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Abstract 
 

The manner in which undergraduate controls courses are taught to non-electrical 
engineering students faces particular challenges.  Even our brightest students can be dissatisfied.  
A frequently heard student comment is “I got an ‘A’, but I still don't know what controls is.” 
 

This paper discusses the challenge of teaching undergraduate controls to non-electrical 
engineering majors and proposes curriculum modifications that are tailored to non-electrical 
engineering students.  Specifically, six instructional hands-on laboratory experiments and an 
updated course outline are proposed.  The goal was to make students more comfortable with 
control theory by using hands on examples and tailoring lectures to non-electrical students.  In 
order to measure the success of the curriculum changes, all students were given a written survey 
when they completed the course, a sampling of students were chosen at random for personal 
interviews, and standard course evaluations were examined.  The student responses indicated the 
changes were successful. 
 
1. Introduction 

 
The origin of the difficulties associated with teaching controls to non-electrical 

engineering majors may lie in certain historical factors.  In the earliest years of American 
education, controls was taught to electrical engineering majors as a required course.  After the 
second world war, with the development of radar and aircraft, controls courses spread to other 
disciplines5 in engineering1.  To this day, a survey performed by the authors confirms, the 
majority of controls textbooks are written by professors affiliated with electrical engineering 
departments, even though the number of US undergraduates majoring in mechanical engineering 
is about the same as the number of undergraduates majoring in electrical engineering.   

 
Currently undergraduate textbooks in introductory controls are tailored to serving the 

needs of undergraduate curricula in electrical engineering.  This would not be a problem if the 
differences between the needs in electrical engineering and non-electrical engineering were 
insubstantial.  However, the authors have observed the contrary appears to be the case.  This 
paper suggests that there exist two basic differences between the electrical engineering and non-
electrical engineering curricula that are responsible for present difficulties in teaching controls to 
non-electrical engineering majors. 
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Introductory controls courses are usually taken during the junior or senior years in both 
curricula.  By this time, most electrical engineering majors have already taken courses in linear 
systems, analog circuits, and companion analog circuits laboratories.  Furthermore, the system 
concepts covered in these classes, like s-domain analysis and block diagrams, are used in other 
undergraduate electrical engineering classes, such as circuit analysis, computer communications, 
and signal processing.  By the time electrical engineering majors get to controls, they have had 
the fundamental courses to apply control theory to analog circuits.  This helps the electrical 
engineering students to see that control theory is simply manipulating currents and voltages in 
electromechanical systems to control the response of a system.  In contrast, the mechanical 
engineering students have been controlling response by changing the physical properties of the 
systems. 
 

In electrical engineering, the analog circuits course and the companion analog circuits lab 
are important prerequisites to undergraduate controls.  These classes provide the foundation 
necessary for the students to build control systems of their own, albeit relatively simple ones.  In 
contrast, non-electrical engineering majors, when taking undergraduate controls, are unable to 
apply the material being taught, given that their background is lacking in analog circuits.  In 
present non-electrical engineering curricula, this deficiency in background generally leads to 
dissatisfaction among the students and tends to lead to a general lack of appreciation of the 
material being taught. 
 

Another substantial difference between electrical engineering and non-electrical 
engineering curricula lies in the use of system concepts.  While electrical engineering students 
use system concepts in many of their classes, non-electrical engineering students have little 
exposure to system concepts.  The electrical engineering curriculum traditionally stresses the 
flexibility of a system to deliver a specific output.  Shortly after learning basic circuits, the focus 
is placed on easily changing the components to design a system that delivers a specific type of 
output based on a specific type of input.  This is very similar to the approach of control systems.  
In contrast, the mechanical engineering curriculum traditionally stresses the importance of a 
device in a system.  For instance, in their first mechanics of materials course, mechanical 
engineering students are first exposed to the deformation of bars, shafts, and beams after which 
the material is generalized.  In their first dynamics course, mechanical engineering students are 
first exposed to point masses undergoing planar motion, followed by treatments of systems of 
particles and then three-dimensional motion.  In their first vibrations course, mechanical 
engineering students are first exposed to single degree-of-freedom systems, then two degree-of-
freedom systems, followed by n degree-of-freedom systems.  In each of these courses, 
mechanical engineering students are taught material by treating specific classes of problems that 
grow in complexity, initially avoiding general systems.  In contrast, the  
systems approach used in control theory classes makes broader distinctions between classes of 
problems (e.g. linear time-varying and nonlinear time-invariant), rather than starting with simple 
devices and building to larger systems.  
 

