Servo and Stepper Motors
Angular Motion / Control Systems
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Overview:

The first electric motors were invented independently in 1831 by the British physicist Michael Faraday and the American scientist Joseph Henry. Today, electric motors are less obvious than before because they are often quite small and often hidden within other equipment. These motors remain extremely important, however, in applications that range from auto-focus cameras to computer hard drives to high-speed mass transit systems. All electric motors still apply Faraday’s and Henry’s basic principles, using a controlled electric current within a magnetic field. Building on this foundation, motor technology is continuing to change and develop in dramatic ways. In this activity you will gain hands-on experience using electricity to control two very different types of modern motors.
CAUTION:

The equipment in this activity is only appropriate for controlling low-voltage, low-current DC devices. NEVER CONNECT THE MOTOR CONTROLLER TO AC DEVICES OR TO ANY VOLTAGE SOURCE THAT EXCEEDS 12 VOLTS. DO NOT ATEMPT TO OPERATE ANY DEVICE THAT MAY DRAW MORE THAN 350 mA OF CURRENT PER LINE.
PART 1   SERVO MOTORS

There are many types of servo motors, all sharing the characteristic that they use feedback to maintain consistent performance. The hobby servo motors considered here are widely used in radio controlled vehicles such as model cars, boats and airplanes. These motors do not power the vehicles, but are used instead to turn the steering wheels, to adjust sails or rudders, or to position other components of the vehicle. These hobby servo motors can cost as little as $10 each, but they all include internal electronics needed to interpret instructions and also to measure their own position. If you tell a servo motor to move to position 35°, for example, it should move to that position. If it is already at 35° when it receives the signal, it may bounce back and forth a little but it should not move more than a little. Hobby servo motors do not have the high precision or the speed control of stepper motors, but they are a very convenient, low-cost method for achieving many goals. A simple example of using a servo motor would be to raise a flag or drop a ball. The Motor Controller or the Binary Basic Trainer can operate up to four servo motors (eight if you use the LabPro and 2 control boards). Four servos are enough to operate a model robotic arm or to perform many other complex tasks.
One limitation of using the CBL2 or LabPro to control servo motors that they cannot simultaneously send different signals to different servos. For example, if you move servo 1 to 45° and then move servo 3 to -50°, only the friction in the motor keeps servo 1 at 45°. If a flag on servo 1 is too heavy, it might drop back down when the signal stops. In situations such as this, you need to look for physical solutions, such as adding a counter weight to better balance the flag.
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Hobby servo motors almost all come with 3-pin connects that fit onto the Motor Controller’s servo connectors. It is very important to orient the servo connector correctly, with its negative wire (almost always black) connected to the GND ground pin.

Instructions to the servo motor are in the form of pulses. The signal line (opposite the ground line) goes briefly from 0 V to 5 V about once every 20 ms. The desired position of the servo motor is signaled by the width of this positive pulse—the time is remains high. The desired pulse widths are usually between about 0.5 ms and 2.5 ms, and the resulting positions are usually between about -80° and +80°. A sample calibration curve is shown above, but the values can be very different for different brands and models of motors, sometimes even reversing positive and negative movements. The calibration can also be different even among servo motors that are the same brand and model. Servo motors really do need to be calibrated individually to achieve the maximum effectiveness.
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Using the SERVO Program to Control a Servo Motor
The SERVO calculator program is a stand-alone program to control hobby servo motors through either the Motor Controller board or the Binary Basic Trainer.
· Connect the calculator, CBL2 or LabPro, the Motor Controller or Binary Basic Trainer and a servo motor as shown. Be sure that the servo motor is connected to the “SERVO 1” pins and that the motor’s black ground wire is connected to the pin marked GND. No other device should be attached simultaneously to output 1 of the control board.
· Run the SERVO program on the calculator and select the “CENTER SERVOS” option. All servo motors should move to their zero position. (Note: the SERVO program sends a series of pulses that are 0.0014 s wide to center the servos. This value can be changed by editing the program if you wish to change the center position.)

