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I have answered questions about robot electrical problems for many years now and one thing that is a common problem with many teams is the use of the battery (now the “primary battery”) and the interconnecting circuitry.  During this discussion, many technical terms will be used.  A glossary of those terms is included at the end of the article.  Please remember to use safety glasses when handling robot batteries.  A fully charged battery is capable of high currents and conductive metals in contact with terminals can cause sparks.  Insulate all battery terminals with electrical tape.  





1) The basic principles of battery construction and function


The type of battery that FIRST supplies is known as a Sealed Lead Acid Battery or SLA.  The principle of two plates (insulated from each other and in an acid bath), producing an electric current has been known for more than one hundred years.  SLA batteries are very similar in construction to the battery found in automobiles today.  As an additional improvement to standard lead acid batteries, a chemical has been added to the acid that causes it to form a gell rather than a liquid.  This in combination with the seals allows the battery to be used and charged in any orientation.  Although the word “sealed” is part of the description, the battery does in fact incorporate pressure relief valves to release internal gases that build up inside the battery during charge and discharge cycles.  Without the release of these gases, case failure is inevitable.  





Lead acid batteries use lead to form the two electrodes (plates) and sulfuric acid as the electrolyte.  A typical lead acid cell is made up of one positive plate and one negative plate separated by an insulating material (most often paper) and a closed container for the acid.  The amount of current available from a cell is directly proportional to the surface area of lead plate exposed to the acid.  For higher currents, multiple plates are bonded together for both electrodes and modern designs use a sandwich of alternate positive and negative electrodes separated by paper insulators.  This sandwich construction allows current flow from both sides of each of the electrodes and thereby reduces the size of the cell. (See the attached picture at http://www.protectingpeople.co.uk/img/bat_contruct.jpg)  


A chemical reaction of the lead plates and the acid is what produces the electric current as ions move from one plate to the other.  Fortunately, this chemical reaction is reversible by returning electrical current to the battery through charging.





Common Electrical Robot Problems


There are many electrical problems on the robot that are attributed to battery problems that in reality relate to design or implementation errors.  Excessive resistance between battery and robot components coupled with high current demand by motors cause voltage drops in the resistances.  (Ohm’s Law states: voltage=current x resistance)  Remember that every wire is a resistor and every bad crimp or loose electrical contact is a resistor.  The terminals, circuit breakers, speed controllers, even the battery all exhibit an equivalent series resistance.  Current flowing through a resistor causes a voltage drop across the resistor.  A resistance in series with a motor does not allow the full supply voltage to be available at the motor terminals.  Below is list of typical sources of increased resistance on your robot.


A firm contact at the battery terminals is essential.  All robot current is flowing through the battery terminals so current is highest at this point.  It is recommended to use a star washer between the wire terminal and the battery terminal in addition to the lock washer under the nut that is used to hold all the parts together.  The wire terminal should not move when properly installed.


The connector supplied in the kit is a 50 Amp connector and it works fine for many teams.  (In 2004 FIRST Rules allowed only this connector for all robots.)  If your robot design requires current from the battery above 100 amps, you are likely dropping some voltage at this connector.  (Burned contacts or discolored wire at the connector are sure signs of excess resistance)  Anderson Power Products does have 100 amp contacts available and there are similar designs from other manufacturers, i.e. Amp Power Lock.  A mating plug  for all chargers should be added to minimize resistance when charging.  Many teams use clip leads for the charger but these should only be used in an emergency.  The teeth of the clip lead scratch the surface of the connector (decreasing contact surface area and increasing resistance) and produce a voltage drop during charging that extends the charging time.  Exposed clips on the charger also produce a potential safety issue. 


Keep wire length to a minimum, #10 wire is .001 ohm/ft. and #6 is .0004 ohm/ft. Remember that each circuit has two wire paths, one for the positive side and one for the negative side so resistance is doubled for length.  (If you use the Anderson power connector without cutting any wire from it, the 4 feet of #6 will drop more than 0.5 volt at the stall current of just one drill motor.)  If we are trying to protect the robot controller, the power must not drop more than 3.5 volts under load during a match.  


Poor crimping on wire terminals adds resistance.  Use the correct crimping tools to make the connection and use the right terminal for the size wire you are using.  Test the crimp by pulling on the terminal after you make the crimp, the terminal should not move or pull off.  Many teams solder all critical wire connectors in addition to the crimp.  Do not add solder (“tinning”) to wires used with the new power distribution block.  This device is designed to clamp stranded, un-tinned, wire.


