, and does not attempt to model time dependant quantities such as mass 

transport, electrolyte gradients, or kinetic properties. 

The variation in electrolyte resistance is largely modelled on the long-standing guideline that the 

specific gravity of an open circuit cell is the voltage of the cell minus 0.85. As the sum of the 
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voltage on the positive and negative electrodes' bulk-storage capacitors is equivalent to the open 

circuit voltage, this may be used to determine the specific gravity of the simulated electrolyte. A 

function is then used to calculate the specific conductance based on specific gravity. This 

specific conductance is then converted to resistance, and scaled so that the specified fully 

charged acid resistance is produced at the point at which the cell is fully charged and overcharge 

begins. As the cell model enters the overcharge region, the electrolyte resistance is held constant 

at the value specified for the fully charged state. 

Equation 32) shows the function used to calculate the specific conductance of the electrolyte 

based on the calculated specific gravity. Figure 5.9 shows a plot ofthe function in Equation 32), 

along with some values of specific conductance at 200 e found in the literature4
. It can be seen 

that above a specific gravity of 1.3, the function has some deviation from the literature values, 

however the specific gravity of the electrolyte used in VRLA cells is typically less than 1.3. 

'[ ISG-C ISha;e J PKSG +1 

I I 
Shape 

-1 X 1-CPKSG 

where: SC = Specific Conductance 

SCPK = Value of Conductance Peak-o.76 

SG = Specific gravity 

CPKSG = SG at the Conductance Peak ~1.235 

Shape = Curve Fitting Variable ~ 2.15 

32) 

The required value of the fully charged electrolyte resistance must be determined from 

experience or battery manufacturers' data. However, as this parameter has very little influence 

on float analysis, a default value of 1 milli-ohm may be used. Generally speaking, the electrolyte 

resistance will be inversely proportional to cell capacity. 
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Figure 5.9 Electrolyte Specific Conductance as a Function of Specific Gravity 

5.1.5 Metallic Resistance 

1.4 

Similar to the electrolyte (acid) resistance, the metallic resistance has very little influence on the 

float characteristics of a cell. However, for completeness, a single lumped-resistor simulating 

the effects of the current conducting path (grid) of each electrode has been included in the model. 

Again, no method of determining the value of the metallic resistors has been investigated, and 

default values of 10 micro-ohms have been used for all simulations. The sum of the acid 

resistance and the two metallic resistors should equal the internal resistance of the cell. 

5.2 Simulation Software Interaction 

The Matlab based VRLA battery simulation software is broken into three separate modules: 

component value selection, modelling (differential equations), and simulation. The general 

functionality and interaction of these modules is shown in Figure 5.10. Of these three modules 

only the component value selection module (vrla~art_size.m), and the simulation control 

module (vrla_float_sim.m) require user interaction. While the differential equation module 
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(difC vrla.m) is the simulation workhorse, it performs all of the simulation calculations in the 

background, with no direct user interaction required. 

Input cell data 
File Name: cell data 
Capacity 
Float V & I 
Positive Polarisation 
Pos & Neg Tafel slopes 
Open cct Voltages E & F 
Resistances 

Calculations 

Tafel Plot 

vrla float sim.m 

Load 'cell data:dat' ~----I-_ 
Simulation Data 

Time Current Voltage 
Time Current Voltage 
Time Current Voltage 
Time Current Voltage 

ODE15s (simulation) 

Filter (internal) Data 
Plot Data 

cell data.dat 

Capacitor Values 
Pos Bulk 
Pos Overcharge 
Neg Bulk 
Neg Overcharge 

Tafel Data 
Zener Voltages 
Resistor Values 

Pos & Neg Self Discharge 
Acid (fully charged) 
Metallic 

diff vrla.m 

Matlab 'ODE' file 
Component Connections 
Non-Linear Values 
Model Calculations 
Differential Equations 

Save 'internal' data 

Figure 5.10 VRLA Battery Float Charge Simulation Software Module Interaction 

The 'vrla-'part_size.m' m-file provides a simplified method for converting easily found or 

measured battery data into the component values required for the simulation model. Values that 

are not commonly found or easily measured are positive polarisation at the float voltage, the 

Tafel slopes, and the acid and metallic resistances. As the resistance values are not critical to the 

float model, default values may be used if more appropriate values are not available. The 

positive polarisation may be set in the optimal (40 - 80 m V) range, or it may be set to model 

imbalance problems. Alternatively, the described polarisation estimation test (Section 4.3.2.3) 

may be used to estimate the positive polarisation for the float conditions. If the Tafel slopes of 
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each electrode are not available, default values may be successfully used due to the generally 

limited variation in Tafel slopes. The part-sizing module has two outputs: a Tafel plot of the 

supplied cell data, and a data file (cell_data.dat) which contains the cell specific parameters 

required for the simulation. The Tafel plot allows viewing and verification of the steady state 

characteristics of the supplied cell data, and if necessary, correction of problems with the 

simulation model. The cell specific output data file contains a listing of key input parameters 

used to generate the data file, along with the model's component values that have been 

calculated by the part-size program. If required, the output data file may be directly edited or 

modified. 

The 'difC vrla.m' module is the heart of the simulation, and contains the equations required to 

model the cell. The cell model is essentially a Matlab ODE file, containing differential equations 

of the 'state variables' (capacitors), along with the model's other component relations, 

dependencies, and calculations. As the 'difC vrla.m' module is the simulation core, Section 5.3 

details this more thoroughly. This. file does not require any direct user interaction. 

The 'vrla_float_sim.m' Matlab-m file is used to control the 'run-time' variables throughout the 

simulation. To do this, a matrix is defined that contains the operating conditions, such as the 

power supply voltage and current, and the duration for which the supply is maintained in that 

state. The matrix has three columns: time (in seconds), current, and voltage. Each row in the 

matrix represents a new set of operating conditions. For a given row, the defined voltage and 

current are maintained from a specified time until the commencement time of the next set of 

operating conditions. Essentially, the total simulation performed by the 'vrla_float_sim.m' file, 

is a concatenation of many short simulations with differing conditions. The voltage and current 

settings are similar to a conventional bench top power supply, and either current or voltage 

regulation may be selected. If voltage control is desired, the current is set greater than that 

drawn by the battery at the set voltage. If current control is required, the current is set at the 

desired level, and a high voltage is selected so that the current drawn by the battery at that 

voltage is greater than the desired current. If a discharge is required, a negative current value is 

set. 

Effectively, through the use of the simulation matrix many short simulations are cascaded 

together so that any range of operating conditions may be analysed. For the simulation period, 

the differential equation file (difCvrla.m), power supply voltage and current settings, simulation 
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options, and cell specific parameters (obtained from the 'cell_data.dat' file) are passed to the 

Matlab ODE solver. Matlab has seven different ODE solvers, each targeting a different type of 

problem. These solvers are divided into two groups for stiff and non-stiff equations. For a stiff 

problem, solutions can change on a very short time scale compared to that of the interval of 

integration, but the solution of interest changes on a much longer time scalt? As the VRLA 

battery simulation undergoes rapid change as the cell model enters its overcharge state, stiff 

ODE solvers were found to work more reliably. Of the stiff ODE solvers, the odel5s solver was 

found to be the fastest and least prone to failure. This solver has been used for all simulations. 

An ODE solver normally returns only times and values of state variables (in this case, capacitor 

voltages) during the simulation period. However, as the developed cell model contains 

components with values that change according to the state of the circuit, it is advantageous to 

know how these component values change as the simulation progresses. At the end of the 

simulation equation file, component values and operational data such as individual component 

voltages and currents, are appended t6 the end of an 'internals' matrix. In doing so, a complete 

record of the simulation is produced. 

As the ODE solver varies the time step according to the rate of solution change, there is a certain 

amount of 'hunting', where the time step used is too large and the solution is outside the allowed 

tolerance. When this occurs, the ODE solver reduces the time step and recalculates the solution. 

As this variable time step 'hunting' produces many incorrect results in the 'internals' matrix, 

these are removed when the simulation is complete by filtering the saved 'internals' matrix to 

hone in on the solution. The filtered 'internals' simulation results are then plotted as required to 

allow the complete simulation to be viewed. 

5.3 Float Simulation (ODE) File BOO diff_vrla.m 

As the characteristics of VRLA float charge have been modelled using electrical components, 

any analogue circuit simulation package should be able to simulate the developed model, 

provided the simulation environment allows sufficient freedom to specify dependant components 

such as the non-linear overcharge resistors and the dual value capacitors. Through the use of the 

ODE solver in Matlab, analogue circuits may be simulated as shown by Attia6
. When compared 

to dedicated analogue circuit simulation packages, the Matlab ODE environment may not 
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initially appear as simple, or provide rapid simulation development or modification. It was 

chosen as the simulation environment as there are no restrictions placed on components or their 

models. 

The simulation of analogue circuits with the ODE solver is based around expressing the circuit 

(in an. ODE file) in terms of its state variables. State variables are the currents associated with 

inductors, and the voltages associated with capacitors. Currents or voltages associated with 

resistors do not specify independent state variables. Through nodal or loop analysis, the 

differential equations specifying the dependencies of the state variable must be extracted from 

the circuit to be simulated. These equations are then rearranged and processed with the initial 

conditions, so that the rate of change (derivative) of the state variables is determined. The ODE 

file passes the derivatives of the state variable back to the ODE solver for evaluation. If the 

solution is outside the acceptable or defined tolerance, the calculations are rejected, the time step 

is reduced, and the ODE file processed again based on the reduced time step. If the solution is 

within the accepted tolerance, the solution is kept, the time is incremented, and the ODE file 

processes again for the new time step and new initial conditions. This process is repeated from 

the defined initial conditions to the final time specified for the simulation. While the complete 

code for the dife vrla.m ODE file is given in Appendix A, a brief description of the functionality 

calculations and flow of the ODE is given in the remainder of this Section. 

Based on the capacitor voltages supplied to the ODE file through the initial condition values, the 

amount of polarisation on each electrode is calculated. From these polarisation values, the 

values of the non-linear overcharge resistors are calculated, along with the size of the dual-value 

capacitors used for energy storage at each electrode. The initial conditions of the capacitor 

voltages are also used to calculate the effective resistance of the electrolyte, as described in 

Section 5.1.4. Once the value for the acid resistance has been obtained, the present cell state is 

compared to the simulation charger voltage and current settings in order to determine whether 

the charge (or discharge) is current or voltage controlled, as detailed in Equation 33). 

The currents through the self-discharge and non-linear overcharge resistors at each electrode are 

also calculated based on the voltages across the resistors and the value of the resistance for the 

present state of the cell. If the current through the non-linear overcharge resistor is seen to be 

negative (due to negative polarisation), the current through this resistor is set to zero to create the 

diode's 'zener' action. Using the supply current determined through Equation 33), the voltages 
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produced by the metallic and acid resistances are also calculated. Finally, with the currents and 

voltages associated with all the resistive elements in the circuit known, the rates of change of the 

capacitor voltages can be calculated. 

if VCharger_set - VIC_Cpos - VIC_Cneg < IC/Iarger_set X (RP_metal + RN_metal + R Acid) 

iSllpply = (VClwrger - VIC_Cpos - VIC_Cneg) / (Rp -1netal + RN_metal + R Acid) II voltage controlled 

else 

iSllpply iCharger_set I I current controlled 

endif 33) 

As the simulation circuit shown in Figure 5.1 contains two capacitors, there are two state 

variables. The current through these capacitors and the value of the capacitors determines the 

voltage rate of change on these capacitors. Applying Kirchhoff current law to nodes where the 

capacitors are connected into the model (i.e.: acid - capacitor junction), the current flowing 

through the capacitors at the present operating point is established. This in tum allows the 

derivatives (rates of change) of the capacitor voltages to be calculated. These derivatives are 

eventually passed back to the ODE solver for calculation of the solution and next time 

increment. Before the dife vrla.m file is exited, the required internal values from this pass 

through the ODE file, and are appended to the bottom of a 'global' matrix so that the values are 

not lost when the m-file is terminated. 

5.4 Model Limitations and Boundaries 

The model described previously in this Section was developed to replicate both the steady state 

and transient responses of a cell's positive and negative electrodes while on float charge. When 

the responses of each electrode are combined, the overall terminal response of a cell is 

reproduced. For a given float voltage, the model will draw the same float current as the cell it 

was modelled on, and for a given float current, the model will produce the same terminal 

voltage. This is true not only for the steady state levels, but also the transient response, as the 

model is moved from one steady state operating point to another. As the model was developed 

for the analysis of a cell's operational state, it is not based on cell chemistry, or intended to 

directly explain this. However, it may be possible for certain features of the model to be 

interpreted from a chemistry perspective. 
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While the model was developed to replicate both the steady state and transient responses, only 

the most significant transient features overall have been modelled. Small features, such as the 

Coup de Fouet-like voltage overshoot and recoveries detailed in Section 4.3.2, have not been 

modelled for either electrode. These overshoot and recoveries are seen as the electrodes enter 

the bulk charge region after spending time in the overcharge float region. However, as these 

features typically have small magnitudes (5 - 10 mY), and appear to lack magnitude and duration 

consistency, no attempts have been made to model these features. 

As the model targets the float charge phase of VRLA battery life, only a very basic 

implementation of the main charge-discharge reaction has been modelled. The voltage change at 

the modelled cell terminals for a full discharge will be similar to that for a full discharge of a cell 

at the rate specified with the cell's nominal capacity. As implemented, the model will deliver the 

same (rated) capacity, regardless of the discharge rate. Cell kinetics limits the transport of the 

reacting species to and from the reaction site, and is largely responsible for the reduction in 

available capacity as the discharge rate is increased. As the model was not intended for analysis 

of the bulk charge and discharge regions of operation, no attempt has been made to replicate 

kinetic limitations within the bulk energy storage in order to reduce calibration requirements. 

F or similar reasons, the model does not reproduce the exponential current decay seen when a cell 

is recharged with a voltage limit. While the model will reproduce the response of a cell at any 

temperature provided appropriate calibration data is supplied, the model will not replicate 

changes for a single set of cell calibration data in these operating characteristics due to 

temperature variation. 

By modelling both electrodes within a cell separately, the terminal response of the cell may be 

decomposed into the response produced by each electrode without the aid of an additional 

reference electrode. While this would imply that a well-calibrated model is required, the 

electrodes' transient responses have been found to be sufficiently different that the model (and 

associated calibration) is not necessary for certain analyses, such as polarisation distribution 

estimation. 

174 



Model Implementation 

5.5 Developed Model Results 

During the testing required for the development of this model, it was noted that the 

characteristics of the tested cell appeared to be changing. Tafel tests were completed 

periodically to verify these changes. Figure 4.15 shows the variations in the Tafel characteristics 

at the start, middle, and end of testing. It can be seen that the changes are almost entirely caused 

by variations in the characteristics of the negative electrode, while the positive remains relatively 

consistent. The changes in the cell's characteristics may be due to the cyclic nature of the 

testing, the addition of the reference electrode, or natural ageing of the cell. For verification of 

the developed float charge model, the use of a single set of cell specifying calibration data would 

be preferable. However, given the changes that occurred within the cell throughout testing, a 

single set of cell calibration data can not be used to compare the developed model with the 

experimental data. 

Figure 5.11 shows the Tafel points for the experimental data (Tests 27 - 48) prior to discharge 

testing. It is evident that although a single Tafel line can be used to represent the positive 

electrode for all testing, such a line can not be used to encapsulate the range of points covered by 

the negative electrode. The model has been validated using three sets of cell specifying 

calibration data, which differ only by the position of the negative electrode's Tafel intercept. 

This allows a negative electrode to be specified to match the experimental data at a particular 

stage of testing. The data points marked with a '+' symbol are below the fully charged open 

circuit potential, where Tafel characteristics are not expected. The dashed lines in the lower plot 

indicate the three positions of the negative electrode's Tafel line. The slope of the line is held 

constant at 131 mV per decade, a measurement obtained from Figure 4.25. For clarity, the 

calibration data file and associated Tafel plot produced by the cell characterising software have 

been provided with the set of simulated responses for each test voltage. 
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Figure 5.11 Variation in Negative Tafel Characteristics with Testing 

5.5.1 Open Circuit Decay 

Figure 5.12 shows the simulated open circuit decay of a 275 Ah VRLA cell from a float voltage 

of 2.26 V. The cell model for the 2.2 V test conditions described in Table 5.1 and Figure 5.14 

has been used for this simulation. At a float voltage of 2.26 V, this cell model has approximately 

50 m V of positive polarisation, and 70 m V of negative. With this ideal polarisation distribution, 

maximum float life should be realised and the cell should remain fully charged indefinitely. This 

simulation may be compared with similar experimental data shown in Figure 4.10. 
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When the measured open circuit decay (Figure 4.10) is compared to the simulated response, the 

overall trends and time responses are reproduced. However, prior to the charger being removed, 

there are differences between the polarisation distributions of the simulation and the 

experimental data. These differences result from the model's steady state (Tafel) characteristics 

not matching the cell's characteristics. As the simulation has more negative electrode 

polarisation than the experimental data, it is expected (and seen) that the simulated polarisation 

decay of the negative electrode will have a longer duration. Similarly, as the simulation has less 

positive electrode polarisation, it is expected (and seen) that the positive polarisation decay in the 

simulation will be shorter than that in the measured data. Although there are slight differences in 

the duration of the polarisation decay due to variance in the initial starting polarisation, the 

slopes and relative duration of the polarisation decay are reproduced accurately by the model. 

The simulated polarisation on both electrodes naturally decays to the fully charged open circuit 

rest potential as required. As stated earlier, no attempt has been made to model the Coup de 

Fouet-like overshoot and recovery of the negative (or positive) electrode seen in Figure 4.10. 

This effect is less than 10m V in the experimental data. 

5.5.2 Constant Current Discharge 

Section 5.5.1 detailed a simulation of natural open circuit voltage decay due to the presence of 

the fixed value self-discharge and non-linear overcharge resistors. In this Section, simulations of 

forced constant current discharges are given for a range of discharge rates and starting float 

voltages. As explained in Section 5.5, in order to match cell variations seen in the experimental 

data, separate cell models must be used for each set of tests at the differing float voltages. 

