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PRACTICAL EXERCISE #10
“PERMANENT MAGNET DC MOTOR

SPEED CONTROL”

EE331

Fall 2012
Student A: _______________
Section: _________
Date: __________
Student B: _______________


Motivational Engineering Problem: In the previous Practical Exercise, we illustrated that we can adjust the speed of a PM DC motor by varying the applied armature voltage via an adjustable power supply.  The limitation of the power supply is that it does not allow us to conveniently implement a closed-loop speed control system, as we are required in the feedback loop to turn the adjustment knob and obtain the desired speed.  Today, we will show how electronics can be used to make a fixed DC source such as a battery into an adjustable DC source. The starting point for our inquiry is the circuit illustrated in Figure 1, where we employ two new components: a semiconductor diode labeled D and a semiconductor switch labeled SW.  
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Figure 1: Simple PM DC Motor Speed Control Circuit

The circuit operates as follows: the switch is closed for part of a cycle and opened for the remainder. By controlling the ratio of switch-closed time to switch-period, we will be able to control the average armature voltage being applied.  When the switch is closed, the diode looks like an open circuit and the armature voltage is equal to the source voltage, 
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V

.  When the switch is open, we have two possible modes.  First, the current that had been flowing through the armature now is routed through the diode.  A conducting diode looks like a short circuit, so we would have zero volts across the motor.  When the diode current drops to zero, the diode turns off and appears again like an open-circuit.  With both the diode and switch off and no current flowing in the armature, the voltage across the armature equals the back EMF.  Thus we have the voltage cycle depicted in Figure 2. 
Note that as we reduce the “Switch Closed” time, the average armature voltage will decrease (less time at the supply voltage) which will also cause the back EMF to be smaller and the speed to go down.  The average armature current that flows is necessary to produce the torque to overcome friction and windage effects (as we have no load attached to the motor shaft).
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Figure 2: Representative Circuit Waveforms for the Armature Voltage (
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), the Switch Voltage (
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), and the Armature Current (
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OK, now we must consider how to implement the electronic switch and its controls.  Consider the expanded circuit in Figure 3.  Note that we have inserted a Bipolar Junction Transistor (BJT) for the switch.  It is a three-terminal device which, if we inject sufficient current into its Base terminal (B), we can make the voltage across the Collector-Emitter terminals small and accommodate a much larger Collector (C) current.  This is termed operating the transistor in the “saturation mode.”  This is advantageous for us because the base current can be an order of magnitude smaller than the collector current: we can use a small current to essentially control a large current.  If we anticipate a maximum no-load armature current of about 100mA (as found in the previous PE), then we should need to inject about 10mA into the transistor base to ensure that it is saturated.  This is a current that the 741 op-amp can reasonably supply.  Before we consider how we achieve the 10mA, let’s consider the rest of the circuit shown in Figure 3.
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Figure 3: Implementation of Switch and Switch Controls

Note that we are using the op-amp in open-loop “comparator” mode.  That is, if the “+” input is greater than the “-” input, the output equals the positive supply rail (here +12V). If the “-” input is greater than the “+” input, the op-amp output equals the negative supply rail (-12V).  When the output is +12V, we want the transistor saturated.  The voltage from Base-to-Emitter will be about 0.7V.  Thus with 
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 and the desired op-amp output current of 10mA, we have the following KVL equation that we can write
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which leads to 
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If we check the power, it is well within the capabilities of the variable resistor box.  We will find that when the op-amp output is -12V, the transistor will be OFF and the switch will be OPEN (as desired).

What of the inputs to the op-amp comparator?  One more figure to consider: Figure 4!  The signal to the “+” input will be a DC control voltage while the signal to the “-” input will be a triangle waveform that goes from 0V to 5V.  By adjusting the DC control signal between 0 and 5V we can automatically adjust the amount of time that the comparator output voltage is at +12V (min at 0V, max at 5V).  This is cool!
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Figure 4:  Comparator Input and Output Voltage Waveforms
OK, so what are we going to do?  We are going to build this circuit and evaluate its performance.  For convenience, we will use a separate power supply to achieve the adjustable control voltage and the function generator to synthesize the triangle waveform.  The control signal might normally come from a microcontroller and the triangle generator from a low-cost Integrated Circuit (IC) chip.  In order to monitor these time-varying signals, we will need to use an oscilloscope (o-scope).  
(Note:  Steps 1 and 2 are already completed for you.  Use these steps as reference in the future)

Step 1: Setting up the Function Generator for Operation

· Energize the Oscope and Function Generator (FG)

· Using banana cables, connect the red terminal of the FG to the red terminal of Channel 1 of the Oscope and the black terminal of the FG to the black terminal of the Oscope.

