
Objectives: 
Students analyze, build, and test integrator, differentiator, and pulse-width modulator circuits using op amps to develop a fundamental understanding of their operation. 
Introduction:
Op amps are used in circuits to perform various mathematical operations, such as amplitude scaling (gain), addition, subtraction, integration, and differentiation. This exercise focuses on the inverting integrator and inverting differentiator circuits, which are used in circuits such as waveform generators, active filters, proportional-integral-differential (PID) control systems, and pulse-width modulators (PWM). Within these more complex systems, the individual op amp circuits are “building blocks” connected to perform the desired system-level functions.
The PWM circuit in this exercise uses a triangle waveform produced from an integrator circuit and an op amp configured as a voltage comparator to demonstrate the building-block design approach. Example PWM applications include dc motor control, switched-mode power supplies, D/A and A/D converters, and light dimmer circuits.
Inverting Differentiator
The ideal op amp inverting differentiator circuit is based on the inverting amplifier with the input resistor replaced by a capacitor as in Fig. 1(a). Inverting differentiators produce an output voltage proportional to the rate-of-change, or derivative of the input signal voltage, but with inverted polarity. The circuit produces an output voltage when the input voltage is changing and will produce zero voltage when the input voltage is constant. 
[image: ]     [image: ]
                              (a)                                                            (b)
Fig. 1. Ideal inverting differentiator (a) and practical differentiator (b).

In the time domain, the ideal inverting differentiator’s output is:

		(1)
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[bookmark: _Hlk10750875]The ideal differentiator’s gain as a function of radian frequency  is  

	.	(2)
Letting  = 2f we have:

	.	(3)
The gain decreases as f decreases, so H(f)  0 as f  0. But, the gain increases as f increases, so H(f)  , as f  . This is a problem for many applications, so the gain at high frequencies is usually limited by adding a resistor in series with the input capacitor as shown in Fig. 1(b). Ri converts the differentiator to a single-pole high-pass filter, which behaves as an approximate, but practical inverting differentiator over a limited frequency range. 
The transfer function for a practical differentiator is:

		(4)
Now as f  , the gain is limited to H(f)  Rf / Ri, but when f  0, H(f)  0 as before. The high-pass filter’s 3 dB frequency is 

		(5)
The single-pole high-pass filter can be used as a differentiator for frequencies below about 0.1f3.
Inverting Integrator
The ideal inverting integrator in Fig. 2(a) reverses the positions of the differentiator’s resistor and capacitor. Inverting integrators produce an output voltage that is proportional to the integral of the input signal voltage, but with inverted polarity. 
[image: ]     [image: ]
                              (a)                                                            (b)
Fig. 2. Ideal inverting integrator (a) and practical integrator (b).



In the time domain, the ideal inverting integrator’s output is:

		(6)
Where vc(0) is the initial voltage on the capacitor at t = 0. The ideal integrator’s gain as a function of  is 

	.	(7)
[bookmark: _Hlk11843323]Letting  = 2f gives:

	.	(8)
The ideal inverting integrator also has problems in practical applications because its gain H(f)   as f  0. Real op amps have small dc bias currents flowing in or out of their input terminals. These bias currents are in the pA or nA range and neglected in most applications. Bias currents in an ideal integrator charge the feedback capacitor, causing the output voltage to drift and usually saturate. 
Therefore, a resistor is connected in parallel with the feedback capacitor as shown in Fig. 2(b), providing an alternative path for the bias current to flow. Rf converts the integrator to a single-pole low-pass filter, which behaves as an approximate, but practical inverting integrator over a limited frequency range.
The transfer function for a practical integrator is:

		(9)
Now as f  0, the gain is limited to H(f)  Rf / Ri, but when f  , H(f)  0 as before. The low-pass filter’s 3 dB frequency is 

		(10)
The single-pole low-pass filter can be used as an integrator for frequencies above about 10f3.
Pulse-Width Modulator
Fig. 3(a) shows a PWM circuit using an open-loop op amp as a voltage comparator. Negative feedback is not used in comparators, but many times positive feedback is used to improve noise immunity. 
A triangular waveform is applied to the non-inverting input and a variable reference voltage waveform Vref is applied to the inverting input. Since the op amp is a differential amplifier, it compares the triangular wave voltage with that of Vref. The comparator output is high when the voltage at the non-inverting input is greater than Vref and the output is low when the voltage at the non-inverting input is less than Vref. 
When Vref changes, the pulse width of the output changes. Fig. 3(b) shows the superimposed triangular and dc Vref input waveforms and the resulting output PWM waveform from the comparator.
Equipment:
Function/Arbitrary Waveform Generator
[image: ]
                              (a)                                                                         (b)

Fig. 3. Pulse-width modulator (a) and associated waveforms (b).

