Servo and Stepper Motors
FACILITATOR NOTES

Overview

Student test and learn to control servo motors and stepper motors using calculator software. After the activity, students have the necessary background to undertake projects using these inexpensive motors.
Goals of the Activity

· Compare and contrast hobby servo motors and small stepper motors in terms of the type and range of motion, precision, feedback, and speed.
· Adapt software to function correctly with different servo and stepper motors.

· Write simple original programs in which servo and stepper motors respond to sensor data.
· Apply linear functions in the calibration and use of motors.

Standards

Standards for Technological Literacy (ITEA)
2

Core Concepts of Technology
--
Technological systems include input, processes, output, and at times feedback. (6-8)

--
Systems, which are the building blocks of technology, are embedded within larger technological, social and environmental systems. (9-12)
17
Use and Maintain Technological Products and Systems
--
Diagnose a system that is malfunctioning and use tools, materials, machines, and knowledge to repair it. (9-12)
--
Troubleshoot, analyze, and maintain systems to ensure safe and proper function and precision. (9-12)
National Science Education Standards (NRC)
A

Science as Inquiry

Abilities Necessary to Do Scientific Inquiry
-- Use technology and mathematics to improve investigations and communications (9-12)
E

Science and Technology
Abilities of Technological Design

-- Evaluate technological designs or products (9-12)
Math Standards (NCTM)

Algebra
Understand patterns, relations, and functions
-- analyze functions of one variable by investigating rates of change, intercepts, zeros, asymptotes, and local and global behavior. (9-12)
Use mathematical models to represent and understand quantitative relationships
-- identify essential quantitative relationships in a situation and determine the class or classes of functions that might model the relationship. (9-12)
Measurement
Apply appropriate techniques, tools, and formulas to determine measurements
-- analyze precision, accuracy, and approximate error in measurement situations. (9-12)

Problem Solving
Solve problems that arise in mathematics and in other contexts. (9-12)

Connections
Recognize and apply mathematics in contexts outside of mathematics. (9-12)

Equipment/Software Needed

FOR EACH GROUP OF 4 TO 8 STUDENTS:

Motor Controller or Binary Basic Trainer with cable

TI-83 or 84 Graphing Calculator

CBL2 or LabPro with batteries or AC adapter
Link cable (to connect calculator to CBL or LabPro)

Servo motor
 (such as Futaba 3003)
Stepper motor
 (such as VEXTA PK243-03AA.)
FOR THE CLASS:

TI-Presenter or TI-ViewScreen projection system
CALCULATOR PROGRAMS: SERVO, MCSERVO, STEPPER, MCSTEP, READ1, FLAG, SPIN
Activity Set Up

Prepare the equipment, motors and calculator programs and test their operation.
Pre-Activity Discussion

Ask the class to estimate the number of electric motors in the room or the school and then start to count them. Be sure to include analog clocks and watches, computer disk drives, ventilation fans for the room and for individual pieces of equipment, printer motors that position the paper and print head. Expand the list of motors to include some very small ones (such as the motors that focus an auto-focus camera) and some very large ones (such as the electric portion of a diesel-electric train engine). Emphasize that different motors are used for very different purposes and therefore must satisfy very different performance criteria. Identify sustained motion (as with a clock or a railway train) as one major purpose for using motors and positioning (as with the positioning of a print head or an auto-focus camera lens) as a second major purpose.
If you are using this activity to lay the ground work for student projects that may use servo or stepper motors, but sure the students understand what is ahead.
Shift the student’s attention to the current activity by demonstrating how you can make a flag go up or down by covering and uncovering a light probe. Don’t explain how you did it, but let them know that you expect them to create a similar system.

Facilitating the Activity

Part 1: Servo Motors
There is a good deal of text here, intended primarily to serve as reference material during the tasks rather than as pre-activity reading. Several of the answers to questions can be found either by reading the material or by doing the activity, without necessarily requiring students to do both. One common concern expressed by students is that their motor “worked the first time, then it stopped working.” Make sure they understand that the instructions to the servo motor specify its angular position. If they tell it to go to -25°, for example, and then tell it again to the same place, the motor “knows” it is already at the correct location and it is not suppose to move. 