· Select the program option to “SELECT SERVOS” and specify Servo 1 to deactivate the other servo outputs.

· Attach a pencil or other pointer to the servo and place the system on a protractor as shown above with the pointer in the zero direction.
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Select the “INPUT ANGLE” option and enter a value of “-25” degrees. (Be sure to use the calculator’s negative key, not the subtraction key.) Verify that the program translates this to a pulse width of R = .0012 s and that the motor moves appropriately when you press ENTER.

· Repeat the previous step, entering “-25” degrees again and note what (if anything) happens to the motor.

· Recenter the servo, then enter “-25” a third time and note how the motor responds.

· Input a positive angle of “45” degrees and observe the response. Without recentering the servo, again input “-25” degrees.
1. On the Report Form, describe how the servo motor responds to the command, “-25”. Does the motor’s movement depend upon its initial position? Does the motor’s final position depend upon its initial position?

2. On the Report From, describe the evidence you see that the servo motor is using internal feedback? Does the motor “know” where it is at the start of a movement?

· Input at least 13 different angles distributed over a range from -120 to +120 degrees. For each angle, record in Table 1 on the Report Form the input angle, the pulse width, and the final position of the motor.

3. From the data in Table, estimate the lower and upper limits for the effective positioning of your motor and record these values on the Report Form. Also record the pulse widths which correspond to these lower and upper limits.
· The CBL2 and LabPro hardware rounds all pulse widths to the nearest 100 μs, or 0.0001 s. Use the “INPUT PULSE” option to test all of the available pulse widths within the effective limits of your motor. Record on the Report Form the pulse widths and the resulting angular positions of the motor.
4. From the data in your second table, discuss the effective precision of your motor. How large is the gap between available angular positions because of the fact that pulse widths are rounded to the nearest 0.0001 s? Is the effective precision constant throughout the available range of positive and negative angles?
5. The default equation in SERVO calculates the pulse width as R = .0014 + .00000969 * A, but this equation does not work correctly for all brands and models of servo motors. If your motor is not moving consistently to the correct position, plot a graph of the actual R and A values from your second table, using R as the dependent variable. Use the graph to find a better calibration function, and edit the SERVO program to use your improved function.
Using the MCPUT Program to Control a Servo Motor

The SERVO program is a stand-alone program designed to introduce the capabilities of hobby servo motors. You can gain more complete control over these motors, however, by using the MCPUT subprogram. MCPUT, “Motor Controller PUT,” requires that you set the angular position, A, and the SERVO signal, S in advance before calling program MCPUT. It can be incorporated into your on TI program and coordinated with other subprograms, such as READ1. The FLAG program below reads an analog probe in channel 1 and raises or lowers a flag depending upon the result.
FLAG:
	0(K
	Initialize K as “no key was pressed”

	1(S
	Send motor signals to Servo 1 only

	While K=0
	While no key is pressed

	prgmREAD1
	Call subprogram READ1 to read the input on analog channel 1 as “E”

	If E<.1
	Set the output angle, A, depending upon the input on channel 1

	Then
	

	-45(A
	

	Else
	

	45(A
	

	End
	

	prgmMCPUT
	Call subprogram MCPUT to position the motor

	getKey(K
	Check for a key press

	End
	End the While loop

	ClrHome
	Clear the calculator’s screen


In the FLAG program

variable K indicates whether or not a key has been pressed to stop the while loop,

variable S designates the servo motor or motors to be activated. (S is a binary signal, so S=1 activates servo 1, S=2 activates servo 2, S=3 activates both servos 1 and 2, etc.)

variable A is the desired angular position of the servo motor, measured in degrees.

· Run the READ1 program alone a few times to estimate the range of input values you should expect. Determine an appropriate cut-off value to replace “E<.1” above, so you can shift the position of the motor by covering the light sensor, warming the temperature probe, or otherwise changing the input.

