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Abstract - Batteries are more important than ever to meet the needs of new and improved products that can fill all of the world’s technological needs. Battery technology advancements with lower costs, weights, and sizes are only part of the solution. Component and low-power circuit design improvements must also lower the demands on the batteries, as well as improve their reliability and life. This paper reviews battery technologies and presents battery selection for applications with methods for extended life and reliability. 

INTRODUCTION

Battery life, reliability, and life-costs has always been a primary concern where they are needed in portable equipment, telephone and telecommunications, computers, Uninterruptible Power Supplies (UPS) or backup and emergency power to the AC power line, electric vehicles (EVs), etc.  The life costs can make or break a products success, and false trust in a defective battery can be catastrophic.  I have also heard many complaints about batteries in RVs only lasting 1 or 2 years on shore or solar power, and mainframe computer backup batteries with a 5-year life to only have a useful life of 3-4 years.  Part of the reliability includes the safety of batteries.  Due to the fact that there is a lot of energy stored in a small volume with exposed terminals, there are corrosive chemicals with special maintenance and disposability requirements.

There are three basic classes of batteries.  First is the common primary battery or dry cell which is not rechargeable and is discharged once and discarded.  Another is the secondary or storage batteries, or accumulators, where the stored energy can be reenergized or recharged with a reverse current, for a limited amount of times in its life.  These rechargeable batteries are usually separated into other types for their applications as portable, mobile, and stationary.  The third class is the reserve battery that is a primary type battery with the key component, such as the electrolyte, is kept separated and isolated in the inert condition in long term storage until activated when needed, usually in severe environments requiring high power for short periods. 

The first step in long battery life is the proper selection of the battery chemistry and size for the application.  This requires consideration of the fault and safety protection, the worst case discharge current-vs-time profile requirements that fit the battery including the derating factors, plus charging techniques and charge/discharge cycles if applicable. 

SELECTION AND APPLICATION OF TYPES AND CHEMISTRIES

The power capacity of any battery is proportional to the surface area of the parallel plates, and limited by the ideal and practical chemical design of the negative and positive plates and electrolyte.  The battery chemistries and design characteristics vary for the many applications, from short life high power

The first requirement for a successful battery application is the choice of the battery chemistry and size.  This selection includes the need for a primary battery or a secondary or rechargeable battery.  Basic battery selection requires a full review of the various discharge profiles with current time or amp-hour (Ah) budget, temperature requirements with battery derating at low temperature, safety and maintenance, and  life-cost.  For secondary batteries there are additional considerations, including charger control methods, equalizing of series stack or pack, charge and life metering or fuel gauge, discharge memory effects, self discharge between charging and when needed in standby power applications.  Another consideration is the maximum storage time before use on the total life, and total energy loss in a primary battery.

Lead-Acid:  Lead-acid batteries are a popular secondary or rechargeable battery because of the low cost with high power density, and include lead-antimony, lead-calcium, and gelled electrolyte type.  The lead anode negative plates and the lead dioxide cathode (positive plate) that use alloys to strengthen the structures within a sulfuric acid electrolyte, which reacts with the plates that limits the battery life. The charging process produces hydrogen from the electrolyte with the loss of water that needs to be replaced when the specific gravity increases too high, which is significant in the lead-antimony battery.  Replacing antimony with calcium lower the internal resistance and significantly reduces hydrogen in the lead-calcium and gelled batteries that are used today in sealed and safer maintenance-free batteries.  Nominal open circuit cell voltage is 2.0V and is 2.1V when fully charged.  Charging methods varies between manufacturers, types of construction, and electrolyte specific gravity, with nominal voltages specific gravity at 2.10.  The typical recommended charging method is current limited at 0.2C for lead-antimony and for 0.05C for lead-calcium, with a voltage limit at the float voltage per cell of 2.15-2.20V for lead-antimony and 2.17-2.25V for lead-calcium [B][C].   

Some manufacturers may require that series stacks of cells receive cell equalizing charges routinely, i.e. for lead-antimony batteries of every 1-3 months for 8-24 hours, or for lead-calcium when floating at lower voltage levels or when any cell is below a critical voltage of 2.13V, at 2.33-2.38V per cell for 8-24 hours or even longer [B][C].  Cell overcharging increases internal temperature and pressure and reduces battery life.  Undercharging will allow some of the lead sulfate to remain on the plates, which will eventually reduce battery capacity [A].  For long battery life, the peak-to-peak ripple at the charger output should not exceed 0.5% of the DC voltage [A].    The charging current typically reduces to 1mA/Ah at 25oC for lead-calcium and 5-10 times higher for the lead-antimony [A].