As students work, emphasize that they must identify key characteristics of the motor they are using, particularly the minimum and maximum values for effective motion (usually about -80° and +80°) and minimum and maximum values for the input pulses (usually about .0006 s and .0022 s). You may want to relate this to the mathematical language of “domain” for the independent variable and “range” for the dependent variable.
They also need to recognize that the precision is not very good. For example, a change from 0.0006 to 0.0007 s pulses (the best the CBL2 and LabPro can manage) corresponds to a change of about 10° in position. The precision can be improved with alternative control hardware (in fact the original CBL does much better than the CBL2 on this count) but students need to understand that all systems have limits. Low precision does not make the servo motors useless, but it certainly does restrict the situations in which they can be used effectively.
Within its range for effective positioning, the relationship between position and pulse width should be linear. The zero position is, however, somewhat arbitrary. If you find that the motors jitter excessively when you center them or if the minimum and maximum positions are not symmetrical about the zero, you may want to edit the servo program and modify the zero pulse from its default value of 0.0014 s.

The portion of this activity in which students are encouraged to find their own calibration function is very effective for teaching about linear functions. A similar activity is also available for SAM robots, for which the program is different (SAMPUT replaces MCPUT) but the mathematical function is identical. You may elect to include or exclude this portion of the activity depending on the time you have available and your goals. If you exclude the alternative function, be sure you are using a servo motor (such as the FUTABA 3003) which behaves in a way similar to the default equation. There really are some servo motors that behave very differently, sometimes even reversing positive and negative positions,

Encourage the students to be creative as they write their own calculator programs. If they attempt more complex programs, a likely difficulty is the fact that all variables on the TI 83 and 84 calculators are “universal.” If students use R, for example, and then call program MCPUT, they will find that their value of R has been replaced by one generated in MCPUT. The last three page of this Facilitator’s Handout provide more details about the standard use of variables and about additional subprograms that you should share with students as needed.
Part 2: Stepper Motors
As you work with the student groups, be sure they understand the difference between the angular positions specified for the servo motor and the angular displacements specified for the stepper motor. Basic 5- and 6- wire stepper motors do not have any internal sensors or feedback system. All the sensing and logic must be provided externally.
The results for the student investigations of the stepper motor’s performance can vary dramatically, depending upon your choice of motors. Motors with a step size of 30°, for example, will be significantly less precise than the hobby servo motors, while other stepper motors can be precise to within less than 1°. Speed capabilities also vary dramatically from one motor to another. It can be useful to provide different student groups with different motors, perhaps even offering the students a choice from a collection of surplus motors. Be certain that all the stepper motors you use are unipolar (5 or 6 wires), rated for 12 volts, and that the current per coil is no more than 350 mA (35 Ω resistance). If you do not know the specific wiring for the motors, you can identify the common wire or wires by using an ohm-meter to find the wire that has the same lowest resistance to 2 other wires. You can also use the ohm-meter to identify how the other 4 wires are combined into pairs as shown in the wiring diagram on page 7 of the Participant Handout. Beyond that, use trial and error reversing 2 wires at a time until the motor turns in the correct direction. Incorrectly wired motors will turn in the wrong direction or just jitter rather than turn, but this does not damage the motor or the controller so long as the resistance of each coil is at least 35 Ω.
When they observe the different modes of operation for the stepper motor, encourage them to recognize that the pattern of current to the coils (and to the LEDs) really does match up with the tables on pages 8 and 9 of the Participant Handout.
Encourage the students to be creative as they write their own calculator programs. If they attempt more complex programs, a likely difficulty is the fact that all variables on the TI 83 and 84 calculators are “universal.” If students use R, for example, and then call program MCSTEP, they will find that their value of R has been replaced by one generated in MCSTEP. The last three page of this Facilitator’s Handout provide more details about the standard use of variables and about additional subprograms that you should share with students as needed.
Post-Activity Discussion

Have students share the results of their programming and discuss the advantages and disadvantages of each type of motor.
Group Activity Questions

See Report Forms.

Individual Assessment

Problems that may be used on a quiz or test:

1) A motor needs to turn continuously through 10 revolutions at a constant speed. Which of the 2 types of motors used in lab, a hobby servo motor or a stepper motor, would be most appropriate for this task? Why?