6. Edit the FLAG program as needed to function with your sensor and your physical system. Report any changes you needed to make on the Report Form
Servo and Stepper Motors
REPORT FORM (Part 1)
NAME(S)  ____________________________________________________________________

1. Describe how the servo motor responds to the command, “-25”. Does the motor’s movement depend upon its initial position? Does the motor’s final position depend upon its initial position?

2. Describe the evidence you see that the servo motor is using internal feedback? Does the motor “know” where it is at the start of a movement?

Table 1:

	Input Angle
(degrees)
	Pulse Width
(seconds)
	Measured Output Angle
(degrees)

	-120
	
	

	-100
	
	

	-80
	
	

	-60
	
	

	-40
	
	

	-20
	
	

	0
	
	

	20
	
	

	40
	
	

	60
	
	

	80
	
	

	100
	
	

	120
	
	


3. From the data in Table 1, estimate the lower and upper limits for the effective positioning of your motor. Also record the pulse widths which correspond to these lower and upper limits.

Effective lower limit:        Angle = _______ degrees        Pulse width = _________ s

Effective upper limit:        Angle = _______ degrees        Pulse width = _________ s

Table 2:

	Input Pulse
(seconds)
	Measured Output Angle
(degrees)

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	


4. From the data in your second table, discuss the effective precision of your motor. How large is the gap between available angular positions because of the fact that pulse widths are rounded to the nearest 0.0001 s? Is the effective precision constant throughout the available range of positive and negative angles?

5. Does the default calibration equation in SERVO provide adequate results for your motor? If yes, justify your answer. If not, attach your graph and the new calibration equation.

6. What changes did you need to make to the FLAG program for it to function with your sensor and system?

PART 2   STEPPER MOTORS
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Servo motors are “smarter” than ordinary DC motors, in the sense that they have internal electronic circuitry which keeps track of their orientation and interprets relatively complex signals. Stepper motors, on the other hand, are “less smart” than traditional DC motors. An ordinary DC motor has an internal mechanical system (called a “split-ring commutator”) which automatically reverses the magnetic field to keep the motor turning. Stepper motors have no internal “intelligence” at all, relying instead on external circuits or programs to keep them moving in the correct direction and at the correct speed. This makes stepper motors somewhat more difficult to use, but it greatly increases their precision and flexibility.

The diagram above shows a typical unipolar stepper motor. (“Bipolar” stepper motors are similar, but are wired without the common terminals.) Unipolar motors are easily recognized by the fact that they have either 6 or 5 wires. Five-wire stepper motors work in the same way but connect the 2 common leads internally. The procedures described here work for any 5- or 6-wire unipolar stepper which operates at appropriate voltage and current. The current per coil from the 12-V Motor Controller or the 6-V Binary Basic Trainer should never be allowed to exceed 300 mA.
The center of the stepper motor is a rotating permanent magnet with a series of alternating north and south poles. Coils around the permanent magnet are wired to produce either north or south poles. Positive current flow can enter the left coil in the diagram at the common and then flow outward through either lead 1 or lead 3. A current to lead 1 makes the left magnet a north pole. When current flows instead to lead 2, the bottom magnet becomes a north pole, and the motor steps counterclockwise to a new location. If current next flows to lead 3 which winds in the opposite direction compared to lead 1, the left magnet becomes a south pole and the motor steps again. Current to lead 4 produces a fourth counterclockwise step and positions the motor to start the cycle again. Note that efficient energy use requires careful coordination of the current flows. It would be a waste of energy, for example, to allow current to flow simultaneously to both leads 1 and 3 since the magnetic effects would cancel. The motor itself consists of nothing by magnets and coils. The external circuitry or program must provide the “intelligence” needed to operate the motor. A current in coil 3 next makes the left magnet a south pole and produces another step in the clockwise direction. The cycle is finished by providing a current in coil 4 to make the lower magnet a south pole. Reversing the sequence (4, 3, 2, 1) yields clockwise rotation. Five-wire stepper motors.

The leads that provide current to each coil are always color coded, but the codes are different for different manufacturers and even for different models made by the same manufacturer. Color codes for some of the motors we use are shown below numbered to correspond with our programs for the Motor Controller. 