Batteries left in the discharged state for periods of time may sulfate, or in the case of severe discharge, hydrate which is a state of complete failure [B].

Gelled or starved-electrolyte sealed lead-tin rechargeable batteries are typically a standard cylindrical shape with some improved performance from other lead batteries, with as wider temperature range of –65oC to +65oC, longer shelf life, 8 year life at float charge level, and can recharge at a higher current to allow constant voltage charging at the float level [O].

Typical life of lead-acid batteries are 2-8 years for mobile use with 200-700 recharge cycles life [I], 6-15 years for standard stationary use, and 30-70 years for AT&T Round Cell [H] stationary use.

Nickel-Cadmium:  The nickel-cadmium (Ni-Cd) is a popular and rugged rechargeable battery, and consists of  a sintered cadmium hydroxide anode (negative plate), a sintered nickel hydroxide cathode (positive plate), an electrolyte of 33% potassium hydroxide (KOH), and woven nylon separators.  The plates are rugged and porous for long life and high reliability with high charge and discharge rates.  The cell is enclosed in a sealed or vented container.  The vented cell may allow higher charge and discharge rates to allow gas to escape, but must periodically be replenished with distilled water.  The electrolyte does not react with or deteriorate the plates, as in the case of the lead-acid battery [A][P].  Nominal open circuit cell voltage is 1.20V and is 1.45V when fully charged.  

Charging methods vary between manufacturers and types of Ni-Cd designs.  Charging methods use constant current control at slow, quick, fast, and pulsed, rates to a voltage cut-off or float level, and with complex variables of temperature, pressure, charge rate, and voltage.  Slow or overnight charge is typically at 0.1C rate, quick charge at 1C rate for a few hours, to fast-charge at 3C rate in less than 1-hour [A].   Repeated discharging to the same shallow level of discharge and then recharging causes a memory-effect whereby the battery losses its charge energy capacity to the shallow discharge level.  This requires controlled random discharges or random delayed recharges to erase or eliminate the memory-effect [P].

Typical Ni-Cd cycle life is 500-2000 recharges and calendar life of 2-5 years for sealed wound designs to 8-25 years with vented designs, with higher costs than lead-acid batteries [I].

Nickel-Metal Hydride (NiMH), Lithium Ion (Li+) and Rechargeable Alkaline are newer secondary batteries technologies with improved performance and environmental effects, but require more sophisticated charging and protection circuitry [N]

Lithium:  Lithium-ion (Li-Ion) primary and secondary batteries are popular due to their rechargeables due to their superior energy density (roughly 2 times) and the higher cell voltage (3 times), and Li-Ion rechargeable batteries are gaining popularity over nickel based batteries.  Other attractive features are a very low self-discharge rate (about 4 times less) and no memory effects.  These benefits make the Li-Ion battery ideal for portable electronic equipment, such as cell phones, laptops, and camcorders [D].  

However, Li-Ion batteries are much less tolerant of abuse than nickel based chemistries.  Overcharging or over-discharging greatly reduces cycle life.  Worst yet, overcharging can cause the battery to overheat, vent, or even explode.  The over-charge voltage is within a few percent of the desired full charge voltage, typically requiring high ((1% or better) voltage accuracy over temperature during charge to distinguish between full charge and over-charge, [D].  Constant current charging to a charge termination level is often used [N].

Short-circuits may pose a safety problem with Li-Ion.  Although they are not generally intended for high discharge rate applications, a typical Li-Ion cell has an internal resistance of 150m( or less, resulting in short circuit currents of over 20A from a single cell charged to 4.1V, which can  be destructive.  Current limiting and over-current safety protection is usually built into the pack [D].  There may be a current delay for initial step load response in some lithium chemistries, that may also provide a voltage drop from a high current pulse or discharge rate, and can fool protection circuits and cause a nuisance under-voltage (over-discharge shut-down) [D]. 

Improved Lithium batteries that are hermetically sealed safe and explosion-proof, and are available in primary batteries as Lithium Thionyl Chloride  Li/SOCI2 and in secondary rechargeable batteries as Lithium-metal Li/LiXMnO2 [J].

Lithium batteries have low leakage rates with very long shelf life and long operating life of 10-20 years.