Oscilloscope
Digital Multimeter
DC power supply with 15 V and +5 V outputs
Cables and oscilloscope probes as needed
Solderless breadboard
Components: 
Resistors (Qty): 470  (1), 1.5 k (1), 10 k (1), 82 k (1), 180 k (1), 1 M (1)
Op amp (Qty): LM741 (2)
Capacitors (Qty): 0.1 F (2), 10 nF (1)
Prelab: 
1.	Use Eq. 1 to derive an expression for the expected output waveform from an ideal differentiator circuit having input waveform vin=1sin[(2)1000t] V. Let Rf=1.5 k and C=10 nF. 
2.	Use Eq. 3 to find the peak-peak output amplitude of the ideal differentiator of question 1 for a 2 Vp-p sine wave input at 1 kHz, 2 kHz, and 3 kHz. Put the results in the Calculated Output column of Table 1 in the Appendix.
3.	Use Eq. 6 to derive an expression for the expected output waveform from an ideal integrator circuit having input waveform vin=1sin[(2)1000t] V. Let Ri=10 k and C=10 nF. Assume vc(0) = 0.
4.	Use Eq. 8 to find the peak-peak output amplitude of the ideal integrator of question 3 for a 2 Vp-p sine wave input at 1 kHz, 2 kHz, and 3 kHz. Put the results in the Calculated Output column of Table 3.
Procedure: 
General Information
1.	a.	Use ± VCC = ± 15 V for all circuits; that is +V = 15V and -V = -15V. 
Note:	If the overload light for any supply is lit, turn off the supply immediately and find the short circuit that caused it.
Note:	Always turn off power supplies before making circuit changes. 
b.	Use 0.1 F decoupling capacitors C2 and C3 between each power supply and ground.
c.	Measure input and output waveforms in peak-peak values. The oscilloscope can make the measurements automatically. 
d.	Leave LM741 pins 1, 5, and 8 unconnected.
Note:	Be careful not to damage the op amp pins when it is inserted or removed from the breadboard. When removing, you should carefully pry it out, not pull it with your fingers. An IC puller tool is best.
e.	Use Hi Res or Average acquisition mode for best oscilloscope measurements.
Inverting Differentiator Measurements
2.	In the first part of this procedure you will observe the inverting differentiator’s response to different types of input waveforms. In the second part you will see how it responds as a sine wave input’s amplitude and frequency are changed. Construct the practical inverting differentiator circuit in Fig. 4 as follows.
[image: ]
Fig. 4. Practical differentiator circuit for procedure step 2.

a.	Place and connect components. 
· Use the breadboard busses for the power supply connections. 
· Connect C2 between the +15 V bus and a ground (GND) bus.
· Connect C3 between the -15 V bus and a ground bus. 
Note: C2 and C3 should be within 1 inch of the LM741.
· Connect the other components. Minimize the number of wires. Always connect components directly to each other if you can. For example, one end of R2 and C1 should connect directly to the 741’s pin 2.
b.	Connect the power supplies to the op amp and the function generator to the vin node.
c.	Connect oscilloscope channel 1 to the input and channel 2 to the output.
d.	Turn on the power supply. 
e.	Set the function generator so that vin=1sin[(2)1000t] V. Verify that the input waveform is correct using the oscilloscope. Adjust the oscilloscope to display two periods of vin and vo.
f.	Describe the output waveform as it relates to the input and record your description in Table 1. You do not have to record the amplitudes.
· For example, if the input waveform was a cosine, you would describe the output of a non-inverting differentiator as “inverted sine” or “sine”.
· Remember that this is an inverting differentiator.
· For the sine wave input only, record the phase difference between the output and input waveforms in degrees and indicate whether the output is leading or lagging.
· Save an image of the oscilloscope display.
g.	Repeat step (f) for the other waveforms in Table 1. Be sure to save oscilloscope display images.
i.	Set the function generator so that vin=1sin[(2)1000t] V. Verify that the input waveform is correct using the oscilloscope. Adjust the oscilloscope to display two periods of vin and vo.
j.	Record the output voltage in Table 2. You do not need to record the phase difference between input and output waveforms. You do not need to save oscilloscope display images.
k.	Repeat the measurement for the other input amplitude and frequency settings in Table 2.
l.	Turn off the power supply. Leave the power supply connected to the op amp.
Inverting Integrator Measurements 
3.	In the first part of this procedure you will observe the inverting integrator’s response to different types of input waveforms. In the second part you will see how it responds as a sine wave input’s amplitude and frequency are changed. Construct the practical inverting integrator circuit in Fig. 5 as follows.
a.	Place and connect components. Minimize the number of wires. Always connect components directly to each other if you can. For example, one end of R1, R2 and C1 should connect directly to the 741’s pin 2.
b.	Connect the function generator to the vin node.
c.	Connect oscilloscope channel 1 to the input and channel 2 to the output.
d.	Turn on the power supply. 
e.	Set the function generator so that vin=1sin[(2)1000t] V. Verify that the input waveform is correct using the oscilloscope. Adjust the oscilloscope to display two periods of vin and vo.
f.	Describe the output waveform as it relates to the input and record your description in Table 3. You do not have to record the amplitudes. 
· For example, if the input waveform was a cosine, you would describe the output of a non-inverting integrator as “sine”.
[image: ]
Fig. 5. Practical integrator circuit for procedure step 3.