2) Within a program, a command which ensures that a valve is open if the temperature exceeds 80° C. In some cases the valve may be closed before the command and in other cases it may be open before the command. Is it easier to control the valve with a servo motor or with a stepper motor? Why?
3) The data shown below was collected for a hobby servo motor. Derive a function, R = f(A), which will calculate the required pulse width, R, for any desired angle, A, within the effective positioning range of the motor.

	Pulse Width (s)
	0.0008
	0.0012
	0.0016
	0.0020
	0.0024

	Resulting Angular position (degrees)
	-48
	-15
	+17
	+49
	+81


Extending the Activity

This activity is intended to provide the necessary background regarding motors for a wide variety of student projects. Provide them with motors and other hardware, and challenge to produce a “Rube Goldberg” device that will, for example, respond to a flashlight by lifting a ping-pong ball from the floor to the top of a ramp, roll the ball down the ramp, and lift a flag when the ball reaches the bottom.
There are also many higher level extensions possible. Students often want their motor to go faster, for example, and the speed limit is generally related more to inductance than other factors. This can provide an opportunity to go back to those ideas from Faraday and Henry and investigate the minimum time required to start and stop current in the coils. The manufacturer’s data for the motor should include the inductance.
Troubleshooting

If the system fails to operate, check all the connecting cables. Also make sure the batteries in the Binary Basic Trainer (if you are using one) are fresh. If the problem persists, replace the batteries in the CBL2 or LabPro or use an AC adapter. 

Additional Resources
· Investigating Safely: A Guide for High School Teachers by Juliana Texley, Terry Kwan and John Summers, NSTA Press, 2004, ISBN10: 0-87355-202-4, available from http://store.nsta.org.

· Details about the construction and operation of modern hard drives (including the two motors shown in the Participant Handout’s opening photo) are available from PC Guide at http://www.pcguide.com/ref/hdd/op/index.htm.
· A good introduction to the operation of hobby servo motors is available from the Seattle Robotics Society at http://www.seattlerobotics.org/guide/servos.html.
· A good introduction to the operation of stepper motors is available from Wolfstone at http://wolfstone.halloweenhost.com/TechBase/stpint_StepperMotorIntro.html, which also provides many links to other sources. The also provide a good introduction to hobby servo motors at http://wolfstone.halloweenhost.com/TechBase/svoint_RCServos.html. 
Using the Motor Controller with TI Graphing Calculators
Program Descriptions

The calculator programs below are available for download at http://mathmachines.net
	SIGNAL – An interactive program that allows the calculator to activate the digital output lines. Applications include turning on lights, buzzers, fans, etc. for a time specified from the calculator.
	SIGNAL.8XP

	CONTROL – An interactive program that reads the value on the sensor in Analog Channel 1 and activates the output lines in accordance with the logic stored as a function Y9 in the calculator.
	CONTROL.8XP

	DCUINIT -- A utility program developed by Vernier Software (and distributed with their permission) which verifies correct communications between the calculator and the CBL and which keeps the LabPro from shutting down prematurely.
	DCUINIT.8XP

	SIGNALF (Signal For) -- This modified version of Signal is designed to be used as program module within other programs. Rather that asking the user to input values of S (the signal) and T (time) while the program is running, the values are set in advance by a higher level program.
	SIGNALF.8XP

	SIGNALW (Signal While) -- This program combines features of Signal and Control in a program module for use in higher-level programs. It continuously monitors probes in analog channels 1 and 2, assigning the results to variables "E" and "F" respectively. It also records the elapsed time in seconds as "T." The program continues to monitor the inputs until the value of calculator function Y9 becomes zero. (The program "times out" if the condition in Y9 does not become zero within 20 minutes.)
	SIGNALW.8XP

	SERVO – An interactive program that allows the calculator to control hobby servo motors, available in many hobby stores. The user specifies a signal to specify one or more motors and inputs the desired angular position, and then the motor or motors move to that position.
	SERVO.8XP


	MCPUT – The program module version of SERVO, this program uses the value of S to select one or more servos then moves them to angular position, A.
	MCPUT.8XP

	STEPPER – An interactive program that controls a unipolar stepper motor, allowing the user to specify the step size, angular speed and angular displacement.
	STEPPER.8XP