With the new 40 amp breakers, two or more breaker panels are required for each robot.  The placement of this 40-amp panel is critical in the electrical design.  Either use two separate paths, one to each breaker panel or install the 30 amp breaker panel closest to the battery connector and add a #6 wire from the 30 amp to the 40 amp breaker panel.  Either of these methods will prevent the high current motors from causing a voltage drop in the power supply circuit of the robot controller.  The site… http://www2.usfirst.org/2004comp/2004_Robot_Power_Distribution.pdf   is a wiring suggestion in the 2004 documents.  You will note that the 40-amp breaker panel and the 30-amp breaker panel branch off at the output of the main circuit breaker.  By wiring the robot in this way, high currents in the motor panel only drop a voltage across the #6 wire coming from the battery and will have little effect on the 30-amp panel feeding the robot controller.  One addition I would suggest is to power the RC from the breaker closest to the power input to minimize losses in the panel from other high current loads.


Above all else, the robot controller (pre 2004 controller is 8 volts) resets when the supply voltage falls below the specified dropout voltage.  The 7.2 volt backup battery in the 2004 controller, prevents reset but does not prevent the RC from stopping (no PWM output) during low voltage conditions.  Without the 7.2 volt battery, there would be a period of time while the controller reboots and reacquires handshake with the operator interface (two seconds minimum). During this time the drive team will not have control of the robot.  Either mechanical or software design will be needed to prevent excess current from causing the power supply at the terminals of the controller to fall below the dropout voltage.





Common Causes of Battery Failure


The SLA battery is a rugged, inexpensive power source that can fail for a variety of reasons.  In robot use, most failures are preventable.


Overcharging:  Using higher than specified charge currents will result in excessive heat.  This heat can boil the electrolyte causing a buildup of internal pressure that can open the pressure vents.  If the battery vents, there will be a loss of moisture, which reduces the amount of acid, and therefore the amount of acid exposed to the plates.  If the pressure builds up too rapidly, the case may fail, crack or explode.


Dropping the Battery: Dropping the battery during handling or falling out of a robot, subjects the internal structures to high stress.  The battery is heavy and if dropped the plastic case will deform and the heavy lead plates will move during the shock.  The plates may distort causing them to short together.  This will result in a terminal voltage that is multiple of 2 volts (the cell voltage) below the terminal voltage. (i.e. A charged battery having a terminal voltage of ten volts indicates a shorted cell) The interconnecting terminals that attach to the plates and connect individual cells and output terminals can crack.  This results in higher internal resistance and a lower terminal voltage under load.  Eventually cracks will open circuit indicated by intermittent or complete loss of terminal voltage.


Constant High Current Discharge:  Constant discharging at more than one hundred amps will produce hot spots (high temperature) within the battery.  Remember the battery is capable of producing 400 amps at full charge.  These hot spots can result in distortion of the plates (see above), distortion of the case, or case failure (cracks or explosion).  Commonly, high currents are caused by improper robot mechanical design (running motors near stall), running multiple motors or shorting unprotected battery terminals during storage or handling.  Current in a fully charged battery is capable of welding a metal tool to the terminals.  I have seen steel wool, test clips, screwdrivers, and wrenches fall against unprotected battery terminals in the pits with fairly dangerous results.  That is why First requires terminals to be taped or insulated.


Repeated High Current Charge/Discharge:  Repeated abuse of the battery results in shorter service life.  During a typical season, (build, test, practice, competition) I estimate a battery goes through as many as 100-300 charge/discharge cycles.  I know of several teams who completely discharge a battery in one match.  (i.e. terminal voltage below 8 volts after two minutes of play)  Constant discharge of the battery to 6 volts will shorten the normal life from over 1200 to less than 400 charge/discharge cycles.    


Freezing and Overheating:  This is normally not a problem, however, northern locations may expose the battery to outside winter temperatures for months in an unheated shed or garage.  Low temperatures will result in failures similar to high current abuse.  Over heating raises the internal temperature, internal resistance and during charging has a greater tendency to open the vents to release internal pressure.  Do not charge a warm battery.


Carrying The Battery By The Wires: Handling the battery by holding the wires attached to the output terminals will result in the failure of the terminal due to cracking.  The cracks rarely occur in a visible area but will result is intermittent voltage or no voltage at the terminals.