· Remember that this is an inverting integrator.
· For the sine wave input only, record the phase difference between the output and input waveforms in degrees and indicate whether the output is leading or lagging.
· Save an image of the oscilloscope display.
g.	Repeat step (f) for the other waveforms in the Table 3. Be sure to save oscilloscope display images.
h.	Set the function generator so that vin=1sin[(2)1000t] V. Verify that the input waveform is correct using the oscilloscope. Adjust the oscilloscope to display two periods of vin and vo.
i.	Record the output voltage in Table 4. You do not need to record the phase difference between input and output waveforms. You do not need to save oscilloscope display images.
j.	Repeat the measurement for the other input amplitude and frequency settings in Table 4.
k.	Turn off the power supply. Leave the power supply connected to the op amp. Do not dismantle the integrator circuit; you will use it next in the PWM circuit.
Pulse-Width Modulator Measurements 
4.	Refer to the block diagram of the PWM circuit in Fig. 6. The PWM circuit uses a second LM 741 op amp as the comparator. The triangle wave output from the integrator circuit is used as one of the comparator inputs, but with a dc offset added to it. The triangle wave is connected to a resistor divider offset circuit by blocking capacitor Cb. A third adjustable power supply voltage is used as Vref. 
a.	Temporarily disable the function generator’s output or disconnect it from the integrator’s input. 
b.	Place a second LM 741 op amp on the breadboard. You must connect its power supply pins to 15 V. 
[image: ]

Fig. 6. PWM circuit for procedure step 4.

c.	Connect one lead of 0.1 F capacitor Cb to the comparator’s pin 3 and the other lead to the integrator circuit’s output.
d.	Create a voltage divider between +15 V and ground. Use a 1 M resistor for R1. R2 is a series combination of a 180 k and a 82 k resistor. Do not connect it to Cb or the comparator yet. 
· Calculate the expected voltage across R2. Measure it with the DMM and verify that it is within 10 % of the calculated value. Record the calculated and measured values below. 
Calculated R2 voltage:			Measured R2 voltage:		
· Now connect the voltage divider output to the junction of Cb and comparator pin 3.
e.	Set the function generator for a 500 Hz, 1.0 Vp-p square wave (50% symmetry pulse). 
· Connect the function generator’s output to the integrator. Measure the peak-peak voltage at the integrator’s output using oscilloscope channel 1 and record it below.
[bookmark: _GoBack]Integrator output voltage (peak-peak):		
f.	Measure the waveform on the right side of Cb with channel 2. 
· Use cursors to find the maximum and minimum voltages of the offset triangle wave on channel 2.
· Save an oscilloscope screen image.
Note:	The lowest voltage of the triangle wave should be greater than 0 V. Check the circuit for errors if it is not.
g.	Set up the oscilloscope so the comparator input and output waveforms can be observed using three channels. 
· Channel 1:
· Connect it to the node with the offset triangle wave on the right of Cb.
· Set the vertical scale to 1 V/div.
· Move the channel 1 reference to the first vertical division above the bottom.
· dc-couple the channel.
· Trigger the oscilloscope on channel 1 or the function generator’s sync pulse.
· Channel 2:
· Use a probe. If the probe’s scale factor is selectable, make sure it is on 10. If the oscilloscope does not automatically read the probe’s scale factor, change it in the channel menu.
· Connect it to the comparator’s output PWM waveform.
· Set the vertical scale to 10 V/div.
· Move the channel 2 reference to the second vertical division from the top.
· dc-couple the channel.
· Channel 3:
· Connect it to Vref.
· Set the vertical scale to 1 V/div.
· Move the channel 3 reference to the first vertical division above the bottom.
· dc-couple the channel.
g.	Adjust Vref to create the comparator output’s duty cycle to the values in Table 5. 
· Record the Vref value in the table.
· Save an oscilloscope screen image for 25 % and 75 % duty cycles.
5.	Results documentation summary.
a.	You should have ten oscilloscope screen shots, four for the differentiator, three for the integrator, and three for the pulse-width modulator.
b.	Be sure that you recorded data and calculated results in steps you were asked to.
c.	Check with your instructor for additional documentation requirements.
Analysis:
1.	Use Eq. 11 to calculate the percent error between measured and calculated differentiator output amplitudes for 2 Vp-p sine wave input voltages at 1 kHz, 2 kHz, and 3 kHz and put the results in the last column of Table 2. 