When a cell is operated below its fully charged open circuit rest potential, only a small terminal 

voltage response to very low rate discharges is expected. Figure 5.13 shows the discharge 

response of the developed model after being float charged at 2.1 V. Given that for this model the 

fully charged open circuit rest potential is 2.14 V, it is estimated that at 2.1 V the model has a 

SOC of approximately 83%. As this is well into the bulk charge region of cell operation, it is 

expected that low rate discharges will have little effect on the voltage profile for each electrode, 

or on the cell as a whole. For this simulation, the cell calibration data file for the 2.2 V tests has 

been used. The simulated discharges from a float voltage of 2.1 V, shown in Figure 5.13, and 

the experimental results shown in Figure 4.16 have been plotted on the same voltage and time 
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axes so that they may be easily compared. The experimental data appears to show some 

variation in the polarisation distribution prior to discharge. However, when each trace is closely 

analysed, it is seen that discharge related voltage changes occur only with the higher rate 

discharges of 1 and lOA. As all of the simulation traces start with identical polarisations, this 

small spread in results is not replicated in the simulation. Similarly to the experimental results, 

offset voltages are only apparent with the higher rate discharges. While these offsets are not 

appropriately scaled, the metallic and acid resistances in the model may be tuned to provide 

better representation of high rate discharge voltage offsets. As the model was not targeting the 

main charge-discharge region of operation, only default values of these components have been 

used. 

As expected, when a cell is not fully charged, a low rate discharge will not produce a measurable 

change in the voltage on either electrode, or on the cell as a whole. This effect has been shown 

in both experimental results (Figure 4.16) and simulations using the developed model (Figure 

5.13). 
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Figure 5.14 Tafel Plot and Equivalent Tafel Resistancesfor Cell Model at 2.2 V 
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2hi 275 2v2.dat 

275.000000 % cell_capacity 

10.000000 % discharge time -not reqd 
2.200000 % float_voltage -not reqd 
0.022000 % float_current -not reqd 
0.025000 % pos-polarisation @float -not reqd 
1.900000 % ernpty_open_cct_rest_volt -not reqd 
2.140000 % full_open_cct_rest_volt -not reqd 

75.000000 % pos_bulk-percent -not reqd 

0.522160 % hg hg2so4 offset voltage wrt center 
1. 605000 % vo"it_ochg::start.ilos 
0.535000 % volt_ochg_start_neg 

5500000.000000 % c_bulkJ' 
16500000.000000 % c bulk n 

12375.000000 % c::ochg~ 
206.250000 % c_ochg_n 

0.103000 % pos_ochg_slope 
0.012581 % pos_och9_int -not reqd 
0.195730 % pos_ochg_1a 
0.131000 % neg_ochg_slope 
0.011892 % neg_ochg_int -not reqd 
0.252143 % ne9_och9_1a 

0.001000 % full_chg_acid_res 
0.000010 % pos_metal_res 
0.000010 % neg metal res 

127.576535 % pos-self dischg res 
44.989035 % neg=self=dischg=res 

Table 5.1 Data Filefor the Cell Model at 2.2 V 
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Figure 5.15 shows the model's simulation of several discharge rates from a float voltage of 2.2 

V. The cell calibration parameters used for this simulation are given in Table 5.1, and the 

corresponding Tafel plot of the steady state characteristics of the model is shown in Figure 5.14. 

This simulation may be compared to similar experimental tests shown inFigure 4.17. It can be 

seen in both the simulation and experimental plots that at this float voltage both electrodes have 

low values of polarisation. The negative electrode has approximately 35 mV of polarisation, 

while the positive electrode has about 25 m V. The cell will remain fully charged as both 

electrodes are polarised, however the positive electrode is well below the 40 - 80 m V window 

specified for minimum grid corrosion. Therefore, at this float voltage the life of the cell will be 

reduced through increased grid corrosion. 
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Figure 5.15 Simulated Discharge from a 2.2 V Float Charge 

On the displayed time scale, both the experimental and simulated plots indicate that from a float 

voltage of 2.2 V, the voltage response on the cell's terminals due to low discharge rates « 1 A) 

is almost entirely due to the change in the potential of the negative electrode. Over the ten 

181 



VRLA Battery Float Charge: Analysis and Control 

minute period shown, there is virtually no change in the potential of the positive electrode with 

discharge rates up to 100 rnA. However, over the same period the potential of the negative 

electrode decays completely to its open circui~ rest potential. If the cell's fully charged open 

circuit rest potential is known, the total polarisation may be easily calculated for a given float 

voltage. The difference in the polarisation decay of each electrode may be used to assess the 

polarisation distribution within a cell, using only the cell's terminal voltage profile. 

For the 1 and 10 A discharge traces in the experimental data (Figure 4.17), the cell's terminal 

voltage drops significantly below the open circuit rest voltage of 2.14 V. This voltage drop is 

due to a combination of resistive volt-drops and Coup de Fouet-like voltage overshoots (and 

recoveries) often seen during the initial stages of lead acid battery discharge. As the magnitude 

of these voltage overshoots and recoveries reduces with the discharge rate, no attempt has been 

made to model these featUres. However, resistive voltage drops seen at high discharge rates are 

modelled in the simulation. When the polarisation decays at the start of the lOA discharge in 

Figure 5.15, the potential to which each electrode settles is seen to be below their fully charged 

rest potentials. This is due to the metallic and acid resistances within the cell model. 

When the float voltage used during testing was raised to 2.3 V, the characteristics of the cell 

appeared to change significantly, as previously explained in this Section, and did not follow the 

expected Tafel behaviour. To allow the model to replicate the cell's characteristics at 2.3 V, a 

new cell model is required. The cell calibration data file used for the 2.3 V simulations is shown 

in Table 5.2, and the corresponding Tafel plot of the simulation steady state characteristics is 

shown in Figure 5.16. From this Tafel plot it can be seen that below a float voltage of 

approximately 2.28 V, the negative electrode is not polarised, and for this reason the cell will not 

be maintained in a fully charged state indefinitely. It is also interesting to note that at a float 

voltage of2.3 V, a total of 160 mV of polarisation is supplied to the cell. Of this, approximately 

10m V is supported on the negative electrode, with the remaining 150 m V supported by the 

positive. As the positive polarisation is significantly greater than the optimal 40 - 80 m V, 

excessive grid corrosion will occur and the rate of gas production will increase. If the gas 

production rate is greater than that which can be re-combined within the cell, gas venting will 

occur and the cell may fail prematurely due to electrolyte loss. 
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Figure 5.16 Tafel Plot and Equivalent Tafel Resistances for Cell Model at 2.3 V 

2hi 275 2v3.dat 

275.000000 % cell_capacity 

10.000000 % discharge_time -not reqd 
2.300000 % float_voltage -not reqd 
0.340000 % float_current -not reqd 
0.150000 % pos-polarisation @float -not reqd 
1.900000 % empty_open_cct_rest_volt -not reqd 
2.140000 % full open cct rest volt -not reqd 

75.000000 % pos_bulk~ercent ·not reqd 

0.522160 '!r hg_hg2so4_offset_voltage wrt center 
1.605000 % volt_ochg_start-pos 
0.535000 % volt_och9_start_neg 

5500000.000000 % c_bulkJ' 
16500000.000000 % c bulk n 

12375.000000 '!r c:::ochgy 
206.250000 % c_ochg_n 

0.103000 % pos_ochg_slope 
0.011890 % pos_och9_int -not reqd 
0.198258 % pos_ochg_1a 
0.131000 % neg_ochg_s1ope 
0.285196 % neg_ochg_int -not regd 
0.071376 % neg_ochg_1a 

0.001000 % full chg acid res 
0.000010 % pos_metal_res-
0.000010 % neg metal res 

134.991617 % pos=self_dischg_res 
1.875905 % neg_self_dischg_res 

Table 5.2 Data Filefor the Cell Model at 2.3 V 
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Figure 5.17 Simulated Discharge from a 2.3 V Float Charge 

Figure 5.17 shows the developed model's simulation of various discharge rates from a float 

voltage of approximately 2.3 V. This simulation may be compared to the experimental test 

results shown in Figure 4.18. In both the simulation and experimental test results, it can be seen 

that as predicted in the Tafel plot (Figure 5.16), the positive electrode supports the majority of 

the applied polarisation. While the negative electrode has a small amount of polarisation, it 

should remain fully charged. However, considering the level of total polarisation applied to the 

cell, it is obvious that the cell is not operating in the manner necessary for its maximum life to be 

realised. Within a couple of minutes of the discharge commencing, the negative electrode has 

decayed (approximately 8 m V) to its fully charged rest potential. During this time, at the low 

discharge rates there is virtually no change in the potential of the positive electrode. Again, due 

to resistance elements within the cell and the model, for the higher rate discharges the negative 

electrode is seen to settle to a potential below its fully charged rest potential. 
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Figure 5.18 Tafel Plot and Equivalent Tafel Resistancesfor Cell Model at 2.35 V 

275.000000 % cell_capacity 

10.000000 % discharge_time -not reqd 
2.350000 % float_voltage -not reqd 
0.450000 % float_current -not reqd 
0.160000 % pos-polarisation @float -not reqd 
1.900000 % empty_open_cct_rest_volt -not reqd 
2.140000 % full_open_cct_rest_volt -not reqd 

75.000000 % pos_bulk-percent -not reqd 

0.522160 % hg_hg2so4_offset_voltage wrt center 
1.605000 % volt_ochg_start-pos 
0.535000 % volt_ochg_start_neg 

5500000.000000 % c_bulk-p 
16500000.000000 % c_bulk_n 

12375.000000 % c_ochg-p 
206.250000 % c_ochg_n 

0.103000 % pos_ochg_slope 
0.012584 % pcs_Deh9_int -not reqd 
0.195719 % pos_ochg_1a 
0.131000 % neg_ochg_slope 
0.186867 % neg_Deh9_int -not reqd 
0.095429 % neg_ochg_1a 

0.001000 % full_chg_acid_res 
0.000010 % pos_metal_res 
0.000010 % neg_metal_res 

127.544161 % pos self dischg res 
2.862995 % neg=self=dischg=res 

Table 5.3 Data Filefor the Cell Model at 2.35 V 
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Figure 5.19 Simulated Discharge/rom a 2.35 V Float Charge 

Figure 5.19 shows simulated discharge profiles produced by the model for a cell that has been 

float charged at 2.35 V. Again, due to the cell's characteristics not following the expected Tafel 

profile, a new model of the cell at this operating point is required. Table 5.3 shows the model 

characterisation data used in the simulations and Figure 5.18 shows the model's Tafel 

characteristics at this operating point. This simulation may be compared to similar experimental 

test results shown in Figure 4.19. 

When the simulation is compared with experimental data, the features and time responses of the 

various discharge rates again show a very close likeness. The only difference is a slight offset in 

the level to which the negative electrode settles. The low rate discharge plots of the negative 

electrode's potential in Figure 4.19 are seen to settle at a potential approximately 13 mV below 

its fully charged rest potential. This is due to the previously described Coup de Fouet-like 

overshoot, and would be seen to recover if the plotted duration were increased. On the displayed 
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time scale, this recovery is only visible on the 10 A trace, although this trace does not make a full 

recovery due to the current induced resistive voltage drops. The magnitude of these voltage 

offsets appears to increase with both positive polarisation and the discharge rate. For low 

discharge rates and recommended float voltages, these offsets are typically less than 10 mY. As 

these overshoot offsets are small compared to the total polarisation supplied to a cell, and to the 

30 m V positive polarisation window for minimum grid corrosion, no attempt has been made to 

model the Coup de Fouet-like voltage overshoots. 

5.5.3 Bulk Discharge and Recharge 

The developed model targets the float charge region of operation, however to allow the 

differences between the overcharge region and the main energy storage regions of cell operation 

to be identified, a basic representation of the bulk energy storage is necessary. As detailed in 

Section 5.1.2, this bulk energy storage has been achieved through the use of appropriately sized 

capacitors. While this representation alone will produce an uncharacteristic linear discharge 

profile, when combined with a basic representation of electrolyte resistance during discharge, a 

more realistic profile of the main discharge reaction is produced. 

Figure 5.20 shows simulated discharges of the bulk storage elements within the developed 

VRLA battery float charge model. The discharge currents shown relate to open circuit, 20, 10, 5, 

and 2 hour discharge rates. While the simulated discharge curves do not show the transient 

Coup-de-Fouet feature often seen during the initial stages of lead acid battery discharge, the fan 

of discharge curves produced by the model has a realistic profile at the various discharge rates. 

For the time scale shown in this figure, the overcharge polarisation decay can only be seen on the 

open circuit trace. It is seen that the positive electrode's polarisation takes a little over eight 

hours to decay to its open circuit rest potential of 1.74 V. The open circuit decay of the negative 

electrode's polarisation is only just visible on this time scale. The cell model used for this series 

of simulations was the 2.2 V cell previously described and detailed in Table 5.1. This cell model 

has optimal, well-balanced float charge characteristics, enabling maximum cell life to be 

realised. 
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Figure 5.20 Simulated Discharge of a 275 Ah VRLA Cell 

Figure 5.21 magnifies the first 30 seconds of the high rate discharges shown in Figure 5.20. It 

can be seen that while polarisation decay of both electrodes is still present at high discharge 

rates, it becomes difficult to resolve the decay of the negative electrode unless a very high 

sampling rate is used. As voltage offsets associated with internal resistance increase with the 

discharge rate, the significance of infonnation gained by associating features and levels of a 

cell's voltage profile is reduced as the discharge rate is increased. Ideally, for polarisation 

distribution assessment, the natural open circuit self-discharge profile is preferred. However, it 

has been found that at discharge rates up to CIIOOO, the current induced resistive voltage drops 

are acceptably small. 
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Figure 5.21 Simulated Start of Discharge (275 Ah VRLA Cell) 

While a basic representation of the bulk storage of a VRLA cell has been provided, some 

important characteristics of this region have not been modelled. These characteristics include 

the apparent reduction in available capacity as the discharge rate is increased, and the 

exponential decay in charge current seen when a cell is charged from a constant voltage supply. 

5.5.4 Current Perturbation Testing 

Figure 5.22 shows the developed float charge model's response to a ±l A current signal. Again, 

the cell data file used to calibrate the model is that specified to replicate the cell characteristics 

for the 2.2 V series of tests. This calibration file is detailed in Table 5.1. The model's simulated 
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response to this current injection may be compared with similar experimental test results shown 

in Figure 4.9. It can be seen that overall, the plots of the simulated voltage response on each 

electrode and on the cell compare well with the experimental data. 
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The simulated voltage levels and rates of change of each electrode (and the cell) are very similar 

to that shown in the experimental plots. It can be seen that the cell's terminal characteristic is 

almost entirely due to the response of the negative electrode. During the displayed period, there 

is only 10m V of change in the potential of the positive electrode, while over the same period 

there is almost 250 m V of change in the potential of the negative. As the decay of the negative 

electrode ceases near its fully charged rest potential, the first decay of a cell's terminal voltage 

may be associated with the polarisation ofthe negative electrode. Knowledge of the cell's fully 
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charged rest voltage, float voltage, and negative polarisation allows the positive polarisation to 

be easily calculated. 

The plot of the positive electrode in Figure 5.22 contains small steps as the cell changes from 

charge to discharge. These steps are due to the resistive elements in the model, with electrolyte 

(acid) resistance being the major contributor. As these steps are not present in the experimental 

data, it would be preferable to eliminate these from the simulation. Buffering the electrolyte 

resistance with a small capacitor may achieve this. However, as the magnitude of these resistive 

steps is small « 1 m V), they do not significantly affect the simulation. 

The transition of the negative electrode between the overcharge and bulk charge regions of 

operation is more abrupt in the model than in the experimental results. While significant time 

has been spent attempting to develop a transition function for merging these two regions of 

operation, the vast difference in capacitance between the overcharge and bulk charge makes 

development of a suitable function difficult. As implemented, within the transition region the 

value of capacitance is a function of the capacitor's voltage. This effectively produces positive 

feedback, i.e.: when supplied with a constant current, as the voltage on the capacitor increases, 

its value decreases, causing it to charge faster. The power term in Equation 31) and the 

transition window can be varied to change the profile within this transition region. 

5.5.5 Model Results Summary 

The developed model reproduces the underlying steady state and transient characteristics of a 

VRLA cell in, or near, the float charge region of operation. The model requires only a minimum 

set of cell specific calibration data, and may be easily calibrated or adapted to any desired cell. 

A software module has been provided to allow the majority of this cell specific calibration data 

to be extracted from easily measured or commonly available cell parameters. To limit the 

calibration requirements only a basic representation of the bulk charge region of operation has 

been provided. If a complete cell model is required, the bulk charge region of cell operation 

requires further development, however in the present state this does not affect the float charge 

analysis. The calibration data may be varied to identify the responses associated with a healthy 

(optimal polarisation distribution) float charging cell, or a cell suffering float charge polarisation 

imbalance problems that must ultimately reduce the life of the cell. Float charge imbalance 
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problems can produce a gradual discharging of an individual electrode (either positive or 

negative) while 'float charging'. Float charge imbalance can also increase the rate of grid 

corrosion, and the production of overcharge gas, which, if vented, may result in premature cell 

failure through dryout. 

The developed model will estimate the polarisation distribution within a conventional (float 

charging) 2 V VRLA cell, through the use of a simple test applied to the cell's terminals. No 

modification to the cell is necessary, and no reference electrode is required. The estimated 

polarisation distribution can reveal whether the cell is operating as desired, or whether it is 

suffering from polarisation imbalance problems. Furthermore, the estimated polarisation 

distribution may be used as a basis for optimisation of the float charge voltage. From the test 

results presented in this Section, it is obvious that the tested cell did not display consistent 

(textbook) Tafel characteristics over a range of operating points for the duration of this testing. 

The large shift in the zero polarisation Tafel intercept point of the negative electrode highlighted 

problems with this cell. 
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6 nalysis and Applications 
In the previous two Chapters the cell testing used for the development and verification of the 

model was almost entirely undertaken with a reference electrode inserted in the cell. As a VRLA 

cell essentially functions as a sealed unit, puncturing the case of the cell to add a reference 

electrode may modify the characteristics of the cell. The purpose of this Chapter is to ensure that 

the trends and characteristics identified and modelled in the previous Chapters are present in a 

cell that has not been modified through the addition of a reference electrode. This Chapter also 

aims to verifY that the previously identified trends and characteristics are not specific to a 

particular VRLA cell type or construction. 

A demonstration of the developed technique for assessing the polarisation distribution within a 

standard 2 V VRLA cell is provided within this Chapter. This test is applied to the terminals of 

an unmodified cell in order to estimate the polarisation of each electrode. A reference electrode 

is then inserted into the same cell, and the estimated polarisation on each electrode is verified 

through direct measurement. 

6.1 Different Cell Tests 

All previously described testing was undertaken with a single cell that had been modified to 

allow the use of a reference electrode. The tested cell was a Hawker Energy ESP ACE 2-HI275, 

with a nominal capacity of 275 Ah (ClO to 1.8 V at 20°C). Manufactured by Hawker Energy in 

France, this cell design has a flat, cast, lead-calcium grid with a high tin content. 

