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Laboratory # 5 The Operational Amplifier

EE188L Electrical Engineering I
College of Engineering and Natural Sciences
Northern Arizona University

Objectives

1. Learn how the behavior of an operational amplifier (OP AMP) can be modeled by a relatively simple equivalent circuit.

2. Use the Multisim circuit simulation program to investigate the effects that typical OP_AMP input resistance, open-circuit gain, and output resistance have on the performance of amplifier circuits.

3. Learn the differences between real OP-AMPs and the characteristics of an ideal OP-AMP.

4. Build and test an amplifier circuit, measure all voltages in the circuit, calculate all currents, and compare the results to theoretical calculations based on an ideal OP-AMP.

Important Concepts:

1. In many applications, the operation of a real OP-AMP is very close to that of an ideal OP-AMP. In other words, you can analyze an OP-AMP circuit treating the OP-AMP as ideal and have negligible errors in most cases.

2. In OP-AMP circuits, most of the inaccuracy is contributed by elements in the circuit other than the OP-AMP; its contributions are often negligible.

3. The power supplies to an OP-AMP determine its range of operation, but have negligible effect on its performance within that range. For this reason, OP-AMP circuit diagrams often do not show the power connections. The power connections must not be forgotten, however, when evaluating currents leaving or entering the OP-AMP output or any “ground” symbols on the circuit diagram.

4. An ideal OP-AMP has infinite input resistance, infinite gain, and zero output resistance. These characteristics translate to the following conditions when used in an appropriate circuit:

a. A zero voltage difference between the positive (+) or non-inverting input terminal and the negative (-) or inverting terminal.

b. Zero current in or out of either input terminal.

Special Resources 

1. The PowerPoint file “Lab 4 Photos .ppt” is available in the class folder.

2. The Multisim file “Lab_4_Circuit.msm” is available in the class folder.

Background

[image: image1.png]


An operational amplifier can be modeled or represented with the following equivalent circuit:

The heart of the model is a voltage controlled dependent voltage source, Voc. This source establishes the ratio of output voltage to the input voltage (difference between the positive and negative inputs). The positive and negative inputs are given those names because the polarity or sign of the output voltage is determined by which input terminal has the higher voltage; for example, if the negative input terminal is at a higher voltage than the positive input terminal, the output voltage will be negative.

The other two elements in the model are the input resistance (Rin) and output resistance (Rout). Rin determines how much current is drawn from the input signal source. Rout determines how much the output voltage drops from the Voc value when current passes through Rout when a load is connected to the output of the OP-AMP.

The values shown in the diagram are typical for a 741 OP-AMP. Note that no power connections are shown in the model; that is because the supply voltages determine only the maximum output that can be obtained from the OP-AMP (typically about 2 volts less than the supply voltages) and does not affect the operation as long as the output is less than the maximum or saturation level.

Inverting Amplifier Configuration
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Figure 2 shows a simple inverting amplifier configuration using an ideal OP-AMP. It is called “inverting” because the output voltage has the opposite polarity or sign of the input voltage. Applying “Important Concept 4” described above, the relationship between the input and output voltages is determined entirely by the ratio of two resistors, R1 and R2.

Figure 2: Inverting Amplifier Configuration

By KVL:
VR1 = Vin  

By Ohm’s law:
I = Vin/R1     and    VR2 = I x R2 = Vin/R1 x R2 = R2/R1 x Vin

By KVL:
Vout = - VR2
[image: image4.png]


Substituting:
Vout = - R2/R1 x Vin  or   Vout = - R2/R1 x Vin

Non-Inverting Amplifier Configuration

Figure 3 shows a simple non-inverting amplifier configuration using an ideal OP-AMP. It is called “non-inverting” because the output voltage has the same polarity or sign as the input voltage. Applying “Important Concept 4” described above, the relationship between the input and output voltages is again dependent upon the ratio of two resistors, R1 and R2, except that the output voltage can never be less than the input voltage.

Figure 3: Non-Inverting Amplifier Configuration

By KVL:
VR1 = Vin  

By Ohm’s law:
I = Vin/R1     and    VR2 = I x R2 = Vin/R1 x R2 = R2/R1 x Vin

By KVL:
Vout = Vin + VR2
Substituting:
Vout = Vin + (R2/R1 x Vin)    or   Vout = (1 + R2/R1) x (Vin)

Activity #1 – Multisim Circuit Simulation

1.  Open Multisim 2001 on your computer and load the file “Lab_4_Circuit.msm” found in the class folder. You will see the circuit shown in Figure 4. This circuit uses the OP-AMP model introduced in the background section and is a slight modification of the inverting amplifier configuration. Resistors R1 and R2 determine the relationship between Vin and Vout. Resistors R3, R4, and R5 are added so that the simulated circuit will be virtually the same as the real circuit built in Activity #2.


You can “operate” the simulation by setting the run switch [image: image5..pict]  to ON.

You must stop the simulation by setting the run switch to OFF [image: image2.png]


 before you can make any changes to the circuit. You can view the OpAmp_Model by double-clicking in the box enclosing the model. Then click on “Edit Subcircuit.” The values shown in the model are typical for the 741 OP-AMP used in this lab; do not change any of the values. When finished, close the Subcircuit window by clicking on the close box in the upper right corner of the window:

2. With the run switch in the OFF position, double-click on the Vin circuit symbol and change its value to 10 volts. Record the value shown by the simulator for Simulated Vout.  Calculate and record the value for Ideal Vout =  (– 10Kohms / 1Kohms) · Vin.  Finally, calculate the percent error in the Vout value. Percent error = (simulated value – ideal value)/(ideal value) x 100%.