	Motor
	Coil 1
	Coil 2
	Coil 3
	Coil 4
	Common
	Common

	Hurst SAS series
	Red
	White
	Blue
	Black
	Bicolor
	Bicolor

	Vexta PK243-03AA
	Black
	Red
	Green
	Blue
	Yellow
	White

	GBM 30BYJ02AH*
	Orange
	Yellow
	Violet
	Blue 
	Red

	GBM 35BY48B09
	Green
	Red
	Yellow
	Brown
	Black
	Black


* The 30BYJ02AH is a low-cost, high-precision, slow speed motor that fits onto our 6 pin header (avoiding the top pin) with a sequence opposite the one shown above. That means the motor goes in the reverse direction from our standard.

Note that since stepper motors use all four lines they cannot be operated simultaneously with either servo motors or other DC devices. When you use the Motor Controller or Binary Basic Trainer to run a stepper motor, nothing else should be connected to the board. A servo motor connected to the board while you run a stepper motor program can be damaged.

The simplest (but least common) mode of operation for a stepper motor is just as described above—activating one coil at a time to rotate the motor. This “wave mode” is summarized in the table above. The main disadvantage of the wave mode is that it torque is rather low since it uses only one set of magnets at a time. The biggest advantage is that this mode is simple and uses relatively little current.


[image: image1]The most common mode always activates two coils, so both magnets are providing torque. This “Full Step Mode” is shown at top right.
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It is also common to alternate between activating one magnet and both magnets. This causes the motor to move with twice the precision. A motor with a 15° step, for example, can be made to move in 7.5° increments. Average torque is lower than in full-step mode. 

The STEPPER and MCSTEP programs are designed to operate stepper motors through the Motor Controller board.

Using the STEPPER Program to Control a STEPPER Motor

The STEPPER calculator program is a stand-alone program to control 12-V unipolar stepper motors through the Motor Controller board. It can also be used to control 6-V unipolar motors using the Binary Basic Trainer.

· FIRST REMOVE ANY SERVO MOTORS. Connect the calculator, CBL2 or LabPro, the Motor Controller or Binary Basic Trainer and a stepper motor as shown below. Attach the wires as described using the color code on page 8. 
· Run the STEPPER program on the calculator and select the “SET STEP SIZE” option. Input the step size in degrees for your motor or motor-gear head system. The step size is almost always printed on the motor or gear head.
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Select the “CHANGE SPEED” option, and set the speed to be 2 steps per second. (For example, if you are using a 15° step motor, set the speed to 30 degrees/second.)
· Select the “CLOCKWISE” option and verify that the motor moves correctly. (If it does not move correctly, the most likely cause is that the motor wires are connected incorrectly.) Also select the “COUNTER CW” option and verify that the motor reverses direction.
· Use the “CHANGE SPEED” option and experiment with alternative speeds. Identify the maximum speed for your motor and select a working speed which is a little lower than the maximum speed.

1. Record your maximum and working speeds on the Report Form.

· [image: image9.jpg]


Attach a piece of masking tape or another pointer to the motor shaft and place the system on a protractor as shown with the pointer in the zero direction. Select the “INPUT ANGLE” option and enter a value of “-180” degrees. (Be sure to use the calculator’s negative key, not the subtraction key.) Verify that motor moves appropriately when you press ENTER. Also verify that the motor is running in its default “half-step” mode. (If not, use the “CHANGE MODE” option to restore it to half-step mode.)
· Repeat the previous step, entering “-180” degrees again and note what (if anything) happens to the motor.

2. On the Report Form, compare the response of the stepper motor when you give it repeated instructions to move with the same value of A to the response of the hobby servo motor. 

3. On the Report Form, indicate whether or not the stepper motor is using an internal feedback system. Does the stepper motor “know” where it is at the start of a movement?

4. Experiment with alternative values for A. On the Report Form, compare both the range of possible movements and the precision of the stepper motor to the range of movement and the precision of the servo motor.