	MCSTEP -- The program module version of STEPPER, this program moves a stepper motor through an angular displacement, A, at angular speed U. The motor’s step size must also be stored as variable Q. A must be in degrees and can be either positive (for counterclockwise rotations) or negative (for clockwise). The angular speed, U, must be in rpm (revolutions / minute) and must be positive. The motor’s step size, Q, must be specified in degrees.
	MCSTEP.8XP

	READ1 – A program modules that activates Channel 1, autoidentifies the sensor and take a series of 5 readings at 0.05 s intervals. The average reading is stored as variable E.
	READ1.8XP

	READ2 -- A program modules that activates Channel 2, autoidentifies the sensor and take a series of 5 readings at 0.05 s intervals. The average reading is stored as variable F.
	READ2.8XP

	READ3 -- A program modules that activates Channel 3, autoidentifies the sensor and take a series of 5 readings at 0.05 s intervals. The average reading is stored as variable G.
	READ3.8XP

	READ4 -- A program modules that activates Channel 4, autoidentifies the sensor and take a series of 5 readings at 0.05 s intervals. The average reading is stored as variable H.
	READ4.8XP

	PROG01 -- A sample “higher level” program to illustrate how SIGNALF and SIGNALW can be used by students or teachers to construct their own programs
	PROG01.8XP


Variable Use in the Program Modules

	Variable
	Use
	Used but not changed
	Changed or deleted
	Never 
used

	A
	Angle (degrees)
	X
	
	

	B
	Short-term internal use
	
	X
	

	C
	Short-term internal use
	
	X
	

	D
	Distance (centimeters)
	X
	
	

	E
	Ch1 Sensor
	
	X
	

	F
	Ch2 Sensor
	
	X
	

	G
	Ch3 Sensor
	
	X
	

	H
	Ch4 Sensor (LabPro only)
	
	X
	

	I
	Counter
	
	X
	

	J
	Counter
	
	X
	

	K
	Key
	
	X
	

	L
	Reserved for higher level programs
	
	
	X

	M
	Reserved for higher level programs
	
	
	X

	N
	Reserved for higher level programs
	
	
	X

	O
	Reserved for higher level programs
	
	
	X

	P
	Reserved for higher level programs
	
	
	X

	Q
	Hardware specific data
	
	X
	

	R
	Pulse width
	
	X
	

	S
	Signal or Step counter
	
	X
	

	T
	Time (s)
	
	X
	

	U
	Angular Velocity (degrees/second)
	
	X
	

	V
	Velocity (cm/s)
	
	X
	

	W
	Flag for program control
	 
	X
	

	X
	Reserved for higher level programs
	
	
	X

	Y
	Reserved for higher level programs
	
	
	X

	Z
	Reserved for higher level programs
	
	
	X

	(
	Reserved for higher level programs
	
	
	X















































� There are many different hobby servo motors available. Generally the low-cost “standard servos” seem to work best for our purposes. The model for which data is shown in the Participant Handout is a widely used Futaba 3003. It and other hobby servo motors can be purchased for $15 or less from larger hobby stores or on-line from � HYPERLINK "http://www.towerhobbies.com" ��www.towerhobbies.com�, � HYPERLINK "http://www.servohut.com" ��www.servohut.com� and many other supplies of components for radio-controlled model airplanes.


� The stepper motor shown in photos is VEXTA PK243-03AA, available from � HYPERLINK "http://www.orientalmotor.com" ��www.orientalmotor.com�. This is a hybrid stepper motor which combines high precision (1.8° per step) with high speed (over 400 degrees/second even on the Binary Basic Trainer’s 6-V supply), but it costs about $60. The Hurst motors listed in the Participant Handout are the same type of larger motors we use in our pointers and robots; geared for high precision, high torque and moderate speed, but also relatively expensive. The 2 GBM motors listed in the Participant Handout are much less expensive (well under $10). GBM 30BYJ02AH (Jameco # 173180) is geared to give high precision (0.9° per step) and attaches very easily to the Motor Controller or Binary Basic Trainer, but it is also quite slow. GBM 35BY48B09 (Jameco # 237681) is much faster, but less precise (15° step). A great many other stepper motors are available from Jameco and other supplies, including many from surplus suppliers. Be certain that the stepper motor you use is unipolar (5 or 6 wires), that it is rated for 12 volts, and that the current per coil is no more than 350 mA (35 Ω resistance).
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