A GUIDE TO UNDERSTANDING YOUR FIRST ROBOT

PART II: ELECTRICAL TERMS AND CONCEPTS

By Mike McIntyre

You have probably already learned in your science classes about the particle nature of matter and the existence of atoms.  Any high school text on general science or physical science would give you a good introduction to the scientific principles relevant here.  All matter contains atoms.  Atoms contain even smaller (subatomic) particles.  The particles we are most concerned with here are called "electrons".  They are the tiny ones with the negative charge that are found in the outer layers of each atom.  When these electrons begin to move in one direction, jumping from atom to atom, the flow is called "current".  The amount of current flowing is measured in terms of a unit called an "ampere" or, more simply, an "amp".  The battery in your kit is capable of delivering over 120 amps (but we'll try not to let that happen!).

Electrons do not all start flowing in one direction unless something is pushing them.  A sealed, 12-volt lead-acid battery is used in FIRST to supply the electrical "push" needed by your robot’s electrical system. The battery contains two strips of different metals called electrodes (your kit uses lead/lead oxide) that are immersed in chemicals (an acidic solution).  These ingredients react together causing more electrons to build up on one (the negative) electrode than on the other (positive) electrode.  This difference in electron concentration creates a pushing effect that is known as "electromotive force" or "emf".  
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The negative battery terminal will have a black wire attached to it.  We will use this electrode as the reference or “ground” level for our electrical system.  The terminal strip where all of the negative black wires attach will therefore be called the “ground terminal”, even though it does not actually connect to the earth.  Electrons all have the same negative charge and do not want to be crammed in together on this negative terminal; given the opportunity, they repel each other until they have spread out evenly.  A unit called "volt" measures the amount of emf.  Consequently, emf is commonly referred to as "voltage".  The batteries used in FIRST should produce a fairly steady emf of 12 to 13.5 volts.  When taken fresh off of a charger, a fully charged battery will measure out at about 13.5 volts. The battery will drop below 13 volts when a load is connected to the battery. Batteries are constant voltage sources.  This means that they will maintain nearly the same voltage across the terminals as long as the chemicals inside are still reacting.  When the battery's chemicals are nearly used up, the voltage begins to drop dramatically. A battery that shows a voltmeter reading of 12 volts is near the end of its useful charge life (it’s nearly dead).

Figure 3. A sealed lead-acid battery with quick-disconnect fittings. Batteries typically last for three matches, but don’t count on it: replace and recharge frequently! 

Your kit comes with a 6-amp recharger.  Follow the directions that come with the recharger when hooking your battery up to it.  It takes a few hours but the chemical reaction that went on inside the battery will be almost completely reversed.  Your recharged battery will return to practically the same voltage that it had when it was new.  Take care in organizing your battery management system throughout the year.  Over the years many teams have lost matches because they took the field with a battery that was not fully charged.  You should have a team member assigned the task of charging up the used battery and installing a fresh battery after each match.  Remember: the robot can drain a battery in 5 to 15 minutes, but it takes several hours to fully recharge a dead battery. The copper connectors that connect the #6 battery cables to the battery terminals must be tight if the battery is going to deliver sufficient current to the robot. A robot with loose battery cables will behave the same as a robot with a dying battery: it is a sad sight to see. Without sufficient voltage, the RC begins to act erratically and the robot moves in spasms before stopping altogether. The main reason a battery cable becomes loose is improper handling technique. Batteries should always be carried by the battery case, not by the cables. The top of the battery case has indentations made for your fingers and thumb. This makes carrying easy, even with one hand. We encourage you to always carry a battery with both hands, however, since the 13-pound weight can cause a lot of damage if dropped. (Nobody wants a smashed toe, acid burns, etc.!)

Many people confuse the terms “current” and “voltage”: they are two very different things.  To help understand the difference, imagine 2 identical barrels of water along side each other, connected near the bottom by a single pipe.  If the barrel on the right is filled to the top with water and the barrel on the left is only half full, what happens?  Water begins to flow from the right barrel, through the pipe, into the left barrel.  How long does the flow last?  The flow continues until there is no longer a difference in the water levels.  In this example, the drops of water represented the electrons in the battery.  The full barrel represented the battery's negative electrode and the half-full barrel represented the battery's positive electrode.  If the amount of water flowing through the pipe each second had been measured, we could tell how much current we had.  What caused the current to flow?  The pressure difference in the 2 barrels, created by the difference in water depth caused the current to flow.  This "pressure difference" represented the emf, or voltage.  (In fact, voltage is often expressed as "potential difference".)  What would have happened if the pipe had been clogged shut?  We still would have had the pressure difference but there would have been no flow.  Likewise, it's possible to have voltage without current. Notice from the example that, to take a voltage reading, you have to compare two points.  This explains why you hear people talk about measuring the voltage "across" the battery's electrodes or "across" the motor's terminals.  If somebody says they measured how much voltage was “flowing through the wire”, you'll know they're a little confused.