To verify that the identified and modelled characteristics for the assessment of polarisation 

distribution are not cell specific, a second series of tests using a different cell type was planned 

and undertaken. The cell selected for this series of tests was chosen to be as dissimilar as 

possible from the previously tested cell. The cell selected and used for testing was a Hawker 

Energy (formally Gates Energy Products) CYCLON 2 V 25 Ah BC Cell. While it would have 

been preferable to use a cell from a different manufacturer, the CYCLON cell was chosen due to 

availability. Although both cells tested are manufactured by Hawker Energy, they are 

manufactured at different sites using extremely different construction techniques. The ESP ACE 
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cells are manufactured at facilities in Arras, France, while the CYCLON cells are manufactured 

in Warrensburg, U.S.A. The CYCLON cell tested has a nominal capacity of 25 Ah (CIO to 1.85 

V at 25 °C), and has a high purity (lead purity> 99.99%) lead-tin grid that has been punched 

from a lead sheet. Rather than a conventional flat stack, the grids in a CYCLON cell are spirally 

wound to produce a cylindrical cell. 

As a VRLA cell is an active electrochemical system with a finite life, the influence of any testing 

may modify the characteristics of the cell. It is impossible to verify directly that characteristics 

identified with·the aid of a reference electrode are present and consistent in cells that have not 

been modified for reference electrode testing. It was decided that comparison of the voltage 

response on a cell's terminals for a given test, both before and after adding a reference electrode, 

was the only practical method of assessing whether the addition of the reference electrode 

significantly modifies a cell's characteristics. The verification testing using the CYCLON cell 

was divided into two halves. In the first half, the cell was used unmodified. This testing 

involved discharging and recharging the cell at various rates, and from several float voltages. 

These tests were then repeated during the second phase of testing, for which a reference 

electrode was added to the cell. The testing undertaken is detailed in Table 6.1. 

No Reference Electrode Reference Electrode Added 
Test File Description Test File Description 

float68.dat Added reference electrode 
Recharged 100mA 1.SHrs 
Recharged 300mA 2.3SV 4SHrs 
Float 4SHrs at 2.27 

float60.dat 3Hr discharge at 7.SA to 1.7SV float69.dat 3Hr discharge at 7.SA to 1.7SV 
R~charge at 7.SA to 2,4SV Recharge at 7.SA to 2,4SV 
Float lS0hrs at 2.27V Float lS0hrs at 2.27V 

float61.dat 4SHr open cct decay from 2.27V float70.dat 4SHr open cct decay from 2.27V 
recharge7.SrnA SO Hrs - float 2.27V recharge7.SmA 70 Hrs - float 2.27V 

float62.dat Discharge at 10mA from 2.27V float71.dat Discharge at 10mA from 2.27V 
Recharge7.SmA to 2.27V - float Recharge7.SmA to 2.27V - float 

float63.dat Discharge at 8SmA from 2.27V float72.dat Discharge at 8SmA from 2.27V 
Recharge 100mA to 2.27V Recharge 100rnA to 2.27V 
Float Float 

float64.dat Discharge at 800mA from 2.27V float73.dat Discharge at 490mA from 2.27V 
Recharge 1A to 2.27V Recharge 1A to 2.31 V 
Float at 2.31 Float at 2.31 

float6S.dat Discharge at lOrnA from 2.31 V float74.dat Discharge at 10mA from 2.31 V 
Recharge lOmA to 2.31 V - float Recharge lOrnA to 2.31 V float 

float66.dat ±14mA current perturbation test float7S.dat ±11mA current perturbation test 
Float at 2.31 V Float 10mA for 3.SHrs ~2,4 V 

lImA discharge 190Hrs 
float67.dat 100Hr open cct decay from 2.31V float76.dat Recharge / float 2.3SV for 19SHrs 

recharge7.SrnA SO Hrs - float Open cct Decay 10 weeks 

Table 6.1 Verification Testing with a 25 Ah CYCLON Cell 
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Figure 6.1 Discharge and Recharge (7.5 A) - Before and After Reference Electrode Addition 

Figure 6.1 shows the discharge and recharge profiles of the CYCLON cell both before and after 

the addition of the reference electrode. Between Tests 60 and 69, the cell had undergone 

approximately six weeks of testing in an unmodified state (Tests 61 - 67). It was therefore 

expected that the profiles of each discharge plot might not be identical. However, this test was 
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expected to determine whether the overall capacity of the cell had been affected by the addition 

of the reference electrode. It can be seen that the terminal voltage of the cell with the reference 

electrode has a slightly lower profile (-35 mY) for the majority of the discharge. While the 

discharge test with the reference electrode had a slightly greater discharge current (+50 mA), this 

small increase in rate should not significantly affect the cell's terminal voltage. 

The discharge tests shown in Figure 6.1 were performed at a three-hour rate to an end voltage of 

1.75 V. It is interesting to note that while the test with the reference electrode had a slightly 

lower terminal voltage for the majority of the discharge, at the end voltage of 1.75 V, both traces 

pass through the same point. This indicates that the cell's capacity has not been changed 

significantly by the addition of the reference electrode, or by weeks of testing. Following a 

discharge duration of two hours and 41 minutes, the cell has approximately 89% of its nominal 

capacity. It is apparent through plots of the reference electrode's potentials that the cell is 

positive-limited. This is seen at the end of the discharge, where the positive electrode's potential 

begins to decay rapidly, while the trajectory of the negative electrode remains constant. This 

suggests that either there is less active material on the positive electrode, or the electrode was not 

fully charged. 

Figure 6.2 shows the profile of the open circuit voltage decay for the test cell before and after 

addition of the reference electrode. It can be seen that the voltage profiles on the cell's terminals 

have the same characteristics with and without the reference electrode, however a small offset in 

the potential to which the cell's voltage settles is evident. The test performed with the reference 

electrode in situ is seen to settle to a potential approximately 6 m V lower than that seen before 

the reference electrode was added. At this stage it is unclear whether this difference is due to the 

addition of the reference electrode, or due to the amount of cell testing undertaken between the 

two series of tests. 

While there is an offset in the potentials to which the cell's terminal voltages settle, when the 

profiles of the individual electrodes are assessed with the aid of the reference electrode, it is seen 

that there is only a minimal change « 3 m V) in the potential of the positive electrode. Over the 

same period there is approximately 110m V change in the potential of the negative electrode. As 

the voltage profiles on the terminals of the cell have the same general characteristics with and 

without the reference electrode, it is reasonable to expect that the voltage profiles on each 

electrode remain similar both before and after insertion of the reference electrode. Assuming 
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that for the period displayed in Figure 6.2, prior to addition ofthe reference electrode (Test 61), 

the profile of the positive electrode is similar to that measured after adding the reference 

electrode, there are two possible causes for the voltage offset. Either, the negative electrode 

settles to a lower potential, or the potential of the positive electrode is reduced. It is not possible 

with the available information to determine the true cause or location (which electrode) of this 

small voltage offset. However, as the magnitude is only 6 m V, the existence of this change does 

not significantly degrade the analysis or assessment. 
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Figure 6.2 Open Circuit Decay - Before and After Reference Electrode Addition 

Figure 6.3 shows the same test data as is plotted in Figure 6.2, but with a significantly extended 

time axis. Approximately 45 hours of open circuit discharge is shown, followed by 50 hours of 

constant current recharge. The current limit for this recharge was set to 7.5 rnA, and an 
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unattainable voltage was set to ensure the current limit is maintained throughout the recharge. 

To highlight the differences in the response of each electrode, the plots of the positive and 

negative electrodes have been displayed with an identical voltage axis scale. It can be seen over 

the entire displayed region that the terminal response of the cell is almost entirely due to the 

response of the negative electrode. There is no significant change in the potential of the positive 

electrode over this period. 
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Figure 6.3 Open Circuit Decay and 7.5 rnA Recharge, - Before and After Reference Electrode 

Addition 

During the constant current recharge shown in Figure 6.3, a distinct rapid-rise of 230 m V is seen 

after approximately 71 and 96 hours for Tests 61 and 70 respectively. Information from the test 

equipped with a reference electrode (Test 70) reveals that this rapid rise in terminal voltage is 
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due to the polarisation of the negative electrode. It can be seen in Figure 6.3 that the duration of 

the open circuit decay for Test 70 is approximately 3.5 hours longer than that of Test 61, without 

the reference. Despite both tests having similar recharge currents, Test 70 takes approximately 

24 hours longer to reach the point where the negative electrode begins to polarise. This indicates 

that either the rate of self-discharge has increased slightly, or the recharge efficiency has 

decreased. As the duration of both recharges in Figure 6.1 are similar, it is assumed that the 

delayed polarisation ofthe negative electrode in Test 70 (Figure 6.3) is due to a slight increase in 

the self-discharge rate following the addition of the reference electrode. While there is a 

difference in the times at which this rapid-rise occurs, with strong similarities in the 

characteristic shape and voltage levels of the two traces, it must be concluded that the electrode 

responsible for the characteristic is the same in both cases. As the cell voltage settles at 

approximately 2.4 V, a small amount of noise is seen in the traces ofthe cell voltage. This is due 

to current regulation noise, highlighted through the cell's increased sensitivity to float current in 

this region of operation. The average recharge current was maintained at approximately 7.5 rnA, 

however a low level of noise was present. 

It can also be seen in Figure 6.3 that the previously mentioned offset in terminal voltage is 

present during both the open circuit decay and the recharge phases of the plot. Despite the large 

change in the cell's terminal voltage over the open circuit decay and recharge process, the 

terminal voltage offset remains consistent. In the latter stages of the constant current recharge, 

the voltage settles to approximately 2.4 V. Even after the rapid voltage change to this operating 

point, the voltage on the cell with the reference electrode is still approximately 6 m V low. It was 

shown in Chapters 1 and 5 that within the first few minutes of removal of the float charger, the 

potential of the negative electrode decays to its fully charged rest potential. In certain situations, 

a Coup de Fouet-like slight overshoot of this settling potential (typically < 10 mY) has been 

seen. Such an overshoot is normally followed by recovery back to 'the negative rest potential 

when the positive electrode has decayed to its fully charged rest potential. No significant Coup 

de Fouet-like voltage overshoot or recovery is seen for either cell trace in Figure 6.3. As no 

obvious overshoot and recovery is evident, it is assumed that within the first few minutes 

following the removal of the float charger, the negative electrode settles to its fully charged rest 

potential. Given this, and the consistent offset (lowering) of the cell's voltage profile after the 

addition of the reference electrode, it is concluded that either the reference electrode's addition 

or the previous six weeks of cell testing has caused a slight (6 mY) lowering of the positive 

electrode's potential. 
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Figure 6.4 Discharge Profiles - Before and After Reference Electrode Addition 

Figure 6.4 displays the effects that discharge rate variations have on the voltage profile of a cell, 

both before and after insertion of a reference electrode. For each discharge rate, comparison of 

the cell's voltage profiles reveals similar characteristics and responses before and after the 

addition of the reference electrode. In each case however, the previously described voltage 

offset following the addition of the reference electrode is evident. As the discharge rate is 

increased, this offset voltage is also seen to increase, from approximately 6 - 11 m V. However, 

for the tests utilising a reference electrode, up to 10m V variations in the potentials of each 

electrode are seen prior to the removal of the charger. Although several days of stabilisation 

were allowed between subsequent tests in order to reduce any influences from previous tests, the 

variance in the potential of each electrode may be an unavoidable consequence or side effect of 

the previous testing. 
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The characteristics and response times of the various discharge rates are similar both before and 

after the addition of the reference electrode. Therefore, it is assumed that the same mechanism 

or electrode, identified with the aid of the reference electrode, was responsible for the 

characteristic occurring before the reference electrode was added to the cell. The addition of the 

reference electrode is not seen to significantly alter the characteristics or behaviour of the cell. 
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Figure 6.5 Change in Polarisation with Float Voltage - Before and After Reference Electrode 

Addition 

Figure 6.5 shows the effects of float voltage variations and the influence these have on the cell's 

voltage profile during a constant cunent (lOrnA) discharge. Again, with the exception of the 

small offset in the settling voltage, the characteristics seen on the terminals of the cell both 

before and after the reference electrode has been added have a very similar appearance. It is 
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reasonable to assume that as the voltage profiles on the cell's terminals are similar with and 

without the reference electrode, the origin of the characteristics is the same before and after it is 

added. From the results of the tests performed with a reference electrode, it is clear that over the 

displayed period, the characteristics seen on the terminals of the cell are solely due to the 

response of the negative electrode. 

It can be seen that the cell voltages in Tests 62 and 65 settle to an identical potential. If it is 

accepted that within the first few minutes of the discharge, the negative electrode decays to its 

open circuit rest potential (which remains consistent), Tests 62 and 65 must have identical 

positive polarisations, despite Test 65 having a 40 m V higher float voltage. From the initial 

voltage drop, it is evident that the additional 40 m V of polarisation supplied to the cell through 

the increased float voltage has been consumed entirely by the negative electrode. There has been 

no increase or decrease in the polarisation of the positive electrode as a result of the additional 

increase in float voltage. This differs from the plots utilising the reference electrode, where it 

can be seen that for the higher float voltage (Test 74) the cell voltage settles to a lower potential 

than in the test with the lower float voltage (Test 71). Again assuming that the negative 

electrode decays to its open circuit rest potential, the lower settled terminal voltage implies 

reduced polarisation on the positive electrode. This is verified through the reference electrode's 

measurements of the positive's potential. For the plots with the reference electrode, an 

unexpected increase in the float voltage, based on expected textbook Tafel characteristics, 

resulted in the potential of the positive electrode reducing slightly. 

An interesting trend seen throughout this series of reference electrode testing is the continual 

decline in the potential of the positive electrode. While lengthy float charge stabilisation times 

(two to seven days) were used between successive tests, prior to each discharge test the 

measured potential of the positive electrode was seen to be reducing. Prior to the discharge of 

Test 70, the positive electrode had a potential of 1.757 V wrt SHE. Despite the increased float 

voltage applied in Test 74 prior to the discharge, this test had a positive electrode potential of 

1.739 V. While it is not possible to determine whether this reduction in positive electrode 

potential is due to the addition of the reference electrode or the repeated testing, a significant 

change has been noted. If this change was solely due to the repeated testing, it is plausible that a 

similar reduction was occurring during testing, before the reference electrode was added. This 

may account for the small voltage offset seen on comparison of the tests performed before and 

after the reference electrode was added. 
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Figure 6.6 Current Perturbation - Before and After Reference Electrode Addition 

Figure 6.6 shows the effects of a continuous charge/discharge signal being applied to the 

terminals of the cell. While a similar test signal was applied before and after the addition of the 

reference electrode, the level and period of the injected signal differ between the two tests. 

When the cell voltage profile for each test is compared, the same general response is seen, 

however the voltage levels and rates of change differ slightly. Overall, the test with the 

reference electrode (Test 75) has a slightly lower cell voltage profile, and is also seen to have a 

slightly slower rate of voltage rise when charge current is supplied to the cell. The lower cell 

voltage profile can be attributed to a decreased potential on the positive electrode as previously 

discussed, while the reduced rate of voltage rise may be caused by the combination of reduced 

signal and a slightly increased rate of self-discharge. 
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As the signals applied in these tests were not identical, the resulting responses of the cell were 

not expected to be identical either. The underlying characteristic profiles are similar in both 

plots however. As the cell's terminal voltage characteristics before and after the addition ofthe 

reference electrode are similar, it is expected that the individual electrode producing these 

characteristics was not significantly altered through the addition of the reference electrode. The 

association of individual electrode contributions with the characteristic response of a cell's 

terminal voltage profile using a reference electrode must still be valid when no reference 

electrode is present. Through measurement with a reference electrode, it can be seen in Test 75 

that the variation in the positive electrode's potential over the displayed period is less than 3 m V, 

while for the same period the change in the negative is more than 150 m V. The negative 

electrode is responsible for virtually the entire terminal response of the cell in Test 75. Due to 

this, and to the similarities in the cell's terminal characteristics in Tests 66 and 75, it must be 

assumed that the negative electrode is largely responsible for the cell's terminal characteristics in 

Test 66. 

In this Chapter, the transient features of a cell's terminal voltage response to an applied current 

signal have been shown to be largely unchanged by the addition of a reference electrode. When 

a cell's terminal characteristics are decomposed into the responses of the positive or negative 

electrodes by using a reference electrode, characteristic features of the terminal response may be 

linked to characteristic features of individual electrodes. As the terminal characteristics of a cell 

have been shown to remain consistent with the addition of a reference electrode, it must be 

assumed that the characteristics of each electrode producing the terminal response also remain 

consistent. With this assumption, characteristic features identified in the terminal response of a 

cell may be associated with characteristic features of individual electrodes. By doing this, the 

vastly different transient characteristics of the positive and negative electrodes within a cell, as 

identified in Chapter 1, may be used to analyse the polarisation distribution within a cell without 

the aid of a reference electrode. Assessment of a cell's polarisation distribution may be achieved 

by identifying the magnitude of the characteristic rapid voltage decay of the negative electrode's 

polarisation. This value of negative polarisation may then be subtracted from the total applied 

polarisation to determine the polarisation value of the positive electrode. 
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6.1.1 Field Cell Analysis 

In this Section, the terminal response of a cell to an applied test was used to estimate the 

polarisation distribution within a cell that had not had a reference electrode added to it. A 

reference electrode was then added to the cell, and the estimated polarisations compared with the 

measurements taken. From the estimates and measurements of polarisation, it is concluded that 

the tested CYCLON cell has very little positive polarisation, and is in danger of suffering from 

positive electrode discharge. This differs significantly from the previously tested ESP ACE cell, 

which was found to have poor negative polarisation. While the capacities of these two cells 

differ significantly, their natural open circuit polarisation decays from float may still be 

compared to highlight the differences in distribution of polarisation. The polarisation voltage 

decay profiles seen on the terminals of the two tested cells have been compared, and the optimal 

profile for minimum grid corrosion, and therefore maximum cell life, has been identified. 

Using the data obtained from the voltage profiles on the terminals of the CYCLON cell for open 

circuit and various constant current discharge rates, the cell's model parameters were extracted. 

Using these parameters to calibrate the model, the model's response to current perturbations was 

then compared to the response of the test cell measured with a reference electrode. 

6.1.1.1 Field Polarisation Estimation 

The polarisation distribution within a cell in field service may be estimated through the analysis 

of the voltage profiles on the cell's terminals following the removal of the float charger. This 

test and analysis procedure may be applied to any 2 V cell, and requires a low rate discharge 

(natural open circuit decay up to discharge rates of CIl 000). For this analysis, the profile of the 

cell's terminal voltage as it decays from the float voltage to the fully charged rest voltage is 

required. 