In view of the preceding introductory statements, we have identified two noteworthy 
differences in background between electrical engineering undergraduate majors and non-
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electrical engineering undergraduate majors at the time they take their first introductory controls 
courses.  Electrical engineering students have experience building circuits, and they are familiar 
with the systems approach. Non-electrical engineering students do not have experience with 
either.  We suggest that the difficulties facing non-electrical engineering students stem from 
these differences in background.  

  
In this paper, two curriculum modifications were implemented in an attempt to overcome 

these deficiencies of background.  First, six laboratory experiments incorporating analog circuit 
design and control theory were added to the senior lab course  (MAE 405) in the undergraduate 
mechanical engineering curriculum at North Carolina State University.   Second, controls lecture 
material was reorganized and the laboratory exercises were added to an introductory graduate 
and level controls course (MAE 524—optional  undergraduate elective).  The long-term goal is 
to incorporate both curriculum changes into the required undergraduate controls course.  To 
evaluate the effectiveness of the curriculum changes the two altered courses were compared to 
the traditional controls course taught at NC State (MAE 461). 

 
 The success of the curriculum modifications was evaluated using student surveys, 

personal interviews, and course evaluations.  After completing the six laboratory experiments, 
each student was given a written survey to evaluate their understanding and comfort with control 
theory and analog circuits.  Random personal interviews were also conducted with the students 
in both modified courses.  The personal interviews were conducted to measure general student 
satisfaction, and to allow the students to compare the knowledge they had gained from the new 
course modifications to the traditional controls course they had taken.  The senior lab students 
were asked what effect the hands on lab experiments had on the understanding they had gotten 
from their undergraduate controls course, and the graduate students were asked to compare the 
undergraduate controls course they had taken to the new graduate level course.  Finally, the 
departmental course evaluations were examined to determine student satisfaction with the new 
courses in comparison with the traditional course, and to evaluate the success of the addition of 
the laboratory exercises.  

 
2. Six Laboratory Experiments 
 

In 1994, we began developing a set of six hands-on experiments in analog control for 
mechanical engineering majorsculminating in a final experiment in which students build 
proportional-integral-derivative (PID) control systems.  The goal was to develop affordable 
hands-on experiments to be completed by groups of one to three students, without the need of 
oscilloscopes or other types of specialized equipment.  The students complete the experiments by 
following a self-paced instruction manual2.  The instruction manual's table of contents is given in 
Figure 1. 
 

The manual begins with basic descriptions of each analog component used in the PID 
controller (resistor, potentiometer, capacitor, and op-amp), and then incorporates the components 
into six experiments.  The first experiment is simply two resistors in series, and is intended to get 
the students comfortable with installing components on a breadboard and measuring voltages and 
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currents with a multimeter.  The second experiment examines the potentiometer and how it can 
be used as a voltage divider.  The third experiment is an RC circuit with a time constant of 30 
seconds to be measured using a voltmeter and a stopwatch.  The fourth experiment demonstrates 
how to buffer a signal with an op-amp and how to control the gain of an inverting op-amp.  The 
fifth experiment shows how to differentiate and integrate using an op-amp, resistor, and 
capacitor.  In the last experiment, the students combine the components of the first five 
experiments to build a PID controller.  An excerpt from the instruction manual is given in Figure 
2, and the PID circuit that the students build is shown in Figure 3. 

 
Once the PID controller is built, the students hook it up to a mechanical system.   The 

manual provides instructions so that the students can adjust the controller to change the 
performance of the system.  This allows the students to observe how the controller can change 
the physical parameters of the mechanical system, and gives the students the opportunity to see 
first hand concepts they have previously only visited theoretically. 
 

Working either individually or in teams of two or three, the instruction manual allows our 
mechanical engineering majors to complete their work at their own pace.  The cost per team is on 
the order of $50.00 (this includes a breadboard and wire jumper kit), and a team of students can 
complete all of the experiments in under six hours. 