· To create triangle waveform, press button 3 of the FG


[image: image12.emf]
· To set the frequency of the triangle waveform to 1kHz (period of 1ms), press button 6 of the FG and toggle the control knob on the right until the display reads 1kHz
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· To set the peak-to-peak amplitude of the triangle wave to 5V, press button 7 of the FG and toggle the control knob on the right until the display reads 5.00V
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· To introduce a +2.5V DC offset to the triangle waveform so it extends from 0 to +5V, press button 8 of the FG and toggle the control knob on the right until the display reads +2.50V
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Step 2: Confirm the settings on the Oscope

· Ensure that the FG is coupled to Channel 1 of the scope (see arrow a in Figure 5). If Channel 1 is being displayed, the button indicated by arrow b should be illuminated (Note button 2 and the Math button should be OFF; if they are ON, pressing the button will turn them OFF).
· Press the Autoscale button on the Oscope (see arrow c). This causes the Oscope to automatically adjust the vertical and horizontal axis scalings to fit the signals on CH1 and CH2 in the Oscope display window.
· Next we need to make sure that we are seeing the DC component of our signal. To do this, press the Mode/Coupling button on the Oscope (indicated by arrow d). This will initiate a series of boxes in the Oscope display window (see below). Note that the box which indicates “Coupling” should read DC (not AC or LF Reject). To toggle its status, use the button directly below the display window box. The 0V level for Channel 1 is indicated by the arrow on the left-portion of the display window with the number 1. The arrow on the right-portion of the window indicates where on the waveform the Oscope is triggering.
· If you do not see an image on the Oscope, please consult the instructor or lab tech 

· The knobs indicated by arrows e and f allow you to move the display window up or down and left or right, respectively.
· Knobs indicated by arrows g and h allow you to adjust the vertical and horizontal scales, respectively. These scales are displayed at the top of the display as shown below.
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Figure 5: Oscope Control Panel

· Adjust the settings so that the display window appears like the one on the previous page and sketch your waveform in that figure. 

· We wish to be able to turn the Function Generator ON and OFF without losing our current settings. To STORE the setting, press SHIFT then the RECALL button.
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· Turn OFF the FG, then turn it back ON and confirm that the desired triangular waveform is still there.
Step 3: Building the circuit

· We will use two power supplies for each station.  One will be the usual DC voltage source with V1 set to +2.5V.  The other will be at the top of the left tower of your lab bench where it is labeled +12V, -12V, and ground.  Use the DMM.  Turn OFF both power supplies.
· Insert the mounted op-amp (Figure 6) into the quad board.  Note that it has 5 terminals that we will connect.  Leave at least two columns of nodes to the right.
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Figure 6:  Mounted Operational Amplifier
· Connect V1 “+” terminal of the +2.5V supply to the “+INPUT” of the op-amp.  The “-” terminal of power supply V1 should be connected to a separate node on the quad board.  This will be the ground node for the circuit.

· Connect the +12V supply from the bench to the “+Vcc” of the op-amp and -12V supply from the bench to the “-Vcc” terminal.  The ground connection must be connected to a common ground.
· Connect the red terminal of the FG to the “-INPUT” of the op-amp.  The black terminal should be connected to the circuit ground.
· Insert the 2N1711 BJT transistor into the quad board to the right of the OpAmp
· The op-amp “OUTPUT” terminal should be connected to one terminal of the variable resistor box.  The other terminal of the resistor box should connect to the Base (B) of the transistor.
· The +12V supply should be connected to the RED terminal of the PM DC motor.  The BLUE terminal of the PM DC motor should be connected to the Collector (C) of the transistor.

· The Emitter (E) of the transistor should be connected to circuit ground.
· With connection cabling, place the 1N4003 diode in parallel with the DC motor (connected to the RED and BLUE terminals). Make sure that the circuit symbol is oriented as shown in Figure 3.

Have the Instructor or Lab Tech verify your connections: _________________

Step 4: Add monitoring equipment

· Connect CH1 of the O-scope (Red terminal) to the output of the comparator (the Black terminal of CH1 connected to Ground).
· Connect CH2 of the O-scope to the Collector (C) of the transistor to monitor the voltage across the switch (the CH2 terminal is automatically referenced to the same ground as CH1).
· Connect the DMM to measure the voltage output of the tachometer (terminals YELLOW-BLUE on the PM DC motor).  This will be our indirect speed measurement.

Step 5: Run the experiment

· Energize the Bench Power Supply where we are using +12V and -12V.
· Energize the adjustable bench-top DC power supply for +2.5V; energize the function generator.
· The PM DC motor should be turning. Consult the Lab Tech or Instructor if it is NOT!

· Acquire the waveforms on the scope. Use the vertical controls indicated by arrow e to place them one above the other as in Figure 7 below.
· Manually sweep the +2.5V supply between 0 and +5V and notice that the PM DC motor does in fact change speed. Consult the Lab Tech or Instructor if it DOES NOT!
· Sketch the O-scope waveforms for 
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on the axes on the following page (make sure to indicate the scaling factors at the top of the scope and indicate where 0V is for each channel)  This sketch should look similar to figure 7 below:
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Figure 7:  
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· Collect tachometer data for the control voltages listed in the following Table. Using the results from the previous PE, compute the corresponding speeds in RPM.  Is the control linear?
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Step 6: Answer follow-up questions

· Estimate the average switch voltage (
[image: image31.wmf]SW
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) for the two cases sketched (use time and the voltage levels to do this).
· Estimate the average armature voltages for the two cases, noting that 
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Step 7: De-energize the FG and all other power supply. Disassemble the circuit and organize your workstation. Hand in the assignment as directed by your instructor.
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