In the preceding Chapters, it has been shown that upon removal of the float charger, the initial 

rapid decay (present within the first few minutes) is due to the polarisation decay of the negative 

electrode. The slower decay (taking up to 40 hours) that follows this is due to the polarisation of 

the positive electrode. Figure 6.7 shows the same test data as Figure 6.2 and Figure 6.3, however 

the displayed time and voltage have been reduced for greater clarity. The top plot of Figure 6.7 
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shows that following the initial and almost instantaneous decay, there is a second gradual decay 

of approximately three hours duration. The initial drop seen in this plot is due to the polarisation 

ofthe negative electrode, while the second slower decay is due to the polarisation ofthe positive. 
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Figure 6.7 Polarisation Decay Due to the Positive and Negative Electrode 

Test 61 in Figure 6.7 shows the open circuit voltage decay of the tested cell prior to the addition 

of a reference electrode. It can be seen that the rest voltage at which the cell settles after ten 

hours is approximately 2.155 V given a float voltage of 2.27 V. The 115 m V difference between 

these two readings is the total polarisation applied to the cell. The lower plot in Figure 6.7 
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shows the transition between the negative and positive polarisation decays on an amplified 

voltage axis. It can be seen that the positive polarisation decay of Test 61 is approximately 3 

m V. With 3 m V of the 115 m V total polarisation of the cell being accounted for by the positive 

electrode, the negative electrode must have the remaining 112 m V. As the estimated polarisation 

on the positive electrode is almost non-existent, the cell is in danger of suffering from positive 

electrode discharge. The cell's positive electrode polarisation is well below the optimal 40 - 80 

m V window for minimum grid corrosion, and as a result the cell will have a reduced life. 

If the tested cell displays textbook Tafel characteristics, it is expected that increasing the float 

voltage of the cell should result in an increase in polarisations on both the positive and negative 

electrodes. The plot of Test 67 (Figure 6.7) shows the open circuit decay of the tested cell, 

where the float voltage preceding the discharge has been raised to 2.31 V. Through a similar 

, analysis to that outlined in the above paragraph, it can be seen that despite the 40 m V increase in 

float voltage, the positive electrode's polarisation has only increased by 1 mV (estimated). The 

polarisation on the negative electrode is estimated to be approximately 158 m V (2.31 - 2.152), 

and the total polarisation for the cell at a float voltage of 2.31 V is seen to be 162 m V. The 

polarisation of the positive electrode accounts for the remaining 4 m V. The total polarisation at 

the float voltage of 2.31 V is 47 m V greater than that at 2.27 V, despite a float voltage increase 

of only 40 m V. The additional 7 m V is accounted for by the reduction in the fully charged open 

circuit rest potential of the cell, as previously discussed in this Section. This reduction in rest 

potential is believed to be related to the repeated testing of the cell, however attempts to verify 

this have not been made. From these test results, it is clear that the tested cell does not display 

conventional textbook Tafel characteristics. 

In the previous two paragraphs, the test cell has been estimated to have extremely low positive 

electrode polarisation values of 3 m V and 4 m V at float voltages of 2.27 V and 2.31 V 

respectively. These estimates have been produced through analysis of the voltage profiles on the 

terminals of the cell following the removal of the float charge supply. The estimates have then 

been verified by subsequent measurements made using a reference electrode. Test 70 in Figure 

6.2 and Figure 6.3 is essentially a replication of Test 61, however a reference electrode has been 

added to the cell. It can be seen in Test 70 (Figure 6.2) that the positive electrode's potential 

reduces by approximately 3 m V in the first hour following the removal of the float charge 

supply. The distribution of the applied polarisation may be estimated through analysis of a cell's 

terminal voltage decay profile from float charge. As polarisation data is traditionally obtained 
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through reference electrode testing, the developed polarisation estimation technique may be 

considered a virtual reference electrode. 

In the preceding analysis, it has been estimated and verified through experimental measurement 

that the tested cell has extremely low levels of positive electrode polarisation. While low values 

of positive polarisation are known to promote excessive grid corrosion, if polarisation is non

existent the electrode may suffer a gradual discharge. Interestingly, during the full discharge test 

of this cell with a reference electrode in situ (Test 69 in Figure 6.1), the cell is seen to be positive 

limited, i.e. the positive electrode rolls off rapidly at the end of the discharge, while the negative 

electrode's profile remains consistent. As there are several reasons for the occurrence of this 

positive limitation, no direct conclusions linking the low or non-existent positive polarisation to 

the positive limited discharge can be drawn. However, a positive limited discharge would be 

expected if the positive electrode was not fully charged. 

6.1.1.2 Polarisation Discharge Profiles 

In this Chapter, the verification testing undertaken with the CYCLON cell has concluded that the 

cell has extremely low values of positive electrode polarisation at the recommended and elevated 

float voltages. The testing undertaken for the development of the model used a very different 

cell design, and during this testing it was seen that the tested ESP ACE cell had low values of 

negative electrode polarisation at the recommended float voltage. 

It has been shown in this work that the discharge of the negative electrode's polarisation is 

significantly faster than the discharge of the positive polarisation. When the natural open circuit 

polarisation decay profiles of the two tested cells are compared, the differences in the discharge 

profiles are easily seen. Figure 6.8 compares the polarisation decay of the tested CYCLON and 

ESP ACE cells. It can be seen that as the CYCLON cell has virtually no positive electrode 

polarisation, within the first few minutes of removing the float charge supply, the cell's voltage 

collapses to close to its rest potential. Following this, very slight positive polarisation decay 

lasting approximately three hours is seen. The polarisation decay of the ESP ACE cell differs 

considerably. In the top plot of Figure 6.8, the dual slope discharge profile is not apparent, 

however when the time axis is expanded in the lower plot, two distinct components in the 

polarisation decay profile are evident. In this case, the faster initial decay indicates that there is 
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approximately 19 m V (2.297 - 2.278 V) of negative electrode polarisation. The slower decay of 

about 35 hours indicates that there is approximately 151 mV (2.278 - 2.127 V) of positive 

polarisation. As both electrodes of the ESP ACE cell have significant levels of polarisation at 

this float voltage, both electrodes should remain fully charged. However, as the positive 

polarisation for this cell is significantly greater than the 40 - 80 m V window for minimum grid 

corrosion, maximum cell life may not be realised. The excessive polarisation on the positive 

electrode will also cause an increased rate of overcharge gassing. If this exceeds the limit that 

can be recombined within the cell, gas loss through venting will result. This may cause the cell 

to fail prematurely through dryout. 
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Figure 6.8 Low Negative, Low Positive, and Optimal Polarisation Discharge Profiles 
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For maximum cell life, the break point in the polarisation decay profile, which indicates the 

change from or end of the negative polarisation decay, should ideally occur at approximately 40 

- 80 m V above the fully charged rest potential of the cell. The dashed line in the lower plot of 

Figure 6.8 indicates the ideal voltage decay profile. 

6.1.1.3 Cell Model 

Using only steady state values of voltage and current, along with the transient voltage profile 

measured on the terminals of the cell, sufficient parameters have been extracted to allow the 

model developed in Section 5 to be calibrated to the test cell. It has been previously indicated in 

this Chapter that there has been a gradual decay in the potential of the positive electrode 

throughout this series of testing. This has produced an offset in the terminal voltages recorded in 

the testing undertaken without a reference electrode, and those recorded in the testing with a 

reference electrode in place. To account for this voltage difference, two slightly different models 

of the cell have been generated. Table 6.2 lists the two sets of model parameters used for the 

simulations, and Figure 6.9 shows the Tafel plots of the cell models and the non-linear resistors 

used to produce their steady state Tafel characteristics. The differences between the two models 

are generated from the specification of the cell's fully charged rest potential, and the level of 

positive polarisation at the specified float voltage. These differing parameters are highlighted by 

'.' symbols in Table 6.2. The effects of these model changes do not significantly alter the Tafel 

plot for the models as shown in Figure 6.9 a) and b). While only two characteristic parameters 

have been changed in the two models, many of the calculated values ofthe models' components 

have changed slightly as a consequence. 
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Figure 6.9 Tafel Plot and Equivalent Tafel Resistors 
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Model A Cycloll_25ah_t66.dat 

25.000000 % cell_capacity 

10.000000 % discharge time -not reqd 
2.270000 % float voltage -not reqd 
0.001800 % float=current -not reqd 
0.003000 % pos-polarisation @float -not reqd 
1.930000 % empty_open_cct_rest_volt ~not reqd 
2.148000 % full_open_cct_rest_volt -not reqd 

75.000000 % pos_bulk-percent -not reqd 

0.524112 % hg_hg2so4_offset_voltage wrt center 
1.611000 % vOlt_och9_startyos 
0.537000 % volt_ochg_start_neg 

550458.715596 % c_bu1k-p 
1651376.146789 % c_bulk_n 

l238.532110 % c_ochg-p 
4.128440 % c_ochg_TI 

0.100000 % pos_Dehg_slope 
0.001680 % pos_Dehg_int -not reqd 
0.2774"73 % pos_ochg_la 
0.160000 % neg_Dehg_slope 
0.000325 % neg Dehg int -not reqd 
0.558156 % neg=ochg=la 

0.001000 % full_chg_acid_res 
0.000010 % pos_metal_res 
0.000010 % neg_metal_res 

959.009778 % pos_self_dischg_res 
1653.681168 % neg_self_dischg_res 

Model B Cycloll_25ah_t75.dat 

25.000000 % cell_capacity 

10.000000 % discharge time -not reqd 
2.270000 % float_voltage -not reqd 
0.001800 % float_current -not reqd 
0.004000 % pos-polarisation @float -not reqd 
1.930000 ~ empty_open_cct_rest_volt -not reqd 
2.142000 % full_open_cct_rest_volt -not reqd 

75.000000 ~ pos_bulk-percent -not reqd 

0.522648 % hg hg2so4 offset voltage wrt center 
1.606500 % vOlt_ochg=start~as 
0.535500 % volt_och9_start_neg 

566037.735849 % c_hulk-p 
l6981l3.207547 % c bulk n 

l273.584906 % c=ochg~ 
4.245283 % c_ochg_n 

0.100000 % pas achg slope 
0.001642 % pos=ochg=int -nat reqd 
0.278473 % pos_ochg_1a 
0.160000 % neg ochg slape 
0.000302 % neg=ochg=int -not reqd 
0.563l56 % neg_och9_la 

0.001000 % fUll_chg_acid_res 
0.000010 % pas metal res 
0.000010 % neg-metal-res 

978.606790 % pas-self dischg res 
1772.094877 % neg=self=dischg=res 

Table 6.2 Parameters Used/or Modelling the CYCLON Cell 

The key parameters for the calibration of the model are the cell capacity (25 Ah), the float 

voltage and current (2.27 V and 1.8 rnA), the positive polarisation (3 m V and 4 m V in models A 

and B), and the open circuit rest voltages (2.155 and 2.149 V in models A and B). These 

parameters were obtained either from direct measurement or from the open circuit voltage decay 

profiles seen on the cell's tenninals. A value of 1.93 V was obtained from the application 

manual for this cell type, and used for the fully discharged open circuit voltage. This parameter 

does not greatly affect the float characteristics of the model. With the exception of the 

'neg_ochg_fraction' and the 'neg_ochg_slope', parameters specifying the cell were not changed 

from default values. The 'neg_ochg_fraction' and the 'neg_ochg_slope' were changed to 

provide a more realistic replication of the cell's transient response to the current perturbation 

testing shown in Figure 6.11 and Figure 6.12. The 'neg_ochg_fraction' was reduced from a 

default value of 5e-5, to 1e-5. This reduced the capacitance associated with the negative 

electrode's overcharge, and consequently reduced the transient response time. The 

'neg_ochg_slope' was increased from a default value of 120 mV per decade, to 160 mV per 

decade, resulting in an increase in the voltage swing of the cell for a given signal current. 
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Figure 6.10 Simulated Polarisation Discharge Profiles Using Model A and Model B 
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Figure 6.10 shows simulated polarisation decay profiles of the CYCLON cell for the two 

models. This figure may be compared with measured test data plots shown in Figure 6.4. 

Considering the very limited amount of model training or calibration data, the response of the 

model to the various discharge rates is very close to the response seen in the test data. It can be 

seen that the negative electrode supports almost the entire (120 m V) polarisation supplied to the 

cell, while the positive has extremely low levels of polarisation. The open circuit decay of the 

models' polarisation appear to have a slightly longer duration than is seen in the test data, 

however the simulated 10 and 85 mA discharges show a similar duration to the experimental 

data. 

The difference between the two simulation models (A and B) is shown through the slight 

difference in the potentials to which the cell settles on comparison of like discharge rates. 

Comparing the reference electrode testing of Figure 6.4 to the simulations using model B in 

Figure 6.10, the potentials of the simulated electrodes prior to the discharge are low by 

approximately 5 niV. While this is a pleasing result, determining the exact potential of each 

electrode is not as important as assessing the polarisation (difference between the float and rest 

potentials) on each electrode. Considering the calibration parameters for the models were 

obtained from the terminal characteristics of the cell, the polarisation decays of each electrode 

are clearly visible in the simulations, and these appear very similar to that measured with a 

reference electrode. 

When the plots in Figure 6.4 are analysed, it may initially be assumed that the reduction in the 

cell's settling potential with increasing discharge rates is due to internal resistance voltage drops. 

However, it has been previously established that throughout the testing, there has been a 

continuous gradual decay of the positive electrode's potential. A constant offset voltage is 

apparent between similar tests in the two series of experimental testing, due to the consistent 

time intervals between these tests. However the latter tests in each series, performed at higher 

discharge rates, have reduced potentials due to the continuous gradual decay of the positive 

electrode's potential. As both simulation models remain consistent, this effect is not seen (or 

expected) in Figure 6.10. The effects of internal resistance are negligible at the indicated 

discharge rates. 

214 



Analysis and Applications 

2.4 - - _I ___ ~ __ _ 

2: 
Q) 
Ol 2.3 - - _1- __ ~ __ ___ L ___ I ___ 1. __ _ 
$ 
0 
> 
Qi 2.2 
u 

1 1 

___ I ___ 1. __ 
1 

1. 

2.1 '------'------'-----'-----'-------'----'------'-----' 
o 5 10 15 20 25 30 35 40 

1.752,-----,-------,-------,--------,--------,----,----,--------, 

W 1 1 1 1 1 
:c 1.75 
(f) 

- - -I - - T - - - 1- - :::T - - - I - - -I - - - T - - -

~ 1.748 
G 
Q) 1.746 
> :;::; 
'w 1.744 0 
c.. 

1.742 
0 

- - -I - - +- - - 1 - - -I - - f- - - -I - - +-
1 1 1 1 1 1 
----- -------- ---- ----

1 1 1 

- - -I - - - I' - - 1- - - I - - I - - -I - - - I' - -

w __ ~ ___ 1 ___ -.l ___ L ______ ~ __ 
~ 1 1 

~ -0.5 - - _I _ _ _ 1. _ _ 
G 
Q) 

.::: -0.6 

~ z 

o 5 10 15 20 25 30 35 
Time (minutes) 

40 

40 

Figure 6.11 Simulated Response of Model A to :t 14 mA Current Injection 

Figure 6.11 shows the response of the developed model when a 14 rnA current signal is 

simulated. The cell specific data file used to calibrate the model has been previously described 

and detailed as 'Model A' in Table 6.2. This simulation may be compared to experimental test 

results shown in the plot of Test 66 in Figure 6.6. When the simulations of the cell's voltage 

profile are compared to the measured test data, it can be seen that similar underlying 

characteristics exist overall. Some differences are seen around the point where the negative 

electrode makes the transition between the bulk storage and overcharge regions of operation. 

This transition is seen to be more abrupt in the simulation than in the experimental data. 

However, the magnitude and limits of the cell's voltage, along with the voltage rate of change, 

are similar in both the simulation and the experimental data. 

As the experimental data of Test 66 was gathered without a reference electrode, comparisons 

between the simulated electrode characteristics and experimental characteristics cannot be 
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directly made. As expected, the simulation shows that almost the entire cell terminal response is 

due to the response of the negative electrode. However the positive electrode does not show the 

expected triangular response seen in previous simulations and experimental data. The dish 

shaped characteristic of the positive electrode seen in Figure 6.11 is due to the low polarisation 

level further decaying to the point where the electrode begins to enter its bulk charge region of 

operation. 
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Figure 6.12 Simulated Response of Model B to :t 11 mA Current Injection 

Figure 6.12 shows the response of the developed model when an 11 mA current signal is 

simulated. The cell specific data file used to calibrate the model has been previously described 

and detailed as 'Model B' in Table 6.2. This simulation may be compared to experimental test 

results shown in the plot of Test 75 in Figure 6.6. Many similarities are seen when the simulated 

voltage profiles of the cell and each electrode are compared to the experimental data, making it 

clear that the model reproduces the underlying characteristics of each electrode within the cell. 

The model closely estimates both the amplitudes and the characteristic profiles of each electrode 
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within the cell. While it can be seen that the simulated magnitude and rate of change of the 

positive electrode is similar to that of the measured data, overall the simulated potential of the 

positive electrode is approximately 10m V higher than the measured data. It is also seen that 

there are slight differences in the terminal response of the simulation and the measured terminal 

voltage response of the cell. Better tuning or calibration of the model to replicate the measured 

response of a cell should further improve the accuracy of the model's estimations of each 

electrode's response and potential. However, considering that the values of the components 

within this model were extracted almost entirely from conventional voltage and current 

measurements made external to the cell, the accuracy and ability of the model to estimate the 

internal voltage distribution is very valuable. Effectively, when the model is calibrated to 

replicate both the steady state and transient responses seen on the terminals of a cell, the 

estimates produced by the model act as a virtual reference electrode for the tested cell. 

The structure of the float charge model and the interaction of components within this model were 

developed with data obtained from a vastly different cell design, capacity, and mode of operation 

(low negative polarisation compared with low positive polarisation). The close correlation 

between measured and simulated responses (of each electrode and the cell as a whole) shown in 

this series of tests highlights that the dominant underlying features of the float charge region of 

operation have been identified and appropriately modelled. With very limited calibration data, 

the model developed in Chapters 4 and 5 of this thesis has been adapted to a cell of very different 

design, capacity, and float charge operating point. Despite the differing cell type, the simulated 

response of each electrode (and the cell) remains in close agreement with the measured data. 

6.2 Applications 

In this thesis an analysis of the float charge operation of VRLA cells has been undertaken. Two 

goals for float charge have been identified: 1) Ensuring the battery remains fully charged, and 2) 

Maximising the life of the battery. Through appropriate distribution of the polarisation applied 

to the cell by the float charge, both of the identified goals of float charge may be realised 

simultaneously. However, the cell's design and construction largely determine the manner in 

which this applied polarisation is distributed within the cell. To a much lesser extent, the total 

polarisation applied to a cell may be controlled in an attempt to optimise the level of polarisation 

on individual electrodes within the cell. 
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Through modelling the steady state and transient characteristics of each electrode within a cell, a 

test and analysis technique has been developed that estimates the polarisation distribution within 

a float-charging VRLA cell. While the outcome of this test produces similar information to that 

obtained through reference electrode testing, the test does not use any form of reference 

electrode, and may be applied to any standard 2 V VRLA cell without any modification to the 

cell. 