 
 

Contents of PID Manual 
 

1. Analog Components .......................................................................... 5 
          The Resistor ................................................................................. 5 
          The Capacitor .............................................................................. 8 
          The Operational AmplifierIntroduction ..................................... 9 
          Powering the Breadboard..........................................................10 
2. The Analysis of Simple Circuits.....................................................12 
          Kirchhoff’s Voltage Law & Current Law ................................12 
          Series and Equivalent Resistance and Voltage Division ........13 
                    Experiment 1: Measuring Currents and Voltages.........15 
                    Experiment 2: Using a Potentiometer............................16 
          The RC Circuit ..........................................................................17 
                    Experiment 3: Measuring Accumulation of Voltage....18 
          Operational Amplifiers .............................................................19 
                    Derivation of Op Amp Assumptions .............................19 
                    Saturation of Op Amps...................................................20 
                    Signal Gain and Signal Inverting ...................................21 
                    Signal Buffering..............................................................22 
                    Signal Addition ...............................................................22 
                    Signal Subtraction...........................................................23 
                    Signal Cascading.............................................................23 
                    Experiment 4: Measuring Op Amp Gain.......................24 
                    The Derivative Operation ...............................................25 
                    The Integral Operation....................................................25 
                    Experiment 5: Measuring Derivatives and Integrals ....26 
3. Propertional, Integral, Derivative (PID) Control Theory..............29 
          Terminology ..............................................................................29 
          Control Theory ..........................................................................30 
4. Building the Complete PID Controller...........................................31 
          Introduction................................................................................31 
          Setting Up the Breadboard........................................................31 
          Set Point and Process Variable.................................................32 
          Error Comparison......................................................................34 
          Proportional Controller .............................................................36 
          Integral Controller .....................................................................37 
          Derivative Controller ................................................................39 
          Adding the Control Efforts .......................................................40 
          Connecting to a Physical System .............................................42 
 

  

The circuit diagram for the set point and process variable are in Figs. 16a-b. We now 
follow a step by step procedure for placing the components on the breadboard (see Fig. 
16b).   
 
1. Place two 100kΩ pots in the bank of horizontal rows to the left of the op amps such 

that the “top” of each pot is on the right side.  Then, connect the pots as a voltage 

dividers (between 0 and +15 volts) as shown in Figs. 16a-b.  This will allow the pots 

to control the voltage output of the set point and process variable.  

2. Now, use jumper wires to set up each of the first two op amps as buffers (also shown 

in Figs. 16a-b). 

 

Buffer

100 kΩ
Pot

+15 v

Set Point or Process
Variable Voltage

 

 

Figure 16a: Circuit diagram for set point and process variable 
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Figure 16b: Component positions for process variable and set point 

 

 

 
Figure 1: Contents of the PID Manual                        Figure 2: Excerpt from PID Manual 
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Figure 3: The PID Circuit 
 

3. An Updated Course Outline 
 

Currently, introductory courses in mechanical engineering are customarily taught 
progressing from specific to general, treating classes of problems that grow in complexity; one 
approach to overcoming the difficulties mechanical engineering students have with the systems-
based approach is to avoid using it.  The material in mechanical engineering controls classes can 
be taught by dividing the material into the same classes of problems used in a typical vibrations 
course.  This is done by first covering the control of single degree-of-freedom systems, followed 
by the control of two degree-of-freedom systems, and then the control of linear systems in 
general.  Teaching the course this way can greatly clarify the subject matter, for reasons 
described shortly.  Teaching the material this way also reinforces the material taught in 
vibrations. 
 

A controls course tailored to non-electrical engineering majors was developed in 19863.  
The course outline is given in Figure 4.  As shown, the students first spend a great deal of time 
focusing on the many different ways to control single degree-of-freedom (1DOF) systems.  Parts 
2 and 3 review elementary concepts in vibrations, and parts 4 through 7 cover different control 
methods.  Since the subject matter is being restricted to 1DOF systems, the control issues are 
exclusively temporal.  The temporal parameters of interest include natural frequencies of 
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oscillation, natural rates of decay, settling times, peak overshoots, steady-state errors, amplitudes 
and phases of response, and switch times.  The new issues that arise in the control of two degree 
of freedom (2DOF) systems include spatial issues, among others.  In 2DOF systems the new 
parameters of interest include natural modes of vibration, wave speeds, wavelengths, the number 
of actuators and sensors, and tuning parameters for vibration absorption (the tuned absorber 
problem).  The last section of material covered in the course pertains to system concepts.  Here, 
different teachers will pick different topics, but the first author selected topics on solving linear 
algebraic equations (parameter identification), sensitivity (robustness), feedback estimation, 
digital control, and linear optimal control.    