CHARGING AND DISCHARGE CONTROL

Charging Methods:  One of the most important factors on the battery life and reliability is the charging method and  sophistication.  Ideal charging rates vary with battery chemistries and designs, including the ideal full-charge voltage level.  Charging methods are usually a compromise between charging time and cost.  Chargers vary in sophistication and application with single or multi-state charging methods [K][L] with regulated or unregulated rates, ranging from trickle charge to fast charge, continuous or pulsed, with or without high accuracy, high rms ripple current, or battery temperature and/or pressure compensation.  Smart-batteries and chargers can be more sophisticated with charge/discharge history incorporated into a computerized algorithm along with other fixed and programmable data.  Current charge rates or multiples of the Ah or mAh rating or C rating , and are often optimized by the complex variables of temperature, pressure, electrolyte specific gravity, charge/charge history, voltage, age and life, where

Charge or discharge rates at multiple of C = Ah rating / 1-hour rate.

Load Current and Discharge Control:  Battery life can be optimized with proper battery selection and load current or discharge control.   The load various discharge profiles with current time or amp-hour (Ah) budgets must meet the battery selection specifications for total power requirements.  Some batteries can meet their Amp-hour rating at the 1C discharge rate and high, and other batteries can only meet the Amp-hour rating at 0.001C discharge rate and lower, depending on chemistry and design optimization for the applications. 

Smart Batteries and Chargers:   Smart battery stacks and chargers are helping improve battery life and performance.  They include communications between battery packs and chargers for optimum charging and safety.  With  batteries and chargers compliant to the smart-battery standard, and simple standard charger can communicate with any standard battery pack [N].  The battery pack can also communicate with the host system via two-wire serial interface as the System Management Bus (SMBus) [N][L].  Battery fuel gauge or state-of-charge intelligence is also part of most smart battery communications to the host system.

EXTENDING BASIC BATTERY LIFE

The first step in long battery life is the proper selection of the battery chemistry and size for the application.  There are many things that effect the battery life-cost and reliability, including fault and safety protection, discharge control, charging techniques and charge/discharge cycles (if applicable).  The worst case discharge current-vs-time peak and average profiles or power budget must fit the battery minimum Amp-hour or average power rating at the specified discharge current level for that rating.  Some batteries are rated at a 1C discharge rate, while others are at less than 0.001C, depending on short discharge time batteries like secondary rechargeables for short requirements as motor starting and power outages, or long discharge time primary batteries for utility automatic meter readers.  This maximum power calculation must be at the minimum battery cut-off voltage and less the distribution losses to the critical loads that must be maintained by the batteries.  The maximum power budget requirement over life must also be derated from the battery minimum capacity, for reduced capacity at minimum on-demand temperature, age or life effects at average temperature, additional reliability confidence level, and charge/discharge cycles (if applicable). 

Figure 1 is a simplified schematic of a typical battery cell.  Both VBAT charge level and RSERIES2 resistance change dynamically and statically with charge level, temperature, and age, (plus charge/discharge history in secondary batteries) from initial conditions of the battery chemistry.  This analysis is worth using for circuit analysis with circuits and systems.  The AC impedance and step response is not ideal, thereby requires additional compensation in certain applications.  This usually requires a bypass capacitor and energy storage capacitor between the battery and the load for a stiffer source for high frequency for improved step response.

EXTENDING RECHARGEABLE BATTERY LIFE

A typical rechargeable battery system with dual or redundant battery in the standby battery configuration using a dedicated low-power charger is shown in Figure 2.  This system requires isolation diodes for reverse current flow for bipolar applications as shown, because of standard FET power switch application with their parasitic diode is only useful for unipolar isolated switching.  An improved version of this standby charger configuration is shown in Figure 3, with the isolation diode replaced with another FET power switch.  Therefore, back-to-back FET diodes provide bi-directional blocking and the diode forward voltage drop can be mitigated with the FET switched ON with low RDSON resistance I2R voltage drop, for higher efficiency and less power loss in unwanted heat and higher battery power needs.  These switches are available in pairs as battery disconnect switches for bi-directional blocking and bi-directional conduction switches by several manufacturers.  

Another popular battery system is off-line or float bus battery charging, where the main power or front-end power converter, either AC/DC or DC/DC, provides both main power and also charges the battery directly.  This system is popular in Distributed Power Systems (DPS) and in UPS designs, with battery voltage strings from 12VDC to 360VDC and higher.  The main power converter regulates the bus voltage to control the charging current after a discharge until it reaches the float voltage level, where it stays until the next power interruption and the batteries require recharging.  

The simplest off-line battery charger system is a single battery stack without redundancy and without uninterruptible service to change batteries during battery operation.  The use of isolation diodes on both sides of 2 batteries improves the availability and hot-swapping ability of battery strings or banks, as shown in Figure 4.  The bi-directional battery disconnect switch van be added to the battery stack or pack to act as an overcharge voltage control cut-off switch at full-charge, and also as an under-voltage control cut-off during discharge at the end-of-cell voltage sum of the stack or pack, as shown in Figure 5.  