5. Experiment with the three modes of the stepper motor—wave mode, full-step mode and half-step mode. For each mode, first use a speed that will give no more than one step every 2 seconds. (For example, with a 15°-step motor, set the speed to 7.5° per second or slower.) On the Report Form, compare the patterns of current to the motor’s coils as indicated by the LEDs which you observe for the different modes.

6. Continue experimenting with the three modes and determine the maximum reliable speed for the motor in each mode. Record the results on the Report Form.

Using the MCSTEP Program to Control a STEPPER Motor

The STEPPER program is a stand-alone program designed to introduce the capabilities of stepper motors. You can gain more complete control over these motors, however, by using the MCSTEP subprogram. MCSTEP, or “Motor Controller STEP,” requires that you set the step size, Q, the angular displacement, A, and the angular speed, U, in advance before calling program MCSTEP. It can be incorporated into your own TI programs and coordinated with other subprograms, such as READ1. The SPIN program below reads an analog probe in channel 1 and rotates the motor at a speed that is proportional to the input on channel 1.
SPIN:
	15(Q
	Stores the step size in degrees as Q

	360(A
	Sets the motor to make one complete revolution when MCSTEP is called

	0(K
	Initialize K as “no key was pressed”

	While K=0
	While no key is pressed

	prgmREAD1
	Call subprogram READ1 to read the input on analog channel 1 as “E”

	E*100(U
	Set the angular velocity, U, depending upon the input on channel 1

	min(U,45) (U
	Limits the speed to a maximum value of 45 degrees/second

	prgmMCSTEP
	Call subprogram MCSTEP to rotate the motor 360°

	getKey(K
	Check for a key press

	End
	End the While loop

	ClrHome
	Clear the calculator’s screen


In the SPIN program

variable Q is the motor’s step size in degrees.
variable A is the desired angular displacement of the motor, measured in degrees.

variable U is the angular speed, measured in degrees/second, and

variable K indicates whether or not a key has been pressed to stop the motion.

· Run the READ1 program alone a few times to estimate the range of input values you should expect. Determine a multiplier or another function to replace “E*100(U” above, so that your maximum input value for E will yield the maximum rotational speed, U, of which your motor can achieve.

7. Edit the SPIN program as needed to function with your sensor and your motor. Report any changes you make on the Report Form

Servo and Stepper Motors
REPORT FORM (Part 2)
NAME(S)  ____________________________________________________________________

1. When your stepper motor is in its default half-step mode, what was the fastest speed it could achieve? (Include units in your answer.)



_____________________
What did you select as your working speed? 


_____________________
2. Describe how the stepper motor responds to repeated commands to move with A = -180. Does the motor’s movement depend upon its initial position? Does the motor’s final position depend upon its initial position?

3. Is the stepper motor using internal feedback? Does the motor “know” where it is at the start of a movement?

4. Compare both the range of possible movements and the precision of the stepper motor to the range of movement and the precision of the servo motor.

5. How is the patterns of current to the motor’s coils (as indicated by the LEDs) different for the three modes (wave, full-step and half-step)?

6. What is the maximum reliable speed for your motor in each of the three modes?

Wave mode 
_____________________

Full-step
_____________________

Half-step 
_____________________

7. What changes did you need to make to the SPIN program for it to function with your sensor and motor?
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The wire coils for the spindle motor and the head arm motor are visible in this disassembled computer hard drive





�








� Important note: You can mix and match servo motors with the basic DC devices described in other activities but not using the same output line. It is possible, for example, to operate a fan on line 4 (binary 1000) and a servo motor on line 2 (binary 0010), but you should never attach a servo motor to the same line you are using to operate a fan, light, etc. If the constant signal that operates the DC devices is also sent to a servo motor, the servo motor will draw a significant amount of current without running correctly. This can damage the servo motor. It may also cause the board’s voltage regulator to overheat.


� Many 12-V unipolar stepper motors will also function with lowered torque using the 6 volts provided by the Binary Basic Trainer.
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