 
 

Single Degree of Freedom Systems 
1) Nonlinear Systems 

a) Nonlinear Differential Equations of Motion 
b) Linearization About Static Equilibrium 

i) In the Configuration Space 
ii) In the State Space 

c) Numeric Integration 
i) Euler Method 
ii) 4-th Order Runga-Kutta Method 

2) Free Vibration 
a) Undamped vibration 
b) Damped Vibration 

i) Under Damped 
ii) Critically Damped 
iii) Over Damped 
iv) Comparison 

3) Forced Vibration ( transient, steady-state analysis ) 
a) Impulsive response 
b) Unit Step Response 
c) Polynomial response 
d) Exponential and Harmonic Response 
e) General Response ( convolution integral ) 

4) Performance Parameters 
a) Transient Dynamic Performance 

i) Peak-Overshoot 
ii) Settling Time 
iii) Steady-State Error 
iv) Exponential Stability 

b) Steady-State Dynamic Performance ( Bode plots ) 
c) Control Performance 

i) Power 
ii) Fuel 
iii) Saturation 

5) Linear Feedback ( regulation ) 
a) Displacement Feedback 
b) Velocity Feedback 
c) Displacement-Velocity ( state ) Feedback 

i) Phase and Gain Margins 
ii) Time Delay 

d) Integral-Velocity Feedback ( integral-alone instabilities ) 
e) Displacement-Velocity-Integral ( PID ) Feedback 
f) Summary 

6) Nonlinear Feedback ( regulation ) 
a) Dry Friction ( time optimal control ) 
b) Impulses ( fuel optimal, bang-bang control ) 

7) Open-loop Control ( tracking ) 
a) Rest to Rest Maneuver ( polynomial method ) 
b) Spin-up Maneuver ( polynomial method ) 
c) The Separation Principle 
 

  
Two Degree of Freedom Systems 

1) Modal Analysis 
a) Matrix-Vector Representation 
b) The Eigenvalue Problem 
c) Modal Equations of Motion 

2) Performance Parameters 
a) Open-Loop System 
b) Closed-Loop System 

3) Full-State Linear Feedback ( regulation ) 
a) General 
b) Special Solutions 

i) Control of Settling Time 
ii) Control of Peak-Overshoot 
iii) Control of Steady-State Error 
iv) Control of Settling Time, Peak-Overshoot, and Steady-State-Error 

4) Partial-State Linear Feedback ( regulation ) 
a) Control Gain Assignment 
b) Comparison With Full-State Linear Feedback 

5) Linear Feed Forward Control (regulation of harmonically excited systems ) 
a) Control Relative to the Base Motion 
b) Control of the Base Motion ( tuned absorber ) 

 
Linear Systems 

1) Linear Algebraic Equations 
a) Batch Formulation 

i) Under Determined 
ii) Uniquely Determined 
iii) Over Determined  

b) Recursive Formulation ( parameter identification ) 
c) The Separation Principle 

2) Sensitivity Analyses 
a) Root Locus 
b) Perturbation Analysis 

3) Linear Feedback Estimation 
a) Configuration Space Formulation 
b) State Space Formulation 
c) The Separation Principle 

4) Digital Systems 
a) Equations of Motion 
b) The Eigenvalue Problem 
c) Modal Equations of Motion 

5) Linear Optimal Control 
a) Lagrange Multipliers 
b) Calculus of Variations 
c) Optimal Response 

i) Steady State 
ii) Transient 

 

 