Current must have a path or route to follow.  The complete path followed by the current is called a "circuit".  The circuits on your robot begin with the negative battery electrode (black or blue are the colors coded for wires that connect toward this negative terminal).  The current flows through the various circuits on the robot until it returns through the positive (red, white, or brown) wires and into the positive battery terminal.  (While electricity can also be thought of as a flow of positive charges in the reverse direction, the so-called "Classic Current", we will be using the "Electron Flow" model in this paper.)  Current can flow in a "closed" circuit but cannot flow in a circuit that has been cut, or "opened".  A switch is a device that interrupts the current by breaking the circuit (or, in some types of switches, closing the switch completes the circuit and allows the current to flow).  Fuses and circuit breakers can also stop the flow of current; you will hear more on them later.

The ”output power" of a motor can be defined as the rate at which the motor does work.  The rate at which energy gets used up is called "input power".  The metric unit used to measure power is the "watt".  Electric power can be calculated by multiplying emf times current (volts x amps).  Look at Appendix I for a listing of some of the motors provided in the FIRST kit of materials in recent years. The appendix also shows the torque, rotational speeds, current and the power ratings at various speeds.  This chart should help you considerably when you allocate motors while planning your robot’s design.  A perfect motor would have equal input and output power.  The motors in your kit are pretty slick but, sadly, are not perfect.  The output power will always be a fraction of the input power.  This fraction can be written as a percent and is called the "efficiency rating" of the motor.  A DC motor that uses 4 watts of electric power but only delivers 3 watts of output mechanical power has an efficiency of 3/4 = .75 = 75%.  The same method for computing efficiencies can be used to analyze any machine, including gear trains and the sprocket drive systems used on your robot.

The battery is rated at 18 amp-hours. This is a measure of the energy stored in the battery. Energy is often defined as the ability to do work. Your FIRST battery is theoretically capable of continuously supplying 18 amps of current to device for one full hour. This rating also means that the battery could deliver one amp of current continuously for 18 hours. There should be plenty of energy to get you through a 2-minute match.
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The flow of electricity always heats up the material that carries the current.  The motors, wires, relays, etc. in your kit can all tolerate a certain amount of warming.  A point can be reached, however, where the current can cause a destructive level of heat.  To prevent this from happening, several protective measures have been taken. To start with, a size or "gauge" of wire has been chosen that will safely handle the anticipated current.  Notice that the wires connecting to the battery are much thicker than the other wires in the kit.  In general, the bigger a wire's diameter, the more current it can safely handle.  The battery wire is #6 (six gauge) stranded copper wire that can handle up to 120 amps of current. All wires on your robot must be copper. Some of the wires on your robot must be #12 stranded wire that should always carry less than 40 amps.  You have probably noticed that #12 wire is smaller than #6 wire and you have probably thought: "What's up with that?"  Wire gauges work on an inverse scale, just like shotgun gauges: the bigger the gauge, the smaller the diameter.  Circuits that use #14 wire are those protected by 30-amp circuit breakers. #18 wires may only be used on circuits protected by 20-amp breakers. Those little skinny wires running to the fans on the Victor speed controllers are only about a #24 gauge. These small wires are also used with potentiometers, switches and other sensors.

Figure 4. The electrical components are neatly arranged in a protected area and still readily visible for troubleshooting and repair work. A clear sheet of plastic covers the entire system.

We suggest that the electrical control components onboard your robot be kept together in a protected area that we will refer to as your “control box”. Many FIRST teams actually build their entire control system inside a modular structure that can be removed from the robot in its entirety. The components could be mounted on a piece of acrylic or clear polycarbonate sheeting. The clear plastic storage box available in almost all general merchandise stores also makes a good structure for housing the robot’s control system. Whatever method you use, make sure the components are protected, easily accessible for repair work, and neatly organized. FIRST provides a Robot Power Distribution Diagram with its documentation. This diagram is very useful when laying out your robot’s electrical system.
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The second way we prevent excessive heating is by the use of over-current protection devices called "circuit-breakers".  On the wall of your control box (or wherever the battery cables enter) is a 120-amp circuit breaker. [See Fig.5] This device is like a sentry that stands guard over your robot's electrical system.  Should the entire system suddenly begin to draw 120 or more amps of current, the circuit breaker will turn itself off and save your robot from becoming a 125-pound toaster.  The control system used in FIRST changes a bit from year-to-year but one of the most commonly used circuit breakers has a little plastic lever that swings out from the side of the circuit breaker to let you know that the breaker has been tripped off.  To reset the circuit breaker (once the problem that caused the breaker to trip off has been fixed!), all you need to do is click the little black lever back up into its original position.  This circuit breaker can also be used as an on/off switch to power down your robot in a hurry (some call it a "kill switch").  Pushing in the little red button will turn off all power to your robot instantly.  You would be wise to design your robot with a protective structure around the kill switch so that other robots do not accidentally bump your kill switch and shut you down during a match. 