It is understood that many long life VRLA cells suffer from low or no polarisation on the 

negative electrode. This mode of operation produces several mechanisms that impact on a cell's 

life expectancy. If the float voltage is not appropriately adjusted, the low negative polarisation 

will produce increased positive polarisation, thus raising the level of life-limiting positive grid 

corrosion, and also the rate of overcharge gas production. If gas production is excessive, gas 

venting and premature failure through dryout can result. Low or non-existent negative electrode 

polarisation may also result in a gradual discharge of the electrode to the point where the 

available capacity of the cell does not meet the load requirements, forcing replacement of the 

cell. 

The problems that lead to the premature failure of some VRLA cells have been described in this 

work, and a simple field useable test and analysis procedure for identifying these problems and 

measuring the success of the applied float charge has been developed. As this work has focused 

on the identification of these float charge problems, and the development of an analysis 

procedure suitable for widespread field use, the strategies or techniques that may be used to 

attempt to correct problem cells have not been thoroughly investigated. Section 6.2.3 suggests 

future work that could be undertaken in this control area now that the float assessment tools have 

been developed. 

While the test and analysis procedure was primarily developed for the early detection of float 

charge problems so that corrective action might be taken before cell damage becomes apparent, 

there may be many other uses for the developed model and polarisation estimation technique. 

Section 6.2.1 suggests possible uses of the developed float charge model, along with future work 

and improvements that may be made to the model. Section 6.2.2 describes some alternative 

applications or uses of the developed test procedure that estimates the distribution of polarisation 

within a cell. 
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6.2.1 Model Uses 

The developed float charge model may have many alternative uses besides the intended 

assessment of cells on float charge in the field. Some of these uses may include provision of 

simulations for product development and testing, or tracking variations in a cell throughout its 

life by detailing variations in component values within the developed model. The latter 

suggestion may provide a timely indication that the end of battery life is imminent, allowing 

replacement batteries to be purchased prior to the battery failure occurring. 

Due to the low voltage of a single VRLA cell, a number of cells are normally connected in series 

to form a 'string' in order to achieve useable voltages. As the string length is increased, the 

equalisation or uniformity of cell voltages tends to be reduced. To equal the 400 - 600 V DC 

provided by some UPS batteries, some two to three hundred 2 V cells must be series connected. 

The developed float charge model may also be serially stacked to simulate the operation of such 

long strings, however a slight spread will need to be specified for parameters such as float 

voltage, current, and polarisation. This spread in component values may be defined for best or 

worst case, or a random spread may be simulated within a specified window. With the 

modelling of a string of slightly different cells, battery-monitoring algorithms, string level 

optimisation, control techniques, and cell level equalisation methods and techniques may be 

simulated, assessed, and optimised. 

If sufficient information is gathered during testing or general battery operation~ the model may 

be accurately calibrated for each cell. Over time, the unchanged model will highlight variations 

in the operational characteristics of the cell, as these change. Re-calibration of the model will 

highlight the components of the model affected by the changes in the cell. Depending on the 

model components that have altered, the cause of the change may be determined, and possibly 

linked to age, operation, or cell faults. However, as the developed model targets the float region 

of VRLA battery operation, in its present configuration some of the traditional failure modes, 

such as grid corrosion, may not be appropriately modelled. Further work is necessary to improve 

the model's representation of the bulk charge and discharge regions of operation if a complete 

assessment is required. The traditional (designed) cell failure mode is grid corrosion, which 

causes an increase in the internal resistance of the cell, and eventually limits the current that can 

be supplied by the cell for a given voltage drop. Internal resistance problems are best 
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highlighted through high rate charge or discharge tests, as these high rate tests tend to be used to 

indicate capacity related SOH or remaining life. The developed test assesses the float operation 

of cells. The accuracy of this assessment improves as the discharge rate is reduced. As the best 

results are produced from open circuit decay, internal resistance does not have a large influence 

on the developed test. The developed model essentially assesses the SOC while the cell is float 

charged. While it is understood that the float voltage variation between cells in the same string 

may be significant when the cells are new, this variation converges to a low value for the 

majority of the cell's useful life, and then diverges towards the end of life. Further work is 

required to determine whether the developed float charge model may be used to assess the 

changes in float characteristics as cells age, and to establish whether this may then be used to 

indicate imminent cell failure. 

6.2.2 Test Procedure Uses 

The developed polarisation estimation test may have many applications besides the intended use 

of assessing cells in field service. The conventional method of assessing polarisation distribution 

in a laboratory involves the use of a reference electrode, however as a VRLA cell operates as a 

sealed unit, the addition of a reference electrode to a cell always has the potential to modify the 

cell's characteristics. It was seen in the first series of tests, using the ESPACE cell, that large 

variances in cell characteristics were produced through inconsistencies in the negative electrode 

Tafel line (intercept point). Atmospheric oxygen entering the cell through leaks in the case is 

said to have a depolarising effect on the negative electrode. Puncturing the cell's case to add a 

reference electrode must therefore increase the possibility of producing such leaks. As the 

developed polarisation assessment technique does not require any modification to the cell, the 

chances of altering the cell's characteristics must be reduced. The developed test may replace or 

supplement conventional laboratory reference electrode testing used during the development and 

design verification of new products. The polarisation estimation test may be extremely useful 

during accelerated life testing undertaken at elevated temperatures, where the use and 

maintenance of reference electrodes is difficult. 

The developed polarisation estimation test procedure may also be used to verify the operation of 

cells after their manufacture, before they leave the factory. As newly manufactured cells are 

likely to have excessively wet separators, the paths through the separator required for oxygen 
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recombination may not be fully developed. A new cell may therefore operate as a flooded cell 

until sufficient gas has vented, and the separator has dried to the point where recombination gas 

paths are developed. As flooded cells are expected to have well polarised negative electrodes, 

the absence of this may highlight electrolyte-filling problems, or possibly case sealing problems. 

The voltage decay profiles measured on cell terminals for open circuit or low rate discharges 

may be used to indicate product consistency. 

6.2.3 Float Charge Optimisation 

Without Imowledge of the polarisation distribution within a cell, any attempt to optimise the float 

charge must be based on historical data from other cells of similar type, generic empirical rules 

of thumb, or recommendations from laboratory based testing of the same cell type. As no simple 

or practical method of assessing the polarisation of standard cells was available, individual cell 

based float charge optimisation has not been possible. 

In this thesis a model of the float charge region of operation of a VRLA cell has been presented, 

and a test and analysis technique has been developed to provide an estimate of the polarisation 

distribution within any standard 2 V VRLA cell. While this model was essential for the 

development and verification of the test and analysis technique, a calibrated model is not 

essential for analysis of a cell's polarisation. The developed testing technique requires only the 

cell's polarisation decay profile for polarisation estimation. 

As the majority of this work has focused on developing the tools necessary to obtain polarisation 

estimations, little work has been undertaken on optimisation techniques and strategies to ensure 

both float charge goals are achieved. For a well designed cell that displays consistent textbook 

Tafel characteristics, the optimisation should be simple and uncomplicated. However with cells 

identified to be suffering from electrode polarisation problems (either positive or negative), the 

optimisation may be more complicated. The two cells extensively tested in this thesis were both 

shown to have poor electrode polarisation distributions. When the float voltage was varied on 

both of these cells, unexpected redistribution of the applied polarisation resulted. 

It is believed that a large number of VRLA cells in field servIce suffer from electrode 

polarisation problems, the most predominant of which is negative electrode discharge. Further 
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work is required to determine appropriate control strategies to that ensure the cell is maintained 

in a fully charged state, and that maximum life for the defective cell is realised. For example, 

two courses of action may be available should a cell be proven to be suffering from a gradual 

discharge of the negative electrode. It must be determined whether it is more beneficial to: a) 

raise the float voltage in an attempt to polarise the negative electrode, at the expense of increased 

positive grid corrosion and possible dryout resulting from gas venting, or b) reduce the float 

voltage, giving the positive electrode optimal polarisation for minimal grid corrosion, and 

perform regular boost charges to ensure that the negative electrode is periodically fully charged. 

When cells are charged in a series string, a spread in the terminal voltages of individual cells is 

often seen. The developed polarisation estimation technique may be used to assess the benefits 

or disadvantages of various cell voltage equalisation schemes. The advantages of natural voltage 

(no equalisation), uniform voltage equalisation, and optimal voltage for each cell using 

individual positive polarisation values may be compared to determine the scheme that best fulfils 

the float charge goals for the entire string. 

Temperature compensation is a common technique that is used when cells are operated at 

temperatures either higher or lower than the designed operating point. While temperature 

compensation may reduce overcharge gas production levels and the possibility of thermal 

runaway, it does not maintain an optimal polarisation for minimum grid corrosion. Because the 

developed polarisation estimation assessment technique is unaffected by temperature, the 

polarisation at the compensated float voltage may be assessed following initial application of the 

recommended temperature compensation. This will determine whether the float voltage is 

appropriate, and whether the goals of float charge have been achieved. 

Conventionally, a specific single float charge voltage is recommended for a given cell type, 

regardless of its age. The developed polarisation assessment technique will allow an optimal 

float voltage to be maintained throughout the life of the cell. This may compensate for cell 

characteristic variations due to age, or operational history. Further work would be required to 

assess the advantages or disadvantages of such an optimisation system. 

A simple tool has been developed to provide an assessment of the polarisation distribution within 

any standard 2 V VRLA cell. With the information provided by this test, many float charge 

optimisation schemes may be assessed and compared. The developed tool will identify cells 
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with float charge problems before permanent damage is done, and also provide a measure of the 

success of the float charge, allowing the effectiveness of any correction or optimisation 

techniques to be assessed. As a tool is now available to assess the operation of VRLA cells on 

long-term float charge in field service, float charge problems may be identified promptly. This 

allows corrective action to be taken in the early stages, before the problems escalate to levels 

where unrecoverable damage is sustained by the cell. 
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7 Conclusions 
In many applications a continuous supply of power is critical to the success of the application. 

Telecommunications systems are no exception to this, and as such their power systems typically 

utilise large Valve Regulated Lead Acid (VRLA) storage batteries to ensure that critical 

equipment has a continuous power supply in the event of a disruption to the primary AC power 

supply. In areas that have a reliable power supply, months or even years may pass before a 

disruption to the AC power occurs and the storage batteries are required to power the load. 

During this often lengthy time of limited activity, the storage battery must be maintained in a 

fully charged state. As all lead acid batteries have a relatively high self-discharge rate, a 'float 

charge' is necessary to counteract this. 

Two goals of float charge have been identified: 1) Counteract the natural self-discharge of the 

battery and indefinitely maintain it in a fully charged state, and 2) Maximise the life of the 

battery. Traditionally, a float voltage for a given cell design is determined and recommended by 

the battery manufacturer. This float voltage is then applied largely unchecked to cells in field 

service throughout their useful life. The critical parameter relating to successful float charge is 

electrode polarisation, and in particular, the polarisation on the positive electrode. Theoretically, 

positive electrode polarisation is a function of cell voltage, however many cell designs do not 

display textbook characteristics. As a result, the applied (recommended) float voltage may not 

achieve the identified float charge goals. To address polarisation problems during float charge, 

several polarisation based float charge systems have been published. All of these systems 

require cell modification to provide a third terminal so that polarisation can be directly measured 

or calculated. Despite many battery monitoring and testing systems presently being available in 

the market place, there are no systems that provide polarisation estimates or measurements for 

cells in field service. Consequently, there is no method of verifying whether the applied float 

charge is successful, or whether problems exist. 

7.1 Achievements 

In recent times there have been several claims of battery monitoring or analysis advantages 

through the use of impedance based measurement techniques. In this work, impedance testing 
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was initially explored for its potential to reveal infonnation about the polarisation distribution 

within a float charging VRLA cell. To facilitate this testing on any cell in a battery string, an 

optically isolated impedance acquisition interface unit was designed and built. This allowed 

standard ground-referenced automated test equipment to be used for signal generation and data 

acquisition. Through this testing it was found that while 'small signal' impedance measurements 

and prior knowledge of a cell's characteristics may be used to detennine the region of operation 

(polarisation existence), such impedance measurements cannot detennine the distribution of 

polarisation within a cell. Large signal impedance testing is invalid as the state (impedance) of 

the cell changes throughout a test cycle. These changes were found to be an increasing 

capacitance below the nominal float voltage, and an increasing resistance above this voltage. 

While small signal impedance techniques may be useful for the identification of a degraded cell 

and the estimation of remaining life, impedance alone does not reveal covert infonnation about 

the cell's polarisation distribution. 

An automated test system has also been developed during the course of this research, which 

provides facilities for using reference electrodes in VRLA batteries. This automated test system 

is controlled from Matlab on a Windows based PC, and allows both steady state and transient 

testing to be undertaken. While the core of the test system utilises commercially available 

automated test equipment such as scanning multimeters, DC power supplies, and electronic 

loads, a number of specialised pieces of equipment were also developed to supplement that 

which is commercially available. The specialised test equipment designed and developed during 

the course of this research included an optically isolated impedance acquisition interface unit, a 

precision current shunt amplifier, a precision water-bath temperature controller, and a low power 

constant current electronic load. 

To aid analysis and understanding of VRLA battery float operation, an electrical equivalent 

model has been developed around the cell's float charge region of operation. While this model 

has a layout similar to a cell's physical composition, it is not based on or intended to represent 

the chemical reactions occurring within a cell. Characteristic features of a cell replicated by the 

model may however be interpreted as changes in the cell's chemical reactions. The responses 

(transient and steady state) of both electrodes within a cell are modelled separately, and the sum 

of these replicates the tenninal response of a cell. The models for each electrode are essentially 

identical, and differ only by component values. The key components of each electrode are the 

dual-value capacitor and the non-linear (Tafel-like) overcharge resistor. Model calibration is 

226 



Conclusions 

achieved through steady state voltage and current values measured at the terminals of the cell, 

and the transient voltage profile seen on the cell's terminals when a current perturbation is 

applied. The calibrated model replicates both the steady state and transient responses of a cell's 

terminals by modelling the individual electrodes. As the model estimates the response of each 

electrode within a standard unmodified cell, it essentially produces a virtual reference electrode 

for the cell. Typically, the electrode polarisation estimations are accurate to within 10m V. 

A test and analysis procedure capable of producing an estimate of a float charged cell's 

polarisation distribution has been developed from the large signal impedance testing and 

resulting float charge model. While the model was used in the development and verification of 

the polarisation estimation test procedure, it is not required for the estimation. The estimation is 

based on analysis of the voltage decay profile produced when the float charger is removed from 

the cell, or when a very low discharge rate (less than CIl 000) is applied. The procedure utilises 

the vastly different time responses for the polarisation decay of each electrode to estimate their 

polarisations. Following the removal of the float charger, the negative electrode's potential 

typically decays to its fully charged rest potential within several minutes. The polarisation decay 

of the positive electrode is typically measured in hours. The developed test does not require 

prior knowledge of the cell. However, if the fully charged rest voltage of the given cell type is 

known, the test duration may be reduced to the length of time taken by the negative electrode's 

polarisation to decay. Using only the terminal response of the cell, polarisation estimates are 

typically accurate to within 10m V. The developed polarisation estimation procedure can 

identifY cells suffering from float charge imbalance problems, or assist in float voltage 

optimisation. Float charge imbalance problems typically result in the gradual discharge of a 

single electrode within a cell, while outwardly the cell appears to be fully charged. 

7.2 Further Work 

As the developed model was targeted at the float charge region of VRLA cell operation, a 

conscious effort was made to limit the calibration required for the model. As a result, the model 

produces a very basic representation of the main charge-discharge reactions. For completeness, 

improved modelling of this bulk charge storage region of operation could be investigated. 

Similarly, during reference electrode testing a small Coup de Fouet-like voltage overshoot and 

recovery was sometimes seen on the negative electrode as its polarisation decayed to the rest 
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potential. As the characteristics ofthis feature did not appear to be consistent and typically had a 

small magnitude (up to 10m V), it has not been modelled. However, for improved model 

accuracy and completeness, further work could be undertaken to identify the cause of this. 

As almost all of the energy supplied to a VRLA cell during steady state float charge must 

eventually be dissipated as heat, resistance is the obvious choice of model component. A non

linear resistor was therefore developed to produce Tafel characteristics. This equivalent Tafel 

resistance is shown to have a maximum (peak) value at polarisations similar to those claimed by 

battery chemists as producing the minimum rate of positive grid corrosion. The influences on 

the location (polarisation and current) of this peak resistance value have been discussed in 

Section 5.1.1.1. At this stage, the similarities between polarisations of peak equivalent resistance 

and minimum grid corrosion are considered entirely coincidental, and no investigation of a 

correlation between these phenomena has been undertaken. Further work may investigate the 

possible relationship between the locations of peak equivalent resistance and the minimum rate 

of grid corrosion. . Should a relationship be verified, an invaluable tool for establishing the 

optimal polarisation for maximum cell life will be provided. 

The majority of this research has focused on the development of a model and associated tools to 

determine the float charge status of cells in field service. For a cell operating with 'textbook' 

characteristics, optimisation of the float voltage should be relatively straightforward. The 

optimal strategy for the correction or treatment of polarisation problems that may be identified 

by the developed procedure has not been investigated. The cumulative effects of small float 

charge imbalance problems (typically resulting in negative plate discharge) can eventually cause 

premature cell failure. It is perceived that regular low-level corrective action or maintenance 

may alleviate or even prevent this failure mode. Now that a polarisation analysi~ tool is 

available, future work could be undertaken investigating the treatment or optimisation of cells 

that have been identified as having float charge problems. Similarly, optimisation of the float 

voltage for variations in cell age and operating temperature may also be investigated. 
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Simulation Software 

vrla -part_size 

% Used to create parts data file var VRLA cell float simulations 
P. Hunter 13/2/03 

%%%%% Fill in this first section only %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

(!2hi_275_2v2.dat ' )j % name of output data file 

cell_capacity 275; 
discharge_time 10; 

empty open cet rest volt 
full_~pen_cct_rest_;olt 

float_voltage 
float_current 
posyolarisation 
pos _ ochg_slope 
neg_ochg_slope 

pos_bulk-.-percent 

pos oehg fraction 
neg:oehg=fraction 

full_ chg_acid _res 
pos_metal_res 
neg_metal_res 

1. 900, 
2.140; 

2.200; 
0.022, 
0.025, 
0.103, 
0.131, 

75, 

%Ah 
% hours -not really reqd as: 
% I = C dV / dt therefore C = I dt / dV 

I = cell_capacity / discharge_time 
% dt = discharge_time (hrs) * 3600 (seconds) 
% Volts (Typically 1. 9 - 1. 95 volts) 
% Volts (Typically 2.08 - 2.16 volts 
% - J. Electro chern 143 #3 March 1996) 
% volts Typically 2.23 - 2.3 volts 
% Amps @ above floatV (Typ cell_capacity /1000 to 10 000) 
% Volts (Ideally 30 to 70mV) 0.105 
% Volts/decade 70-140mV 0.08.085?? 
% Volts/decade 0.120 O.040-dud cell?? 
%%% neg intercept, and float polarisation are calculated 
% pg 240 Berndt oxygen evolution (positive) 0.07 to 0.14 
% hydrogen evolution always 0.12 
% but really require totals: 
% total pos:::::: oxygen + corrosion && oxygen dominant 
% total neg:::::: hydrogen + oxygen reduction 
% percent of discharge volt shift due to positive 
% 50%:::::: same pos as neg ... 