Figure 4: Revised Control Course Outline 
 
4. Response from Student Surveys to Six Laboratory Experiments 
 

The laboratory experiments were first implemented in Mechanical Engineering Lab III 
(MAE 405), a one credit hour required mechanical engineering lab course.  Sixty-four students 
were given anonymous surveys after completing the experiments.  At the time they completed 
the lab, seventy-three percent of our students had already taken undergraduate control theory. 
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 The survey questions were designed to assess the curriculum modifications described 
earlier and measure student satisfaction.  The first two questions were general in nature, and 
designed to determine how the labs effected student perception of control theory and electric 
circuits.  The third and fourth questions were designed to measure how students felt about their 
exposure to building circuits, a concept that has been excluded from the mechanical engineering 
curriculum.  Specifically, the third question addressed how relevant the students thought the lab 
was and if they thought the current curriculum was lacking in hands on circuit labs.  The fourth 
question was designed to assess this particular set of experiments to see if they should be 
improvement.  The final question was designed to gauge the student’s interest in experiencing 
controls applications in addition to the traditional course material.  All responses are in Figure 5. 
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How do you think the PID lab has affected your 
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This lab concentrated on analog circuit design.  
Would you like to have a lab that included digital 

circuits?
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How do you feel about the complexity of the Lab?
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Would you like to see computer simulation added 
to MAE 461 (controls)?
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Figure 5: Student Survey Responses (MAE 405) 
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It is clear from the survey response that the students were well satisfied with the lab 
experiments.  They felt the labs were at a good difficulty level, the labs increased their 
understanding, and they were hungry for more controls and electronics experiments.  The fact 
that they wanted more experiments reinforces the idea that laboratory experiments are a good 
tool to help students to understand control theory.  It also points out that students feel they are 
currently lacking important background in controls and electric circuits and the experiments 
helped to fill in that background.  The students also asked for more simulation in controls 
courses, once again expressing their lack of satisfaction in their understanding of control theory 
and their desire for better connection between theory and application.  Five unsolicited responses 
were received in the comment section of the survey stating that this lab should be part of the 
controls course curriculum, once again verifying the relevance of the labs and supporting the 
author’s goal of implementing the labs into the undergraduate controls course. 

 
5. Response from Student Surveys from Updated Course Outline 

 
Because of the initial success with the PID lab, the experiments were also added to an 

introductory graduate controls course (MAE 524) which had already incorporated the modified 
course material for non-electrical engineering majors.  After students had completed the course, 
they were given written surveys to evaluate the success of the course modifications.  For 
comparison, the same survey was given to students who had taken the traditional controls course 
(MAE 461).   

 
The first five questions of the survey were intended to evaluate each student’s abilities 

before and after taking the courses to compare the effectiveness of each course.  Questions six 
through eight directly ask each student to evaluate the value of each of the course modifications.  
The student’s perceived value of the modifications was an indicator of how effective the 
laboratory exercises were and how effectively each of the courses presented the application of 
control theory.  Finally, questions nine through twelve assess the student perception of the 
general value of each course.  The results of the surveys are given in Figure 6a and 6b.   
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1) Did you have adequate background in 
designing and building electric circuits before 
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3) Did you have adequate background in s-
domain analysis before taking controls?
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5) How useful are analog circuits in controller 
design?
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6) Do you think hands-on controllers should be 
built in a controls class?
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Figure 6a: Student Survey Responses Questions 1-6 (MAE 524 & 461)  

P
age 6.963.9



Proceedings of the 2001 American Society for Engineering Education Annual Conference & Exposition 
 Copyright  2001, American Society for Engineering Education 

7) Would you rather have course material 
presented starting with single degree of freedom 

systems and building, or starting with more 
general systems and breaking into parts?
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8) Compared to other classes you have taken, how 
would you rate the usefulness of the material 

taught in controls?
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9) Compared to other classes you have taken, 
how would you rate the clarity of the material 

taught in controls?
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11) After completing controls, do you feel 
confident you could design a controller?
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12) Would you like to see greater or less 
emphasis on controls in the curriculum?
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Figure 6b: Student Survey Responses Questions 7-12 (MAE 524 & 461) 
 