		(11)
2.	Calculate the percent error between measured and calculated integrator output amplitudes for 2 Vp-p sine wave input voltages at 1 kHz, 2 kHz, and 3 kHz and put the results in the last column of Table 4. 
3.	Explain how the expression calculated in prelab question 1 relates to the differentiator’s output phase difference recorded in Table 1, row 1.
4.	Explain how the expression calculated in prelab question 1 relates to the integrator’s output phase difference recorded in Table 3, row 1.
5.	From the measured data in Table 2, what is the dependence of the output amplitude on the signal frequency? 
6.	From the measured data in Table 2, what is the dependence of the output amplitude on the input signal’s amplitude? 
7.	From the measured data in Table 4, what is the dependence of the output amplitude on the signal frequency? 
8.	From the measured data in Table 4, what is the dependence of the output amplitude on the input signal’s amplitude? 
9.	Use Eq. 5 to calculate the high-pass 3dB frequency for the practical differentiator. Then calculate the ratio of the worst-case (highest) signal frequency you used to the high-pass f3 frequency. Does it meet the criterion for using a single-pole high-pass filter as a differentiator?
10.	Use Eq. 10 to calculate the low-pass 3dB frequency for the practical integrator. Then calculate the ratio of the worst-case (lowest) signal frequency you used to the low-pass f3 frequency. Does it meet the criterion for using a single-pole low-pass filter as an integrator?
[bookmark: _Hlk10204064]

Appendix:

[bookmark: _Hlk11063930]Table 1. Differentiator input and output waveform descriptions
	Input Waveform Description
	Output Waveform Description
	Phase Difference

	Sine wave
	
	

	Square wave
	
	

	Triangle (ramp with 50% symmetry)
	
	

	Sawtooth (ramp with 25% symmetry)
	
	




Table 2. Differentiator sinusoidal input and output waveform measurements
	Frequency
	Input Voltage (peak-peak)
	Calculated Output Voltage 
(peak-peak)
	Measured Output Voltage 
(peak-peak)
	Percent Error

	1 kHz
	2
	
	
	

	[bookmark: _Hlk11138645][bookmark: _Hlk11138878]
	4
	
	
	

	
	5
	
	
	

	2 kHz
	2
	
	
	

	
	4
	
	
	

	
	5
	
	
	

	3 kHz
	2
	
	
	

	
	4
	
	
	

	
	5
	
	
	




Table 3. Integrator input and output waveform descriptions
	Input Waveform Description
	Output Waveform Description
	Phase Difference

	Sine wave
	
	

	Square wave
	
	

	Ramp (0 % symmetry)
	
	




Table 4. Integrator sinusoidal input and output waveform measurements
	Frequency
	Input Voltage (peak-peak)
	Calculated Output Voltage 
(peak-peak)
	Measured Output Voltage 
(peak-peak)
	Percent Error

	1 kHz
	2
	
	
	

	[bookmark: _Hlk11786572]
	4
	
	
	

	
	5
	
	
	

	2 kHz
	2
	
	
	

	
	4
	
	
	

	
	5
	
	
	

	3 kHz
	2
	
	
	

	
	4
	
	
	

	
	5
	
	
	






Table 5. PWM duty cycle vs. reference voltage.
	Duty Cycle
	Reference Voltage, Vref

	5%
	

	25%
	

	50%
	

	75%
	

	95%
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