One of the most important factors in extending the life of a battery is the prevent cell overcharge or undercharge.  This can be accomplished with individual cell equalization (ICE) circuits, including linear shunt regulators [E], bi-directional power converter with isolation transformers [F], or current diverter [G].

A low cost charger with ICE shunt regulators is shown in Figure 6.  The main power front-end can provide regulated or unregulated bus voltage to the DC/DC load converters.  The battery pack can be designed for a regulated bus voltage with a charging resistor value for average current limiting between minimum battery voltage after a discharge and the float voltage level at full charge.  For unregulated bus voltages, the pack and resistor are designed from trickle charging at low input line to maximum charge current at high line with minimum battery voltage after a discharge, to low charge current at low line to float charge current at high line with maximum battery voltage at full charge.  The ICE shunt regulators will ensure that each cell has full charge voltage, thereby never undercharged or overcharged, by shunting current around the cell as a shunt regulator at the full charge voltage.  This voltage level can be temperature compensated to improve the optimum charge energy and extend battery life.  This ICE circuit is dissipative and creates heat that can increase the cell temperature of placed in close proximity.  This heat can be an advantage in cold conditions to keep the cells at a higher operating temperature and allow more capacity.  At 25oC and higher, the added temperature will increase capacity but will degrade life.  A non-dissipative ICE circuit can improve heat dissipation such as [F][G], but at a higher cost.

The low cost battery back or stack control can be improved as shown in Figure 7.  The charge current can be controlled with linear control of Q1 and Q2 switched-ON.  Charge current is sensed in R1 and controlled by the Control Module.  When all of the ICE linear shunt regulators are on, Q1 is switched-OFF, thus terminating charging and eliminating the continuous heating effect of the dissipative ICE regulators.  After a small drop in battery voltage below any cell hysteresis voltage level from the full-charge cut-off, Q1 regulates the charge current again until all ICE circuits are ON shunting current with all cells at full charge voltage.  Q1 is switched-OFF at full charge and Q2 is always switched-ON, therefore the battery can discharge if the bus voltage drops below the diode drop of the Q1 FET switch.  Then both Q1 and Q2 are switched-ON for a low resistance connection to the DC/DC converter loads.  When the battery voltage drops to the sum of the end-of-cell voltages, Q1 and Q2 switch-OFF.  During a high current condition, Q2 can also act as a linear current regulator.  If the linear range of Q2 for current limiting is prohibitive in high current applications, and output choke and catch diode may be designed in to the battery pack design to act as a PWM to limit Q2 current limiting control losses.

Temperature Effects:  Temperature and time have the ultimate effect on battery life.  Most data sheets are specified for average life at ambient 25oC, and as with any other component, we can expect that average life is halved for ever 10oC average rise above ambient.  Also as described above, battery capacity is less at low temperature, requiring larger battery size to support the worst case average load current at the minimum environmental operating temperature.

Power Saving Designs:  Power saving circuits and components are other ways to extend battery life with lower average current drain over life or between charges.  These features include sleep modes or power down modes of operation, on-demand power control,  and families of “flea power” component devices.  

Battery Protection and Safety of Series and Parallel Battery Cells and Stacks:  Diode isolation is used to prevent reverse charging to a battery from the main power source or charger or other batteries.  Over-current protection from charge or discharge faults are often built into the battery cell and/or pack using a fuse or fusible link, Positive Temperature Coefficient (PCT) thermistor, or resettable circuit breaker.  A Parallel diode may be recommended across each cell in a stack to prevent “reverse” bias or “over-discharging” of cells during a heavy discharging or short circuits [J].  

CONCLUSION

It has been shown that with proper consideration of battery selection, temperature effects, fault protection, and low power circuit designs, that battery life can be extended in any primary or secondary battery application.  With the use rechargeable batteries, additional consideration is necessary with protecting the cells from an overcharge or undercharge condition.  Circuits were proposed  that can improve the rechargeable battery life and reliability.
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[image: image4.wmf]Figure 1.  Simplified schematic of a typical battery cell, where BBAT and RSERIES2 change with discharge level, age, and temperature.

[image: image5.wmf]
Figure 2.  Typical standby dual-battery power system with dedicated low-power charger.

[image: image1.wmf]
Figure 3.  Improved standby dual-battery power system with dedicated low-power charger.
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Figure 4.  Typical off-line or float-bus dual dual-battery power system.

[image: image6.wmf]
Figure 5.  Improved off-line or float-bus dual dual-battery power system.
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Figure 6.   Low-cost charging system with ICE charge equalization of battery pack.
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Figure 7.  Smart charge/discharge control with ICE charge equalization of battery pack.
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