 The direct questions proved to give the most conclusive evidence of the value of the 
course modifications.  The question about the value of building controllers in class (question 6) 
was 100% positive from the students that did build controllers (MAE 524), and over 80% of 
those students that did not build controllers (MAE 461) would have liked to.  Also, almost 90% 
of both groups prefer the course material to be presented starting small and building to more 
complex systems (question 7).  The student’s confidence in their ability was also greatly 
improved by the course modifications.  Notice in question 11 over 80% of the students that took 
the MAE 524 course were confident that they could design a controller after completing the 
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course.  In contrast, 75 % of the students that took MAE 461 were not confident they could 
design a controller.  Also, even though almost all of the students in both classes found the 
material “as difficult” or “more difficult” than other courses they had taken (question 10), 70% 
of the students taking MAE 524 would still like to see a greater emphasis on controls in the 
curriculum.  However, 75% of the students that took MAE 461 would like to see the same or less 
emphasis put on controls (question 12).  Finally, looking at questions 8 and 9 you can again see a 
noticeable difference between the two classes.  The students in MAE 524 were more satisfied 
with both the usefulness and clarity of the material presented. 
 
 It is clear from the student surveys that substantial success was achieved with the new 
course modifications.  By their own assessment, the students were more knowledgeable, better 
satisfied, higher motivated, and more confident in the MAE 524 class.   
 
6. Response form Student Interviews and Course Evaluations from Six Laboratory Experiments 
 

The students interviewed after completing the lab in MAE 405 were very pleased with 
the experiment, and were grateful for the hands-on experience that gave meaning to what they 
had talked about in the lecture controls class.  They wished the lab had been done while they 
were taking the controls lecture course.  One student stated, “I didn’t understand a thing my 
controls professor was talking about.  Maybe you should teach [MAE] 461 (undergraduate 
controls).”  Many also wanted to have more opportunity to observe the controller in different 
applications demonstrating that they were appreciative of their new understanding of controls.  
The course evaluations also made it clear that the students liked layout of the laboratory manual.  
One student explained, “It was easy to follow.  We used the Playboy method…all we had to do 
was look at the pictures.”  The only negative feedback we got from the interviews and course 
evaluations demonstrated that the students had gotten a better understanding of electric circuits, 
they just didn’t like them.  One student exclaimed, “Is this was electrical engineers do?  I’m glad 
I’m not an electrical engineer.”   
 
7. Response form Student Interviews and Course Evaluations from Updated Course Outline   
 
 The students interviewed after completing MAE 524 were very pleased with the course 
modifications.  One student explained, “When I took [MAE] 461, I was confused from the first 
day and never understood what was being presented.  This class gave me a good understanding 
of what control theory is all about.”  The average score of the course evaluations was also 15% 
higher than the departmental average.  (Traditionally, the average score for controls courses is 
lower than the departmental average.)  The written course evaluation also has a section where 
students are asked what they liked or disliked about the course.  Some of the responses are as 
follows: 1) [I] like the content about this course because it reflects the basic aspects of structure 
control and basic control theory.  Everything is not difficult, but informative.  2) I have enjoyed 
your course so much.  It covers a wide range of control problems and you explained in an easy 
context and made me understand the concepts and theories that are hard to understand by myself. 
3) It is good that this course has not been pigeon-holed into “controls” jargon like many controls 
books/classes. 
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8. Summary 
 

   This paper addressed two problems associated with teaching introductory controls to non-
electrical engineering majors.  The first problem was associated with the student’s inability to 
make specific connections between the topics covered in the class and the practice of controls.  
The deficiency, as described in this paper, was associated with a lack of exposure to analog 
circuits.  This problem was remedied in six hands-on experiments that required about six hours 
of class time (or lab time).  The experiments build up the students’ understanding of analog 
circuits culminating in the building of PID control systems for single degree-of-freedom systems 
(see our web site for the PID manual www.mae.ncsu.edu/homepages/silverberg/pid.html).  The 
second problem was associated with the systems approach, which non-electrical engineering 
students are generally unfamiliar with when they first take introductory controls.  As an 
alternative, the course material was reorganized into specific classes of problems, starting with 
single degree-of-freedom systems, in which temporal control issues are of concern, building up 
to two degree-of-freedom systems, in which spatial control issues arise for the first time, 
followed by special topics related to linear control systems.  The authors’ experiences with these 
two solutions appear to be extremely positive and recommended to others. 
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