Figure 5. The 120-Amp Circuit Breaker attached to the side of the robot control box: note that the red stop button has been pushed and the reset lever is extended.

Make sure you leave enough of an opening, however, that a person's arm and hand can easily reach the switch in an emergency.  Make sure everybody on your team knows this way to shut off power in an emergency!
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FIRST supplies other circuit breakers to protect the largest motors and their speed controllers (the CIM motors, Fisher-Price motors, Globe motors, etc.). These circuit breakers have maximum current ratings of 40, 30, and 20 amps. 

Figure 5. (From the left) Slow-Blow 30-Amp Circuit breaker, 20-Amp Fuse from a Spike Relay, and 30-Amp Fuse from Power Block.
When a circuit breaker on a drive motor trips off, current flow stops to that motor leaving the robot dead on the field or spinning in circles.  Drivers’ training can help prevent the overload problems that come from “stalling” motors, but we’ll get to that in a moment.  The circuit breakers that FIRST uses (See Fig.5) will trip off but will reset themselves in a few moments after they have had a chance to cool, so teams that overload a motor might still have some time to recover before the end of a match.  Notice that some slow-blow circuit breakers have breakaway tabs so that their length can be adjusted: be careful not to break away too much of the tab: they will not fit properly into the slots on the breaker panel. 
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The third way we protect your electrical system is with fuses.  Little plastic fuses may be positioned like sentries on the main power distribution block and may also protect the relays.  (See Fig.5)  When fuses stand guard over circuits on your robot, they are ready to give their lives to protect the devices they serve.  Unlike the circuit breaker, there is no resetting a fuse: if too much current flows through a fuse, the little guy is destroyed and must be replaced.  

Figure 6. Multimeter test of a blown fuse; when resistance is too high for a digital meter to read, it will typically display a “1”.

Pull out one of the fuses and take a close look at it.  You should be able to see a little wire-like metal strip inside the plastic that runs between the two terminals. Now take a multimeter and set it to the "Resistance" or "Ohm" scale. (See Fig.6)  A blown fuse, like the one pictured in Figure 6, will give an almost infinitely high resistance reading.  Many digital multimeters show this with a “one” or an “OL” in the display.  Touching the two wires of your ohmmeter/tester to the two terminals of the fuse should show that the fuse is intact by registering almost zero ohms of resistance. Many ohmmeters will buzz to show that there is continuity.  A defective or "blown" fuse will register an infinitely high resistance on an ohmmeter.  
The final things to consider here are the reasons why excessive current might flow in your circuits.  The first culprit is the dreaded "short-circuit" condition.  Recall that electrons had to be pushed through the circuit since all elements in the circuit are going to be resisting the flow of electricity.  What would happen if those resistances were suddenly removed?  It is kind of like the time you were pushing real hard on a wrench to loosen a stubborn bolt and the bolt suddenly stopped resisting (came loose): what happened?  You probably smashed your knuckles in the sudden surge that followed.  Likewise, if the resistance of a circuit suddenly drops, a large increase in current results.  Mathematically, Ohm’s Law describes this: Current equals Voltage divided by Resistance.  If there are 12 volts divided by 6 ohms you get 2 amps of current.  Look what happens if the same voltage applies but the resistance drops to one-tenth of an ohm: now we suddenly have 120 amps of current (12/.1 = 120)!  What might cause this dramatic loss of resistance?  Usually it happens when somebody accidentally lets a metal object form a bridge between one of the positive and negative wires on the robot.  It can also easily happen if there is a worn spot on a wire or if too much insulation has been removed from some wires.  These are all things to watch out for.

A less obvious cause of excessive current flow occurs in the motors themselves.  When electricity flows through a motor it encounters resistance because of what's called "counter-emf".  It is kind of like when you push on a door to open it: the door also pushes back on your hand.  With motors (as you'll soon see), they must be free to spin.  If you send current to a motor that is not free to spin (or spinning slowly near the "stall speed"), there is very little resistance inside the motor itself and a large increase in current results.  We say that the motor is “stalled”.  The high current level during a stall is referred to as “stall current”.  You will see this situation occasionally during FIRST matches: your robot is attempting to lift its arm to score, but an evil opposing robot blocks the arm.  Your driver gives your robot arm’s motor full power in an attempt to overcome the blocker, but nothing happens.  Your motor is stalled and the current is surging in it.  Welcome to the robotic version of Drivers’ Training 101: if you are lucky, the fuse or the circuit breaker stops the current in time.  If not, the magic white smoke that lives inside your motor begins to escape and your motor begins its new career as a paperweight.  
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