	Simulated Vout (volts)
	Ideal Vout (volts)
	Percent Error

	
	
	


The small error in Vout is caused by the fact that the OP-AMP model includes some imperfections that are present in a typical real OP-AMP, but not in the ideal model of the device. This error is negligible compared to the error that would normally be contributed by the resistors R1 and R2; if these resistors each had a 5% tolerance, their ratio could contribute up to 10.5% error to the Vout value.

Note that the Vout value is nearly 100 volts. The simulation has no limitation on voltage values, while real OP-AMP circuits cannot produce an output voltage greater than the power supply voltages and go into saturation. Simulations are always less complete than what a real circuit would actually do, and simulation results must be used with caution.

Activity #2 – Building and testing an OP-AMP circuit

1. Gather the parts needed to build the inverting amplifier circuit shown in Figure 5. Using the Digital MultiMeter (DMM) on your bench, measure and record the values for each resistor in Table 1.

Figure 5: Amplifier Circuit to Build

2. In the amplifier circuit, Vin and Vout are measured relative to “ground” (black DMM lead on ground). Resistors R3, R4, R6 and R7 in this circuit have been added to allow determination of the currents flowing in/out of pins 3, 4, 6 and 7 of the OP-AMP. Resistor R5 is the “load” for the amplifier circuit and accounts for the current that would otherwise be delivered to other circuitry that the amplifier might drive. Capacitors C1 and C2 are used to reduce noise in the circuit.

3. Build the circuit on the Proto-Board. For assistance, see Photos #1 through #3 in the PowerPoint file “Lab 4 Photos .ppt” in the class folder. Place Power-Point in the “slide show” mode by pressing function key F5 to make the photos clearly visible; move between slides using the “PageUp” and “PageDown” keys. You should be able to see the resistor color markings in Photo #2, but you might want to verify the color code yourself.

4. Turn on the power supply switches, set Vin to –1 volt (anywhere between –0.98 and –1.02 is OK), and verify that Vout is close to +10 volts. If Vout is not close to the correct value, re-check your circuit connections and verify that you have power on OP-AMP pins 4 and 7.

5. Once your circuit is working properly, use the DMM to measure the voltage across (between the two ends of) each resistor. Reverse the red and black DMM leads until you obtain a positive voltage value on the DMM. With a positive reading, the red lead will be on the + or higher voltage end of the resistor; the other end of the resistor will be the – or lower voltage end. Record the measured voltage values in Table 1 and place a + and – pair at the ends of each resistor in Figure 6.

6. Using your measured voltage and resistance values, calculate the current through each resistor. Record the values in Table 1 and draw an arrow by each resistor in Figure 6 to show the direction of current flow through it.

Table 1: Activity #2 Measurements

	Resistor
	Nominal Value (ohms)
	Measured Value (ohms)
	Measured Voltage (V)
	Calculated Current (mA)
	Ideal Current (mA)

	R1
	1000
	
	
	
	1

	R2
	10,000
	
	
	
	1

	R3
	820
	
	
	
	0

	R4
	100
	
	
	
	7.667

	R5
	1500
	
	
	
	6.667

	R6
	100
	
	
	
	

	R7
	100
	
	
	
	



Figure 6: Diagram for Recording Voltage Polarities and Current Directions

7. Discuss how your calculated currents compare to the ideal values.


Discussion:

8. Do the current values and directions satisfy Kirchhoff’s Current Law? 


Explain your answer using your calculated current values from Table 1.

Activity #3 – Testing an OP-AMP Circuit for Gain and Saturation

The “gain region” for an OP-AMP circuit refers to the range of input (Vin) and output (Vout) voltages over which the Vout value is directly proportional to the Vin value. If Vout values are plotted versus Vin values, the result will be linear (straight line). The limits of the gain region are determined by the positive and negative power supply voltages and some voltages drops internal to the OP-AMP. Outside the limits of the gain region, Vout stays fairly constant as Vin is changed; the regions of unchanging Vout values are called “saturation” regions, and there will be one for positive Vout values and one for negative Vout values.

1. Using the same circuit as in Activity #2, adjust Vin over a range of values and observe how Vout changes as read on the DMM. To change the polarity of Vin, reverse the two wires that connect to the Vin voltage source. Simply observe what is happening to Vout; no values need to be recorded during this step.

2. Now you will record some data. Carefully measure the Vout values that result from the Vin values shown in Table 2. Measure the Vin and Vout values using the DMM and record the values in Table 2. Set the Vin value close (within ( 0.02 V) to the nominal value shown in the table, and then record your actual DMM readings for Vin and Vout. 

3. Vout should be saturated for Vin values of –1.5 V and +1.5 V. The boundary between the saturation and gain regions will occur at some Vin value between –1.5 V and –1.0 V and again between +1.0 V and +1.5 V. Adjust Vin until you find these boundaries and record your values in Table 2.

4. Use your measured Vin values and your measured values for R1 and R2 to calculate the theoretical values for Vout (assuming no saturation); record these in Table 2.

Table 2: Activity #3 Measurements

	Nominal Vin (volts)
	Measured Vin (volts)
	Measured Vout (volts)
	Theoretical Vout (volts)

	-1.5
	
	
	

	Negative Vin at boundary between gain and saturation regions
	
	
	

	-1.0
	
	
	

	-0.5
	
	
	

	0
	
	
	

	+0.5
	
	
	

	+1
	
	
	

	Positive Vin at boundary between gain and saturation regions
	
	
	

	+1.5
	
	
	


5. Plot your measured Vout values versus your measured Vin values on the graph in Figure 7.

Figure 7: Vout versus Vin


	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	



6. On your plot of Vout versus Vin, label the gain and saturation regions.
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Figure 4: Multisim Circuit
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Figure 1: OP-AMP Symbol and Equivalent Circuit
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