0.003; % 0.003 typical -may need tweek to suit cell type 
0.00005; % 0.00005 typical -may need tweek to suit cell type 

0.001; % ohms resistance of acid when fully charged 
0.00001,· % ohms 
0.00001; % ohms 

%%%%% calculations %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%% equivalent capacitor I=C dv/dt %% 
plate_voltage_change = full_open_cct_rest_volt - empty_open_cct_rest_volti % dV 
cap_equiv = (cell_capacity * 3600) I plate_voltage_change; % Farads 
c_bulk-p = 1 / (1/ cap_equiv * (pos_bulk-percent/l00)), % Farads 
c_bulk_n = 1 / (1/ cap_equiv * (1 - pos_bulk-percent/l00)), % Farads 

pos_ochg_fraction * cap_equlv; 
neg_ ochg_ fraction * cap _ equi v; 

% Farads -a fraction of the total equivalent capacity 
% Farads -a fraction of the total equivalent capacity 

v_oc_sty = (pos_bulkyercent/l00) * full_open_cet_rest_volt; % volt at start of pes overcharge 
v_oc_st_n = 1* (1 - pos_bulkyercent/100) * full_open_cct_rest_volti % volt at start of neg overcbarge 

h9_hg2so4_normal = 0.494;% Fraction of full chg SS opencct voltage for ref-e -tweekable? 
hg_hg2so4_offset = (hg_hg2so4_normal - (1 - pos_bulk-percent/l00)) * full_open_cct_rest_volt, 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
pos_ocb9_int = 10"" «pos_ochg_slope*log10 (float_current) -posyolarisation) Ipos_ocbg_slope); % Amps 
poS_och9_1a ::: pos_ochg_slope*log10 (1)+ (-1*pos_ochg_slope*log10(float _current) + pos-'-polarisation); 

ne9yolarisation = float_voltage - posyolarisation - full_open_cct_rest_volt,' % volts 
neg_ochg_int 10"" «neg_oebg_slope*log10 (float_current) -negyolarisation) Ineg_ochg_slope); % Amps 
neg_ oehg_la neg_ ochg_slope* 10g10 (1) + ( -1*neg_ ochg_slope* 10g10 ( float_current) + negyolarisation),. 

pos sd res 
neg:sd=res 

v_oc_sty I pos_oehg_int; 
v_oc_st_n I neg_ochg_int; 

% positive self discharge resistor value 
% negative self discharge resistor value 

%%%%% Not reqd just used to check values are correct %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%platesum = v_oc_sty - v_oc_st_n 
%justtocheck = l/(I/c_bulk-p + l/c_bulk_n) 
posyol = [0.001: 0.001: 0.200] i %polarisation V 
negyol = pos -pol,' 
pos_la = pos_ochg_lai 
neg_1a = neg_ochg_lai 
pos_slope = pos_ochg_slope; 
neg_slope = neg_ochg_slope; 
rnl_ochg-p = pos-pol ./(10.' ((-pos-pol+pos_la) ./-pos_slope)), % ochg nlr floatcurrents.m 
rnl_ochg_n = neg-pol ./(10.' ((-neg-pol+neg_la) ./-neg_slope)), % ochg nlr floatcurrents.m 

pos_i = pos-pol . / rnl_ochg-p, 
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i_min = min{min(pos i) ,min(neg i)) 
i max = max (max (pos-i) , rnax (neg-i) ) 
if i_max > 1 - -

i_max =1 
end 

steps = lOOt' 
float_i = rot90{logspace(loglO(i_min),loglO(i_max),steps),-1) i 

[fiy/fix] = size (float_i) 
qaz = 1 

while qaz <= fiy 
if float_i(qaz,l) 

float i (qaz, 2) 
else -

float_i (qaz, 2) 
end 

if float_i(qaz,l) 
float i (qaz, 3) 

else -

< pas_Dehg_int, 
0; 

< neg_Dehg_int, 
0; 

float i (qaz, 3) 
end -

(float_i(qaz,1)*((-1*neg_slope.*log10(float_i(qaz,1)))-neg_1a)./ -float_i(qaz,l)); 

qaz = qaz+l; 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
ref_e = 0.658 
pos_open_cct = 1.74 
neg_ open_ cet = 0.4 

%%% Used to plot (check) tafel points prior to discharge testing %%% 
.%%% test no current voltage neg pos %%% 
test_data = ... 
[ 27 0.3562 2.2969 1. 0661 1.2308; 

28 0.3586 2.2969 1.0717 1.2253,' 
29 0.3481 2.2969 1.0713 1. 2256; 
30 0.3349 2.2968 1.0778 1.2191,-
31 0.3133 2.2962 1.0816 1. 2146; 
%32 0.0733 2.0979 1. 0515 1.0464 ; 
%33 0.0756 2.0982 1. 0470 1.0512,-
%34 0.0529 2.0984 1.0458 1.0526; 
%35 0.0486 2.0984 1. 0446 1.0538; 
%36 0.0499 2.0977 1. 0512 1. 0466; 
37 0.0328 2.1981 1.0991 1.0990; 
38 0.0226 2.1984 1.0973 1.1011; 
39 0.0225 2.1983 1.0953 1.1031; 
40 0.0219 2.1984 1.0930 1.1054 ; 
41 0.0217 2.1983 1.0915 1.1067; 
44 0.4645 2.3473 1.1075 1.2397; 
45 0.4482 2.3477 1.1057 1.2420; 
46 0.3573 2.3476 1.1110 1.2366; 
47 0.4622 2.3477 1.1078 1.2399; 
48 0.4331 2.3477 1.1068 1. 2409] ; 

test_data (:,4) = test_data (:,4) - ref_e; 
test_data (: ,5):= test data (: ,5) + ref e; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
plotst = 0.0001; 
plotfin = 0.02; 
figure (6) 
clf 
subplot (3,1,1) 
semilogx(float i (:,1) I float_i (: ,4) I 'k') 
grid on -
hold on 
%semilogx (test data ( : ,2) I test data ( : ,3) I I k* I ) 

%xlabel (I Float CUrrent (amps) --;) 
ylabel (' Cell Voltage (volts)') 
hold off 
axis ([plotst plot fin 2.1 2.5]) 

subplot(3,1,2) 
semilogx(pos_i,posJ)ol, 'kl) 
hold on 
semilogx(neg_i,-1.*pos-po1, 'k') 
%semilogx(test_data(:,2), test_data(:,S) -pos_open_cet, 'k*') 
%semilogx(test data(:,2), -l.*test data(:,4) + neg_open_cet, 'k*') 
grid on - -
%xlabel ('Float current (amps) I) 
ylabel (I Polarisation (volts) I) 
axis ( [plotst plotfin - 0.2 0.1]) 

subplot (3,1,3) 
semilogx{pos_i, rnl_ochgj), 'k I) 
hold on 
semilogx (neg_i, rnl_ochg_n, 'k') 
grid on 
xlabel (' Float Current (amps) I) 
ylabel ('Equivalent Resistance (ohms) I) 
axis ([p1otst plot fin 0 120]) 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fid=fopen(batt data file, 'r+'); % r+ read and write (do not create) 
if fid .... = -1, - - % -1 file exists 

yn = input('File exists, Do you want to over write it? (press y to overwrite) ','Sl); 
if yn == 'y' 

fid=fopen(batt data file, 'WI); % write (create if necessary) ; 
else --

( I Please rename output file r) 
break 

end 
else 

fid=fopen(batt_data_file, 'w'); % w write (create if necessary) 
end 

% Rest of the data in XXXX.XXXX format 
results format = (I %15.6£ I) ; 
saveform = [ results_format (I %% cell_capacity \n \n I)] ,. 

fprintf (fid, saveform. cell_capacity) " 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
saveform = [ results_format (1 %% discharge_time -not reqd \n I)] ; 

fprintf(fid, save form, discharge_time ); 
saveform = [ results_format (I %% float_voltage -not reqd \nl)]; 
fprintf(fid, saveform, float_voltage ); 
saveform [results· format (' %% float current -not reqd \n')]; 
fprintf(fid, saveform~ float current); -
saveform = [ results_format-(, %% pos-polarisation @float -not reqd \n')] i 

fprintf(fid, saveform, pos-polarisation ) i 

save form = [ results format (I %% empty_open_cct_rest_volt -not reqd \n ' )]; 
fprintf (fid, saveform, empty_open_cct_rest_volt ) i 
saveform [results_format (I %% full_open_cct_rest_volt -Dot reqd \n')]; 
fprintf (fid, saveform, full_open_cct_rest_volt ); 
saveform = [ results_format (I %% pos_bulk-pereent -not reqd \n \n') 1; 
fprintf(fid, saveforrn, pos_bulk-pereent ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
saveform = [ results format (I %% hg hg2so4 offset voltage wrt center \n I) 1 ; 
fprintf (fid, saveform~ hg hg2so4 offset); - -
saveform:::: [ results format (I -%% vOlt_ochg_startyos \nl) 1; 
fprintf(fid, saveforrn, v_oc_sty ); 
saveform = [ results_format (I %% volt_ochg_start_neg \n\n')]; 
fprintf(fid, saveform, v_oc_st_n ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
saveform = [ 

fprintf(fid, 
saveform = [ 
fprintf (fid, 
saveform = [ 

fprintf (fid, 
saveform = [ 

results_f.onnat (' 
saveforrn, c_bulkJl 
results format (' 

saveform, c bulk n 
results - fomat (' 

saveform, c_ochgJl 
results - format (' 

%% c_bulkJl \n') l; 
); 

%% e_bulk_n \n') l; 
); 

%% c_ochgJl \n') l; 
); 

%% c_ochg_n \n \n') l; 
fprintf (fid, saveforrn, C oehg n ); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
saveform = [ 

fprintf (fid, 
saveform = [ 
fprintf (fid, 
saveform = [ 
fprintf (fid, 
saveform = [ 
fprintf (fid, 
saveform = [ 

fprintf(fid, 
saveform = [ 

fprintf(fid, 
saveform = [ 
fprintf(fid, 
saveform = [ 
fprintf(fid, 
saveform = [ 
fprintf(fid, 
saveform = [ 
fprintf(fid, 
saveform = [ 
fprintf (fid, 

fclose (fid) ; 

results_format (1 %% pos_ochg_slope \n I)] ; 
saveform, pos_oehg_slope ); 
results_format (1 %% pos_ochg_int -not reqd \n I)] ; 

saveform, pos ochg int ); 
results_forniat (,- %% pos_ochg_la \n')],' 

saveforrn, pos ochg la ); 
results_format (' - %% neg_oehg_slope \n 1) 1 ; 

saveform, neg_oehg_slope ) i 

results format (I %% neg oehg int -not reqd \n I)] ; 
saveforrn~ neg_ochg_int ); - -
results_format (' %% neg_ochg_la \n\n') 1 ; 

saveforrn, neg ochg la ),. 
results_format (' - %% full_chg_acid_res \n I)] ; 

saveforrn, full chg acid res ); 
results_format (,- %% pos_metal_res \nl) J; 

saveforrn, pos_metal_res ),. 
results_format (. %% neg_metal_res \nl) J,. 

saveform, neg metal res }; 
results_format (I - %% pos_self_dischg_res \n I) J i 

saveforrn, pos_sd_res ); 
results format (1 %% neg self dischg res \n I) ] ; 

saveform~ neg_sd_res ); - - -
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diff vrla.m 
function [dot] = diff_vrla(t, ie, options, sup,battdata) 

% 25/1/02 original model -negative electrode only. P.M.H. 
% 20/1/03 converted to generic form 
% Model of VRLA Cell at full charged / overcharged state 
% using the Parallel variable capacitor 
% /nonlinear resistor model for both +ve and -ve plate 
% joined by asid resistor 
% - with single parallel self discharge resistor for each electrode 

% 21/1/03 changed to seperate positive and neg self-discharge resistors 
% split acid resistors and added positive and negative metal resistors 
% 19/2/03 rearranged order of calculatins to be more logical - no real changes 

global plotres internals 
persistent tlast next % reqd only to indicate sim progress on screen 

%%%%% Set-up initial .conditions %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
v2 = ic{l)i positive plate voltage (from initial conditions) 
v5 = ic(2)i negative plate voltage (from initial conditions) 
iset = sup(l,l); % supply current 
vset = sup(l,2); % supply voltage 

%%%%% positive plate %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
v_oc_sty = battdata (10, 1); 
v_ochgtrans-p = 0.01,' 
c_bulky battdata(12,1); 
c_oc-p battdata(14,1); 

pos_slope 
pos_int ' 
pos 1a 

battdata(16, 1); 
battdata(17,1),. 
battdata(18,1) ; 

% voltage for start of positive overcharge 
% 0.03? % voltage range for transition (bulk to ochg) 
% farads - bulk charge capacitance 
% farads - overcharge capacitance 350 

% V / Decade 
% Amps 
% polarisation at 1a 

y_oc-p v_oc_st-p + v_ochgtrans-Pi % voltage 4 complete overcharge transistion 
pos-po1 v2 - v_oc_st-p; 
rnl_ochg-p pos-po~ /~10A((-pos-pol+pos_1a)/-pos_slope»i % ochg nlr floatcurrents.m 

%%%%% negative plate %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
v_oc_st_n = battdata(ll,l); 
v ochgtrans n = O. 04 ; 
c-bulk n -battdata(13,1); 
c=oc_n- battdata(15,1); 

neg_slope 
neg_int 
neg_la 

battdata (19, 1) ; 
battdata(20, 1) ; 

= battdata(21,l); 

% voltage for start of negative overcharge 
% 0.01? % voltage range for bulk to ochg transition 
% farads - bulk charge capacitance 
% farads - overcharge capacitance 350 

% V IDecade 
% Amps 
% polarisation at 1a 

v_oc_n = v_oc_st_n + v_ochgtrans_n; % voltage 4 complete overcharge transistion 
neg-pol v5 - v_oc_st_n; 
rnl_ochg_n = neg-pol I (lOA ( (-neg-pol+neg_1a) I-neg_slope) ) " % ochg nlr floatcurrents. m 

%%%%% other %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
full_chg_acid_res battdata(22,1); % total resistance of acid 
ryos_metal battdata(23,1); 
r_neg_metal battdata(24,1); 
r-pos_sd battdata(2S,1); 
r_neg_sd battdata(26, 1); 
hg_hg2so4_offset battdata(9,1); 

% pos self discharge resistance 
% neg self discharge resistance 
% offset to give readings correct RE values 

%%%%% variable Capacitor positive %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
power-p = 5; 
if v2 < v_oc_st-p 

capy = c_bulky; 
elseif v2 >= v_oc_st-p & v2 < v_oc-p 

fraction-p = 1-((v2 - v_oc_st-p) / v_ochgtrans-p); 
cap-p = (c_bulk-p - c_oc-p + 1) A (fraction-pApower-p) + c_oc-p -1; 

elseif v2 >= v_oc-p, 
cap-p =c_oc-.p; 

else 
fail 

end 

%%%%% variable Capacitor negative%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
power n = 5; 
if V5-< v oc st n 

cap n ~ c-bulk n; 
elseif-v5 >=-v oc-st n & v5 < v oc n 

fraction_n - I-=- ((~5 - v_oc_st_nT / v_ochgtrans_n); 
cap n = (c bulk n - c_oc_n + 1) A (fraction_nApower_n) + c_oc_n -1; 

eiseif-vs >= V_OC_TI, 
cap_n =c_oc_n; 

else 
fail 

end 

%%%%% Acid specific gravity %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if v2 > v_oc_st-p, 

S9_V2 v_oc_st-.pi 
else 

sg_v2 = v2,. 
end 
if vS > v_oc_st_n, 

sg_v5 v_oc_st_n,. 
else 

sg_v5 = v5; 
end 
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%%%%%%%%%%%%%%%%%%%%%%% good fit up to 8g == 1.3 @ 20 deg C pg 144 Berndt 
acid_shape = 2.15; % power func to alter shape of condictivity curve 
acid_s9_C-pk = 1.235/ % SG value at which conductivity pk occurs 
acid_c.....J>k_v = 0.76,' % value of peak condictivity 
%%%%%%%%%%%%%%%%%%%%%%% 
full_sg = v_oc_st.....J> + v_oc_st_n - 0.85; % specific gravity of full batt 
full_spec_cond = acid_cJlk_v. * (( (abs (full_sg-acid_sg_cJlk)) . 'acid_shape) ... 

. / (-l*(abs(l-acid_sg_cJlk)) . 'acid_shape) +1 ); 
full_spee_res = 1 / full_spee_eand ,' 
res_factor = full_spee_res / full_chg_acid_res; 
sg = 89_ v2 + 59_ vS - 0.85; % Rule of thumb specific gravity cev - 0.85 
if sg < 1.001 

sg = 1. 001; 
end 
spec_conduct = acid_cJ)k_v. * (( (abs (sg-acid_sg_cyk)) . Aacid_shape) ... 