Recommendations For Good Battery Health


The SLA batteries can provide a long service life if properly handled, charged and used in a well designed (mechanical and electrical) robot.  Batteries, as a rule of thumb, should last at least two to four matches before needing recharge if the robot is well designed.  One team member should be given responsibility for charging and checking batteries during practice and match play.  New batteries (i.e. those purchased this year) should be reserved for match play during regional and national competitions, while previous year’s batteries are reserved for practice and demonstration.  Mark the batteries with the year they were put into service and add another mark (A, B, C… or 1, 2, 3…) to identify individual batteries.  Start each day with fully charged batteries, using the first battery for morning matches and then cycling through the next battery while the first is on charge, etc.  Batteries should recharge in a few hours, using the specified chargers.  


Charging at currents in excess of 6 amps is harmful to the battery and produces a safety issue for others in the pits.  Do not charge these batteries with chargers capable of more than 6 amps.  


Keep batteries in the open when charging and expect them to get warm.  Above all else, insulate the battery terminals and any exposed electrical connections on the robot.  Electrical tape is ideal for this application, but heat shrink tubing also works very well.  Don’t drill holes or do machining on the robot with the battery in place and prevent metal chips from entering motors, speed controllers, etc.  


There are battery testers available, which measure terminal voltage under load.  Do not use a tester intended for car batteries as the current drawn is excessive for an 18 AH battery.  There are warning lights on the Operator Interface that indicate “Low Main Battery” and “No Main Battery”.  Make sure your drive team checks these indicators periodically during a match or use the dashboard port to monitor battery voltage.  


Batteries do not last forever, so expect an older battery to not perform as well as a new battery. (i.e. will not hold as great a charge)  When you are shipping batteries, protect the terminals from accidental shorting and pack with some bubble wrap or other cushion under the batteries in a shipping container.  Protect batteries during storage from shorting and physical damage.  While in storage, some teams will charge the battery at regular intervals of 2-4 months.  This should not shorten battery life, but do not leave on a trickle charger while in storage.  When a SLA battery is fully charged, any additional charge current is converted to heat within the battery.  Long term use of a trickle charger will result in loss of moisture and eventual battery failure.  


When your battery is no longer capable delivering current to your robot, please tape the terminals and recycle it.  Most battery stores (Best Buy, Sam’s Club, Battery America, NTB, etc.) will take SLA batteries for recycling. 











Basic Battery Terminology


It is common for engineers to use a few technical terms when discussing batteries.  This is a list of some that will be used during this paper.


Cell Voltage - The voltage available from a single cell.  For SLA batteries this is 2 volts for a fully charged battery.


Terminal Voltage - The voltage available at the output terminals of the battery.  This voltage is a function of the charge state, internal resistance, battery temperature and current delivered to the load. If fully charged, a robot battery may measure up to 13 volts immediately after being removed from the charger but for most applications consider a fully charged battery as 12 volts. (Six cells wired in series= 2 volts x 6 cells=12 volts)


Internal Resistance - The equivalent resistance in series with the output terminals of the battery.  In reality it is the sum of resistances internal to the battery including conductor and electrode losses, and electrolyte resistance.  This resistance varies with charge and is minimum at full charge.  Specification of 12 volt SLA is 11 milliohm or the equivalent of 11 ft of #10 wire at full charge. Internal Resistance rises as battery discharges so the terminal voltage falls as the battery becomes more discharged.


Amp/Hour (AH) rating- A specification that relates the expected length of time the battery can deliver a specified current.  Although the supplied battery is rated at 18 AH, SLA battery AH rating is usually specified for 0.2times the rated current delivered.  i.e. An 18AH SLA will not deliver 18 amps for one hour, but it can deliver 3 amps for more than five hours before the terminal voltage falls below 10 volts.


Load- The circuit to which that the battery delivers current.  If the main circuit breaker is open, the load resistance is very high and the load current is zero.


C - The rating at which the battery is specified for amp/hour rating.  For the robot battery C=18AH.


Charge Current-The current at which it is safe to charge a rechargeable battery.  The robot battery is specified for a maximum charge current of 6 amps.  Typically a safe charge is 0.25C or about 4 amps for four hours to full charge for a fully discharged battery.  At 6 amps, full charge would take about three hours.  If you exceed the maximum charge current, excessive heat, pressure and damage will be the result.


Smart Charger – A charger manufactured for a particular battery type.  The charger usually has a microcontroller, which determines the state of charge on the battery and controls the amount of charge current supplied based on a variety of factors.  The standard FIRST charger is a form of smart charger and it will shut off the charge current when full charge is reached.


Trickle Charger – A type of charger that supplies a constant, low current to the battery.  This charger will never shut of the charging current and has no method of determining the state of charge on the battery.  This type of charger is useful for batteries that are used frequently but are not fully discharged during use.