. / (-l*(abs(l-acid_sg_cJlk)) . 'acid_shape) +1 ); 
spec res = 1 / spec conduct i 
r acid total = spec-res / res factor t' 
r~os_acid = r_acid=total / 2~ 
r_neg_acid = r-pos_aeid; 

%%%%% voltage or current control %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if (vset-v2-v5) < iset*(r_pos_metal + r_neg_metal + r-pos_acid + r-pos_acid), 

is (vset-v2-v5)/{r-pos_metal + r_neg_metal + r-pos_acid + r-pos_acid); 
else 

is 
end 

iset; % current under current control 

%%%%% Limits %%%%% Not necessary if all is ok ... %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
rnl_oehg_min = 0.000000001; 
if rnl_ochgJ) < 

rnl_ ochgJ) 
end 
if rnl_ochg_n < 

rnl_ochg_n 
end 

rnl ochg min, 
rn(~ochg=min; 

rnl oehg min, 
rnl=ochg=min; 

%%%%% self 
i self-p = 
i=self_n = 

discharge %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
v2 / rJlos_sd; 
v5 / r_neg_sd; 

%%%%% makes overcharge zenner action %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
irnl-p = (v2 - v_oc_st-p)/rnl_ochg-p - i_self-p; 
if irnlJ) < 0, 

irnl-p = 0; 
end 
irnl_n = (V5 - v_oc_st_n) /rnl_oehg_n - i_self_n; 
if irnl_n < 0, 

irnl_n = 0; 
end 

%%%%% Acid and metal voltage drops %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
v1 is * r-pos_metal; 
v6 is * r_neg_metal; 
v3 is * rJ)os_acid; 
v4 is * r_neg_acid; 

%%%%% display progress on screen ... %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if length (next) == 0, 

next = plotres; 
end 
if (tlast < next) & (t >= next), 

next = floor (t/plotres) * plotres + plotres 
end 
tlast = ti 

%%%%% the actual diff cales %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

dot(l,l) = (is - i_self-p - irn1-p)/cap-p 
dot(2,1) = (is - i_self_n - irnl_n)/cap_n 

%dv/dt for v2 
%dv/dt for vS 

%%%%% storing internal values as sim progresses %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
icapJl = capJl * dot (1, 1); 
icap_n = cap_n * dot(2,l); 

[y,x] = size (internals); 
nextint = y+1; 
internals (nextint,1) 
internals (nextint, 2) 
internals (nextint, 3) 
internals (nextint, 4) 
internals (nextint,5) 
internals (nextint, 6) 
internals (nextint,7) 
internals (nextint,8) 
internals (nextint,9) 
internals (nextint, 10) 
internals (nextint, 11) 
internals (nextint, 12) 
internals (nextint, 13) 
internals (nextint, 14) 
internals (nextint, 15) 
internals (nextint, 16) 
internals (nextint, 17) 
internals (nextint, 18) 
internals (nextint, 19) 
internals (nextint, 20) 
internals (nextint,21) 
internals (nextint, 22) 

t; 
is,
vi; 
v2; 
v3; 
v4; 
v5; 

icaP-Pi 
irn1-p; 
i_self_n; 
ieap_il,· 
irnl nj 
rnl_ochgJl; 
rnl_oehg_ni 
capJ),' 
cap n,. 
r _acid_total; 
vi + v2 + v3 - hg hg2so4 offset; 
v4 + v5 + v6 + hg=hg2S04=offset; 
5g,. 
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vrla float sim.m 
% vrla_float_sim.m 

vrla float simulator 

Runs and plots 5 different simulations 
5 discharge rate (defined through swl to sw5) 

clear all 
global plotres internals 
batt data = load('2hi 275 2v2.datl)j % battery data file 
plotres = 100000; - % not reqd - indicates sim progress ... 

%% initial state conditions 
v1 = battdata(10,1) + battdata(5,1) 
v2 = battdata(3, 1) - v1 

float Ie pos OCV + polarisation 
% Float V - pos 

icl = tvi v2] ; 

% CHARGE / DISCHARGE TIMES %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Format: Time current vol tage ... (set like bench top supply) 

time = 2; 

f _v = 2.1981' 
sw1 = .. , 
[-86400 1.5 f_Vi 

-0.000001 1.5 f _Vi 

0 3; 
390000 1 3] ; 

sw2 = ••• 
[-86400 1.5 f _Vi 

-0.000001 1.5 f _V,' 

-0. 01 3; 
390000 1 3] ; 

.sw3 - ... 
[-86400 1.5 f _Vi 

-0.000001 1.5 f:..._Yi 
0 -0.10 3; 

390000 1 3] ; 

sw4 = ... 
[-86400 1.5 f_v; 
-0.000001 1.5 f_v; 

0 -1 3; 
390000 1 3] ; 

sw5 
[ -86400 1.5 f _v; 
-0.000001 1.5 f_v; 

-10 3; 
390000 1 3] ; 

for this sw = 1 : 1 : 5, 
if thIs sw == 1, 

switching = SW1, 
elseif this sw == 2, 

switching = sw2, 
elseif this sw == 3, 

switching = sw3, 
elseif this sw == 4, 

switching = sw4, 
elseif this sw == 5, 

switching = sw5, 
else 

error ( • problem' ) 
end 

% 'hours' 2;% 'minutes' 3i% 'seconds' 

float voltage 
% open cet (O amp) 

% 10 rnA discharge 

% 100 rnA discharge 

% 1 A discharge 

% 10 A discharge 

[sy sx] = size(switching)i 
results = []; 
internals [] ; 
row = 1; 
while row < sy, 

if switching(row,l) >= switching(row+l,l), 
bad time switching (row+l,1) 
err;r (' Time must be greater than previous') 
return 

end 
row =row+l; 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
options = odeset('RelTol',le-9,'AbsTol', [le-7], 'MaxStep',600)i% 9 7 
%%% max step reqd when voltage dependant resistances change quickly 
%%% and capacitor has const slope due to const I 
%%% as dvdt const ode solver has big time step ... 
row = 1i 
while row < sy 
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tspan = [switching (row, 1) switching((row+l),l)1; 
supply = [switching(row,2),switching(row,3)]; 
if row == 1 

ic 
else 

ic 
end 

icl,' 

[lastv1 lastv2]; 



rt,X] = ode15s (ldiff vrla' ,tspan,ic,options,supply,battdata) i 

fthisy thisx] = size (x) i 

[resultsy resultsx] = size (results); 

results(((resultsy+1) : (resultsy+thisy)) , 1) = t; 
results (resultsy+l:resultsy+thisy, 2:thisx+l) = x(:,1:2); 
lastvl = x(thisy,l); 
lastv2 = x(thisy, 2); 
row = row +1; 

end 

if time ="'" 1, 
t=t./3600; 
internals(:,l) internals(:,1)/3600; 

elseif time == 2, 
t=t./60; 
in~ernals(:,l) = internals(:,1)/60j 

end %must be in seconds 

%%%%% filters out 'Simulation hunting' %%%%%%%%%%%%%%%%%%% 
int len = size (internals, 1) i 

filt int = []; 
line-=: 1; 
while line < int len, 

end 

if internals (line, 1) < min(~nternals(line+l:int len,l», 
filt int len = size(filt int,l); 
filt=int(filt_int_len +1,~) = internals (line, :); 

end 
line = line + 1; 

if this sw == 1, 
filt-int 1 = internals; 

elseif this-sw == 2, 
filt int-2 = internals; 

elseif this - sw == 3, 
filt int -3 = internals; 

elseif this-sw == 4, 
filt int-4 internals; 

elseif this-sw == 5, 
filt int-5 = internalsj 

else - -
error ( 'problem I ) 

end 

this_sw this_sw+l 
end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
filt_int = filt_int_li % set to plot internal internal data 

figure (1) 
elf 
hold on 
subplot (3,2,1) 
hold on 
plot (filt_int (:,1), filt_int(: ,4), 'b') 
grid on 
legend (' Pos Cap V') 
hold off 

subplot (3,2,2) 
hold on 
plot(filt int(:,l),filt int(:,7), 'b') 
grid on - -
legend (' Neg Cap V') 

subplot (3, 2 , 3 ) 
hold on 
plot(filt int(:,l),filt int(:,15),'b') 
grid on - -
legend (fRnl P ') 
hold off 

subplot (3,2,4) 
hold on 
plot(filt int(:,l),filt int(:,16), 'b') 
grid on - -
legend ('Rnl N f) 
hold off 

subplot (3, 2, 5) 
hold on 
plot(filt int(:,l),filt int(:,17), 'b') 
grid on - -
legend (' Cap P') 
hold off 

subplot (3,2,6) 
hold on 
plot(filt int(:,l),filt int(:,18), 'b') 
grid on - -
legend ('Cap N') 
hold off 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (2) 
elf 
hold on 
subplot (3,1,1) 
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hold on 
plot(filt int(:,l),filt int(:,20)+filt int{:,21),'k') 
plot {filt-int ("I), filt-int (" 22) , 'b')-
legend (' Cell voltage' ,7 SG' ) 

subplot (3, 1,2) 
hold on 
plot{filt int{"l) ,Hlt int{,,2), 'k') 
legend (I Charge Current -;) 

subplot (3, 1,3) 
hold on 
plot(filt int(:,l),filt int(:,19), 'b ' ) 
legend (I Acid resistanc~ 1 ) 
%plot (results ("I) , {results (, ,2)+ results (, ,3) ) ) 
%,legend (' combined Cap voltgges') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (3) 
elf 
hold on 
subplot (2, 1,1) 
hold on 
plot(filt int(:,l) ,filt int(:,2), 'k') 
plot (filt-int (:,1) I filt-int(: ,9) I'm') 
plot (filt-int (:,1) , filt-int (:,10), trl) 
plot {filt-int (:, 1), filt-int (" 11), 'b') 
grid on - -
legend (I i supply I I Ii selfdisc pos I I f i cap pos' I 'i Dehg pos I ) 

hold off 

subplot (2, 1, 2) 
hold on 
plot{filt int{"l),filt int{,,2),'k') 
plot {filt-int ("I), filt-int (" 12), 'm') 
plot (filt-int (: ,1) I filt-int (:,13) I tr') 
plot {filt-int ("I), filt-int (:, 14), ·'b') 
legend (t i supply I I I i s~lfdisc neg 1 ,'i cap neg', 'i ochg neg I) 
grid on 
·hold off 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (4) . 
elf 
hold on 
%she '" 0.658,' 
subplot (3, 1, l) 
hold on 
plot{filt int{"l),filt int{,,20)+filt int{,,21), 'k') 
grid on - - -
legend (I Cell' ) 

subplot (3,1,2) 
hold on 
plot{filt int{"l), (filt int{,,20)), 'k') 
grid on - -
legend (I Positive Electrode wrt HgHg_2S0_4') 

subplot (3, 1, 3) 
hold on 
plot{filt int{"l), (-l*filt int{,,21)), 'k') 
grid on - -
legend ('Negative Electrode wrt HgHg_2S0_4') 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
she = 0.6S8; 

Dl_marks 
D2_marks 
D3_marks 
D4_marks 
Ds_marks 

[0.6; 8J ; 
[0. 8;4J; 
[0.7; 6J ; 
[0 .3;SJ ; 
[0. 2J ; 

[Dlx DlyJ 
[D2x D2yJ 
[D3x D3yJ 
[D4x D4yJ 
[DSx DSyJ 

'" marker (01 marks, 
= marker (02 -marks, 

marker (03 -marks, 
marker (04 -marks, 
marker (Ds=marks, 

filt_int_l ( , ,1) , 
filt int 2(: ,1), 
filt=)nt=) ( : ,1) , 
filt int 4{, ,1), 
filt~)nt~) (: ,1) , 

filt int 1{,,20)+filt int l{,,21)); 
filt-int-2{,,20)+filt-int-2{,,21)) 
filt-int-3{,,20)+filt-int-3{,,21)) 
filt-int-4{: ,20)+filt-int-4 (,,21)) 
filt=int=S{,,20)+filt=int=S{,,21)) 

[DlpX DlpyJ marker (D1_marks, filt _int_1(:,1) , (filt int 1{:,20)+ she)) ; 
[D2px D2pyJ marker (D2 marks, filt - int _2 (, ,1), {filt -int-2 (" 20) + she)) ; 
[D3px D3pyJ marker (D3=marks, filt int 3 ("I), (filt =int=3{:,20)+ she)) ; 
[D4px D4pyJ marker (D4_marks, filt =int=4{,,1) , {filt _int_4 (" 20) + she)) ; 
[DSpX DSpyJ marker (DS_marks, filt _int_S(!,l), {filt _int_S (" 20) + she)) ; 

[Dlnx DlnyJ marker (Dl marks, filt int 1{,,1), (-l*filt int 1{,,21) + she)); 
[02nx D2ny] marker (D2-marks, filt-int-2(:,1), (-1*filt-int-2(!,21) + she)); 
[D3nx D3nyJ marker (D3-marks, filt-int-3{,,1), (-1*filt-int-3{,,21) + she)); 
[D4nx D4ny] marker (D4-marks, filt-int-4(:,l), (-1*filt-int-4{:,21) + she)); 
[DSnx DSny] marker (oS-marks, filt-int-S(:,l), (-1*filt-int-S{:,21) + she)); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (S) 
elf 
hold on 

subplot (3,1,1) 
plot (D1x, D1y, 'k*') 
hold on 
plot (D2x, D2y,' k+ ' ) 
plot (D3x, D3y, 'kx') 
plot (D4x, D4y I I ks' ) 
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plot (D5x, D5y, 'kd') 

plot(filt int 1(:,1), filt int 1(:,20)+filt int 1(:,21), 'k') 
plot (filt-int-2 (:,1), filt-int-2 (:,20) +filt-int-2 (:,21), 'k') 
plot (filt-int-3 (:,1), filt-int -3 (:,20) +filt-int-3 (:,21), 'k') 
plot(filt-int-4(:,1) , filt-int-4(:,20)+filt-int-4(:,21), 'k') 
plot(filt=int=S(:,l) , filt=int=S(:,20)+filt=int=S(:,21), 'k') 
%grid on 
legend('Open Circuit', 'lOrnA', 'lOOmA', 'lA', 'lOA') 
axis([-l 10 2.11 2.2]) 
ylabel ( 'Cell (V),) 

subplot (3,1,2) 
plot (Dlpx, Dlpy, 'k*') 
hold on 
plot (D2px, D2py I 'k+ I ) 

plot (D3px, D3py, , kx' ) 
plot (D4px, D4py, 1 ks 1 ) 

plot (DSpx, DSpy, , kd' ) 

plot(filt int 1(:,1), (filt int 1(:,20)+ she), 'k') 
plot(filt-int-2(:,1) , (filt-int-2(:,20)+ she), 'k') 
plot(filt-int-3(:,1) , (filt-int-3(:,20)+ she),'k') 
plot(filt-int-4(:,1) , (filt-int-4(:,20)+ she), 'k') 
plot(filt-int-S(:,l) , (filt=int=S(:,20)+ she), 'k') 
%grid on - -
%legend 
axis([-110 1.68 1.77]) 
ylabel('positive (V wrt SHE) 1) 

subplot (3, I, 3 ) 
plot (Dlnx, Diny I 1 k* I) 
hold on 

plot (D2nx, D2ny I 'k+ 1 ) 

plot (D3nx, D3ny,'kx') 
plot (D4nx, D4ny I'ks' ) 
plot (DSnx, DSny, r kd I) 
%grid on 
plot(filt int 1(:,1), (-l*filt int 1(:,21) + she), 'k') 
plot(filt-int-2(:,l) , (-1*filt-int-2(:,21) + she), 'k') 
plot (filt-int-3 (:,1) ,(-1*filt-int-3(:,21) + she), 'k') 
plot(filt-int-4(:,11. (-1*filt-int-4(:,21) + she), 'k') 
plot(filt-int-S(:,l) , (-1*filt-int-S(:,21) + she), 'K') 
ylabel (I Negative (V wrt SHE) ~) -
axis([-l 10 -0.4S -0.36]) 

if time == 1 
xlabel ('Time (hours) 1) 

elseif time == 2, 
xlabel ('Time (minutes)') 

elseif time == 3 
xlabel (I Time (seconds) 1 ) 

end 
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Appendix B 

Reference Electrode Data ... TR200 

RADIOMETER f!\I!! RADIOMETER ANALYTICAL 5.A. 
COPENHAGEN iiIl!li 72 rue d'Alsace 
~~69627 VILLEURBANNE CEDEX, France 

Tel: +3378033838 - Fax: +33 78 68 6812 

MERCUROUS SULPHATE 
REFERENCE ELECTRODES 

TR200 
XR200 to XR240 

Fixed cable electrode 
Screw cap electrodes 

banana plug 

'- (6) 

K2S04 
- saturated solution 

- - body (3) - - -

- - - mercury - - . 
- - - H92S04 - - -
- - - stopper - - -

- - porous plug - - -

W 
protecting sleeve W 
_ filled up with _ 

a K2SO 
saturated s01ution 

(1) 

- Insulating cap (2) 

- stopper (5) 

. - - refilling hole (6) 

TECHNICAL 
MERCUROUS 
ELECTRODES 

SPECIFICATIONS OF 
SULPHATE REFERENCE 

• Temperature measurement range: 0 to 70°C 

• Potential value of the Hg/H92S04/K2S04 system versus 
the potential at 25°C of the Normal Hydrogen 
Electrode: +658 mV. 

SETTING UP 
.. Remove the protecting tube (1) from the electrode. 

" Rinse the electrode with demineralized water, while 
doing this operation, take care not to wet the cap (2). 

.. Check that the electrode body (3) is not damaged (not 
cracked or broken). 

.. Remove stopper (5) which closes the electrode refilling 
hole (6), before each measurement series. This stopper 
will be replaced after measurements. 

.. Check that the level of the filling solution of the 
reference element is at about 5 mm below the 
electrode refilling hole (5). If necessary, refill the 
electrode with a 1<.,50,,- saturated solution 
(RADIOMETER reference for 5uO ml: K5160). 

.. Shake the electrode holding it at its head and with the 
active tip down. This is done in order to get rid of any 
air bubble which can be trapped inside the electrode. 

MAINTENANCE 
• The electrode clogging is a major cause of faulty 

measurements. 

.. The electrodes should be rinsed with demineralized 
water and dried with absorbent paper after each use. 

e Between 2 measurements, keep the electrode in its 
protecting tube filled up with the refilling solution. 
Renew frequently the filling liquid of that protecting 
I.uhf! 

.. Check frequently that the filling solution of the electrode 
is saturated. If necessary, refill it with a new solution 
and add it a few crystals of ~S04 in order to saturate 
the solution. 

• In case of deposits which clog the active tip of the 
electrode, clean the electrode with: 

a solution of acid (He I 0,1N, HN03 30%): mineral 
salt deposits, etc. 

a solution of pepsin at 5% (RADIOMETER 
reference KS400): protein deposits (milk, cheese, 
serums, etc.). Duration of treatment: 1 to 2 hours. 

a solution of thio urea (RADIOMETER reference: 
KS410): for porous plugs contaminated with S= and 
Ag'. Duration of treatment: a few hours until the 
porous plug turns white. 

a solution of a wetting reagent (Teepol, Triton 
X100, etc.) or an organic solvent (alcohol, acetone, 
etc.): fat and oil deposits, etc. 

After this treatment, rinse carefully the active tip with 
demineralized water. The porous plug of the electrode 
can be cleaned using a fine abrasive paper . 
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Potentials (mV) of H~/H~I2S04 reference 
versus Standard Hydrogen Electrode 

TEMPERATURE HG/HG2S04 REF 

°c in SAT K2S04 

0 671.8 

5 667.6 

10 663.5 

15 659.4 

20 655.3 

25 651.3 

30 647.3 

35 643.3 

40 639.2 

45 635.1 

50 630.9 

55 626.6 

60 622.6 

( Data Supplied by RADIOMETER Pacific) 
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Appendix C 
List of Float Charge Tests Performed 

Notes 

The configuration file (commented onto each line of test data) may contain more detailed infotmation of the test instlUmentation set-up, 

Tafel Testing < = float24 floatconfigl == y m d h m s 7at 8ct 9i lOy 11+ve 12~ve 

float25 »> Tafel Testing floatconfigl == y m d h m s 7at 8ct 9i lOy ll-ve 12+ve 

Transient Testing (added high cunent shunt) floatconfig2 == y m d h m s 7at 8ct 9i lOi Ilcv 12-ve 13+ve 

floatconfig3 == 

Measurement wires were swapped during a shift ... 

To simplify data analysis, mUltiple pass - automated testing has been broken down and saved in sub tests e.g. Test21.dat has been saved as 
test21a,dat, test21b.dat, test2Ic,dat... with relevant data tor each test stage, 

File Cell Type 

2HI275 

2HI275 

2HI275 

2HI275 

2HI275 

2HI275 

2HI275 

2HI275 

2HI275 

Cells 
Used 

Fl 

Fl 

Fl 

Fl 

Fl 

FI 

Fl 

Fl 

Fl 

Plot Wit!1 Temp 

tafelplotJev 21 

tafelploU'ev 21 

tafelplotJev 21 

tafelploCrev 21 

tafelplotJev 21 

21 

21 

21 

tafelplotJev 21 

Test Type 

SS (Tafel) 

SS (Tafel) 

SS (Tafel) 

SS (Tafel) 

SS (Tafel) 

transient 

transient 

transient 

SS (Tafel) 

Comment 

No reference electrode -stabilisation testing 

No reference electrode -more stabilisation testing 

No reference electrode -more stabilisation testing 

No reference electrode 
Increasing -7mV steps from open circuit 
Cun'ent must settle to < ImA IIOmin 
*Suspect Tafel plots in papers produced by 
incrementing I instead of V - in my test 
V is a function of I, but in papers 
I is a function of V 
Added reference electrode 
Increasing -7mV steps from open circuit 
Increased cunent settle to < ImA 1 hour 
*Suspect Tafel plots in papers produced by 
incrementing I instead of V - in my test 
V is a function of I, but in papers 
I is a function of V 
floatconfigl.m 
logging @ 10min intervals to see if 'spike' in 
previous tests reduces (settles) to a lower cun'ent 
value 
floatconfigl.m 
logging @ 2second intervals 
step voltage change 2.27» 2.32 V for I Hr 
2.32 » 2.27 (supply has a diode so effectively open 
circuit) 
floatconfig2.m - extra 'high cUlTent' shunt added 

A series of short (approx 4aH) 100A discharges with 
a lOA cunent controlled recharge (no V limit) 
500mA cUtTent controlled boost 
Open ccted for a few days » open cct potential 
fioatconfigl.m - stability reduced again, was: 
i_stab was 0.0001667 (Ima 1600s)>> 1.388e-7 
cunentstabtime was 600» 1800 seconds 
cell open ccted for weekend before test statted, 
reference electrode inserted at 9am, test statted at 
lOam 

241 



VRLA Battery Float Charge: Analysis and Control 

floatconfigl.m 

float_lO.dat 2HI275 FI TafelplotJev 21 SS (Tafel) 
Cell sat open ccted for 3 days before statiing this test 
CutTent incremented 0 > 400mA in steps of 7.2mA 
voltage settles to < O.OOOIV in 1800 seconds 
foatconfig2.m 
Put cell in box with bubble-rap to dampen ambient 

floatll.dat 2Hl275 FI Cont_ float! 21 Transient temp fluctuations 
charged at 2.27 V no ref electrode 
added ref electrode then open ccted 
floatconfigl.m 

floatl2.dat 2HI275 Fl TafelplotJev 21 SS (Tafel) redoing float_IO ... 
incrementing I and waiting for V to settle 

floatl3.dat 2HI275 FI TafelplotJev 21 SS (Tafel) 
floatconfigl.m 
incrementing V and waiting for I to settle 
Starting at high voltage and decreasing the voltage 

through out the test i.e. running test backwards 
float! 4.dat 2HI275 FI TafelplotJev 21 SS (Tafel) *test intenupted/stopped for approx I day in the 

middle 
then restatied 
Redoing test 14 

float15.dat 2HI275 FI TafelplotJev 21 SS (Tafel) Voltage controlled- backwards 
high voltage and decreasing the voltage through out 
the test i.e. running test backwards 

float16.dat 2HI275 FI TafelploU'ev 21 SS (Tafel) 
CutTent controlled - backwards 
staliing at 400mA and decreasing to 0 

FloaU7.??? 

FloaU8.??? 

FloaU9.??? 

floatconfig3.m 

FI 
Transient String test - cell #7 from neg in stting(FI9) replaced 

float20.dat 2HI275 
All 

Cont_ float_all 21 +-IOOmA with reference electrode cell (FI) 
single cell before test -overnight float charge 

Long test - divided into a to g below 
Transient 

3 hr discharge @ 68 amps to 1.8Vpc 
float20a.dat 2HI275 Fl Cont_ float_all 21 + - 100mA 

single cell 
- + 100mA bypass on cell #7 from neg 

Transient 0.1 C recharge 
float20b.dat 2HI275 FI Cont_ float_all 21 + - 100mA 30A»lOA 

single cell - + 100mA bypass on cell #7 from neg 
Transient 0.1 C recharge 

float20c.dat 2HI275 FI Cont_ float_all 21 + -IOOmA 10A»IA 
single cell - + 100mA bypass on cell #7 from neg 
Transient O.IC recharge 

float20d.dat 2HI275 FI Cont_ float_all 21 +-IOOmA IA» float 
single cell - + 100mA bypass on cell #7 from neg 
Transient 

float20e.dat 2HI275 FI Cont_ float_all 21 NO Bulk Float 
BYPASS 

float20f.dat 2HI275 FI Cont_ float_all 21 
Transient 

Manual -+ I amp bypass 

Transient 
float20g.dat 2HI275 FI Cont_ float_all 21 NO Open circuit decay 

BYPASS 

floatconfig3.m 
NO REFERENCE ELECTRODE 

float21.dat 2HI275 FI Cont_ float_all 21 Transient Ref electrode removed and plugged hole 
bypass unit on cell FI and set to maintain2.27Volts 
floated 24Hrs then open ccted approx 35 days 
floatconfig3.m 
NO REFERENCE ELECTRODE 

float22.dat 2HI275 FI Cont_ float_all 21 Transient on float approx 23days - a couple of power cuts 
» open ccted 
cell #7 (FI) appears more sensitive to temp ... 
floatconfig3.m 

FI NO REFERENCE ELECTRODE 

float23.dat 2HI275 
All 

Cont_ float_all 21 Transient 
Ambient and cell temp sensors accidentally swapped 

XX Overnight float- 3Hr discharge to 1.8Vpc (68Amps) 
Const I const V Recharge to get reference (base line) 
before selecting new cell for ref E testing 
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tloatconfig3.m 
NO REFERENCE ELECTRODE 

FI 21 Transient 
Ambient and cell temp sensors accidentally swapped 

float24.dat 2HI275 conC float_all 
Open cct seltoischarge -50 hours then recharged All 
- used 'Power Zenner' -70hrs to limit celli voltage 
- Accidental self discharge 

lSI shift 
floatconfig2.m 
open cct discharge with reference electrode 

float25.dat 2HI275 cont_ float ylot 21 Transient before tafe! test 26 
101 Amb T, 102 Cell T, 118 cell V, 119-ve plate, 
120 +ve plate, shunt I 200mV 200A (not used (temp 
readings?? ... )), shunt 2 is the I ohm resistor 

float26.dat 2HI275 F23 tafelplot 
22-

SS (Tafel) floatcontigl.m 

tafelplot 
22.5 

SS (Tafel) 
floatconfig I.m 

float26a.dat 2HI275 F23 
23.8 re mnning last part of test 26 (2.25 - 2.45 volts) 

tafelplot 
22.5 SS (Tafel) floatconfig I.m 

float26all.dat 2HI275 F23 23.8 All test 26 data 

tafelplot 
22.5 SS (Tafel) floatconfigl.m 

tloat26fix.dat 2HI275 F23 23.8 Best data from all of test 26 

cont tloatylot 23.4 Transient 
floatconfig2.m 

float27.dat 2HI275 F23 
2.3 volt float - open cct discharge 

cont floatylot 23.4 Transient 
floatconfig2.m 

float28.dat 2HI275 F23 2.3 volt float - IOmA discharge 

cont floatylot 23.4 Transient 
floatconfig2.m 

float29.dat 2HI275 F23 
2.3 volt float - 100mA discharge 

cont tloatylot 23.4 Transient 
tloatconfig2.m 

float30.dat 2HI275 F23 
2.3 volt float lA discharge 

cont tloatylot 24.2 Transient 
floatconfig2.m 

tloat31.dat 2HI275 F23 
2.3 volt float lOA discharge 

cont floatylot 22 Transient 
floatconfig2.m float32a.dat 2HI275 F23 

2.15 volts - open cct voltage 
floatconfig2.m 

tloat32.dat 2HI275 F23 cont_ floatylot 22 Transient 2.1 volt float - open cct discharge 
discharged -20% of battelY to get below 2.1 volts 
floatconfig2.m 

Transient 
2.1 volt float - 10mA discharge 

float33.dat 2HI275 F23 cont_ floatylot 23 
bogus shunt I readings (was using load for another 
test) 

cont floatylot 22.3 Transient 
floatconfig2.m 

tloat34.dat 2HI275 F23 
2.1 volt float - 100mA discharge 

cont floatylot 23.3 Transient 
floatconfig2.m float35.dat 2HI275 F23 

2.1 volt tloat - lA discharge 
floatconfig2.m 

23.2 Transient 
2.1 volt tloat - lOA discharge for I HI' 

float36.dat 2HI275 F23 cont_ floatylot 
A11200mV 200A shunt infOimation is bogus 
(shunt was being used in a different test) 
floatconfig2.m 

cont_ floatylot 21.6 Transient 
2.2-volt float - open cct discharge tloat37.dat 2HI275 F23 
bypassed V sence filter resistors with inductors to 
remove DC off set error on HP6652a power supply 
floatconfig2.m 

float38.dat 2HI275 F23 cont_ floatylot 21 Transient 2.2-volt float - 10mA discharge 
test failed 

cont floatylot 2.9 Transient 
floatconfig2.m float38a.dat 2HI275 F23 

2.2-volt float IOmA discharge 

cont tloatylot 21.5 Transient 
floatconfig2.m float39.dat 2HI275 F23 

2.2-volt tloat 100mA discharge 

cont floatylot 21.1 Transient 
floatconfig2.m float40.dat 2HI275 F23 

2.2-volt float - IA discharge 

cont floatylot 21.7 Transient 
floatconfig2.m float41.dat 2HI275 F23 

2.2-volt float - lOA discharge 
floatconfig2.m 

22 Transient 
2.27 volts - lOA discharge float42.dat 2HI275 F23 cont_ floatylot 
Appears to have about 80m V neg polarisation??? 
Has battelY characteristics changed? » redo Tafel 

tafelplot 
21-

SS (Tafel) 
» problems at low ve polarisations tloat43.dat 2HI275 F23 
- inconsistent with transient test 

cont tloatylot 23 Transient 
floatconfig2.m tloat44.dat 2HI275 F23 2.35 volt float - open cct discharge 
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float45.dat 2HI275 F23 Cont_ floatylot 22 Transient 
floatconfig2.m 
2.35 volt tloat -1 OmA discharge 
tloatconfig2.m 

tloat46.dat 2HI275 F23 Cont_ tloatylot 21.9 Transient 2.35 volt float - 100mA discharge 
Shunt I data is bogus 
Moved down stairs ... 
Ref E adaptor I seal went missing » delay while new 

tloat47.dat 2HI275 F23 Cont_floatylot 23.5 Transient one is made - (early shunt 1 data bogus charging the 
string) 
tloatconfig2.m 
2.35 volt tloat - lA discharge 

float48.dat 2HI275 F23 Cont_ floatylot 22.4 Transient 
floatconfig2.m 

2.35 voltfloat-IOA discharge 

tloat49.dat 2HI275 F23 Cont_ tloatylot 21 Transient Open circuit decay from 2.35volts 

tloat50.dat 2HI275 F23 Tafelplot 24.5 Tafel tafel plot 

float51.dat 2HI275 F23 Cont_ floatylot 
25 Transient 

Ovemight open circuit decay after tafe! 
then transition liom 25 to 35 deg C 

float52.dat 2HI275 F23 Tafelplot 35 Tafel 
tafel plot, added absolute CUI1'ent stabilisation, 

added continuous log file (float 52cont.dat) 

float52cont.dat 2HI275 F23 Cont_float 35 
Transient 

transient (settling of) all the tafel points 
Tafel 

35 
decay after tafe! 

tloat53.dat 2HI275 F23 Cont_ tloatylot Transient then transition ii'om 35 to 45 deg C 

float54.dat 2HI275 F23 Tafelplot 45 Tafel 
tafel plot, added absolute cu\1'ent stabilisation, 

Increased stabilisation time ii'om 1800s to 3600s 

tloat54cont.dat 2HI275 F23 Cont_float 45 
Transient 

transient (settling of) all the tafel points 
Tafel 

tloat55.dat 2HI275 F23 ConUloatylot 
45 

Transient 
decay after tafel 
then transition from 45 to 25 deg C 

tloat56.dat 2HI275 F23 Tafelp!ot 25 Tafel repeating test 50 with settings of 54 

float56cont.dat 2HI275 F23 Cont_float 25 
Transient 

repeating test 50 with settings of 54 
Tafel 

float57.dat 2HI275 F23 Cont_ floatylot 
25 

Transient 
decay after tafel 
and transition ii'om 25 to 35 deg C 

float58.dat 2HI275 F23 Tafelplot 35 Tafel repeating test 52 with settings of 54 

float58cont.dat 2HI275 F23 Cont_float 35 
Transient 

repeating test 52 with settings of 54 
Tafel 

tloat 
discharge 5hrs @ 46.5A to 1.8V» 100% 

float59.dat 2HI275 F23 Cont_ floatylot 25 Transient recharge @ 34A then 8 A 
Float 250 In's » 
open circuit decay 

float 2.27V for 70 In's 

tloat60.dat Cyclon 
- ConC tloatylot 25.6 Transient 

discharge 3hrs @ 7.5A to 1.75V« 100% 
25Ah recharge @ 7.5A to 2.45V for 6 hI'S 

Float 150 In's at 2.27 

Cyclon 
open circuit decay from 2.27V for 45ln's 

float61.dat - ConC floatylot 25.5 Transient recharge 7.5mA 50ln's (no V limit) 
25Ah float 2.27V for 80hrs 

Cyclon 
discharge 6.5ln·s @ IOmA 

float62.dat - Cont_floatylot 25.5 Transient recharge @ 7.5mA to float 2.27V 
25Ah Float 50 hI'S @2.27 

discharge 5ln's @ 85mA 

float63.dat Cycion 
- Cont_ floatylot 26 Transient 

recharge @ 100mA to float 
25Ah Float 80 hrs @2.27 - shunt! reading are 4 different 

test 
discharge 0.9ln·s @ 800mA 

float64.dat 
Cyclon 

- Cont_ floatylot 26 Transient 
recharge @ 1 A to float 

25Ah Float 75 In's @2.27 
change float to 2.31 for 15 In'S 
discharge 5ln's @ IOmA from 2.31 V 

tloat65.dat Cyclon - Cont_floatylot 26 Transient 
recharge @ 10mA to float @ 2.31 V 

25Ah Float 250 hI'S @2.31V 
shunt 1 is for the 24 Volt string - not this test 
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Cyclon 
discharge and recharge @ +- 14mA 

float66.dat 
25Ah - Cont_ float~lot 26.5 Transient Float @ 2.31 V 20hrs 

shunt I is for the 24 Volt string - not this test 

tloat67.dat Cyclon 
- cont_ float~lot 26.5 Transient Open circuit decay from Float @ 2.3 I V 100 hI's 

25Ah shunt 1 is for the 24Volt string - not this test 

Added reference electrode 

Cyclon Recharged@IOOmA 1.5hrs then 
float68.dat 

25Ah 
- cont_ float~lot 26.5 Transient 300mA 2.35V for 40lU's 

tloat 45hrs at 2.27V 
shunt 1 is for the 24 Volt string - not this test 
Repeat of test 60 

fioat69.dat Cyclon - cont_ float~lot 26.7 Transient 
discharge 3lu's @ 7.5A to I.75V« 100% 

25Ah recharge @ 7.5A to 2.45V for 6 hI'S 
Float 150 lu's at 2.27 
open circuit decay from 2.27V for 45lu's 

tloat70.dat Cyclon - cont_ float~lot 26.4 Transient 
recharge 7.5mA 70hrs (no V limit) 

25Ah float 2.27V for 80hrs 
shunt! reading are 4 different test 
discharge 6.5hrs @ IOmA 

tloat7 I.dat 
Cyclon 

- cont_tloat~lot 26 Transient recharge @ 7.5mA to tloat 2.27V 
25Ah Float 50 lu's @2.27 

shunt! reading are 4 different test 
discharge 3.5hrs @ 85mA 

floatn.dat Cyclon - cont_ tloat~lot 26.8 Transient 
recharge @ 100mA to float 

25Ah Float 180 hrs @2.27 -
shunt! reading are 4 different test 
discharge l.4lu·s @ 490mA 

tloat73.dat Cyclon 
- cont_ float~lot 25.6 Transient 

recharge @ lA to float 2.31 
25Ah Float 95 hrs @2.31 

shunt! reading are 4 different test 
discharge 6hrs @ IOmA from 2.31 V 

fioat74.dat Cyclon 
- cont_ float~lot 26 Transient 

recharge @ lOmA to float @ 2.31 V 
25Ah Float 120 lu's @2.31 V 

shunt I is for the 24 Volt string - not this test 
discharge and recharge @ +- limA 

tloat75.dat Cyclon 
- cont_ tloat~lot 25.5 Transient Float @ IOmA for 3.5hrs -2.4volt 

25Ah llmA discharge 190 hI'S 
shunt I is for the 24Volt string - not this test 

Cyclon recharge @ 2.35V for 195 lu's 
float76.dat 

25Ah 
- cont_ float~lot 26 Transient open cct decay 10 weeks 

shunt 1 is for the 24Volt string - not this test 
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Precision Current Shunt Amplifier 
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Temperature Controller 
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Constant Current Load 

Component Layout 

Top Copper 

Bottom Copper (viewed through PCB) 
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