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ABSTRACT: This article presents an educational platform developed to support the teaching of compensa-

tors design in a basic control theory course. The application consists of a graphical user interface in MAT-

LAB1, and further connection to the plant under study through the data acquisition toolbox, and a data

acquisition card. The developed system allows the students to experiment with parameter changes in the

controllers under study, such as gain, overshoot, settling time, and peak time, and visualize results obtained

from simulated or real signals. The methodology is based on the frequency response analysis. Typical Bode,

root locus, and unit step response plots are easily obtained for a system before and after compensation, in a

dynamical way. A modular design allows the students to easily upgrade the application in order to include

further methodologies. Results derived from its use in undergraduate and graduate courses are presented.

MATLAB is a registered trademark of The MathWorks, Inc. � 2012 Wiley Periodicals, Inc. Comput Appl Eng Educ

22:699–707, 2014; View this article online at wileyonlinelibrary.com/journal/cae; DOI 10.1002/cae.21562
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INTRODUCTION

The use of interactive software tools in instruction is particularly

significant because it provides an immediate insight of the theo-

retical concepts involved in every field of engineering education

[1,2]. There are several high-level software authoring packages

that have been used to develop engineering education applica-

tions, such as MATLAB, LabVIEW, MathCAD, MATHEMA-

TICA, Maple, and others [3–6], as well as JAVA or cþþ for

the developing of web-based educational resources [7–9].

Among these, MATLAB [10] has emerged as a standard lan-

guage for science and technology due to its flexibility and ease

of use, as well as the availability of a large number of toolboxes

that have been developed for many different applications. Par-

ticularly, the data acquisition toolbox allows interfacing a phys-

ical system using the corresponding acquisition hardware for a

number of applications. This article describes an application

whose purpose is to provide a tool to be used as a teaching aid

in basic control courses, specifically in the design of controllers

and compensators. The purpose was to design an intuitive and

flexible tool that the students could use to experiment freely

with the control techniques, without getting overly involved in

programming. The application has been developed in MATLAB

and Simulink taking advantage of the toolboxes about data

acquisition and control. MATLAB is now available in any uni-

versity or industry, and it is used, among many other things, in

the design of control systems. As users of MATLAB knows,

Simulink is a graphical block diagramming tool that works in

conjunction with MATLAB through an intuitive interface based
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on manipulation of operational blocks, using drag-drop opera-

tions. The use of MATLAB for teaching and research is sup-

ported by an extensive literature that provides examples of

applications in various engineering topics, such as chemical en-

gineering, media signal processing, digital signal processing,

electromagnetic theory, communications, engineering design,

metallurgy, control systems, and many others [11–15]. Numer-

ous toolboxes have been developed for MATLAB to facilitate a

variety of engineering and educational tasks such as algorithm

development, modeling, simulation, data analysis, visualization,

engineering graphics, and application development in many

fields; however, use of these toolboxes requires certain length

of time to master them, thus discouraging novice users, in some

cases, to use them.

The educational graphical user interface presented in this

work aims to help in reducing the time spent in developing

computational tasks to solve problems and reinforce the stu-

dents understanding of theoretical principles through simula-

tions and interactive practice. In the past years, several

applications based on MATLAB with engineering education

purposes have been reported: digital image processing, electro-

magnetic theory, biomedical engineering, neural networks, pow-

er systems, fuzzy control, and many others [16–20]. There are

several works reported in the literature, which address from var-

ious perspectives the vast field of education on control theory.

Differences with the work described in this communication re-

side in the used approach of the specific technique involved in

the controller design [21–23], whether the web is involved or

not for interacting with the tool [9,23,24], or whether the access

to the system through dedicated hardware is considered or not

[25–27]. The main advantage of the control design software

package presented in this article is described as follows.

It makes use of operations contained in the MATLAB control

toolbox, accessed through a graphical user interface which

allows, even to the novice user, to do experimentation with the

design of controllers, and the effect of parameters changing,

without any previous knowledge of MATLAB or the control

toolbox. Furthermore, the interface allows the student to inter-

act with the real world using the data acquisition capabilities.

In that way, the student gets an instantaneous insight on the

performance of the designed controller. Using the software ap-

plication described in this article, the student is less prone to

errors as compared to the case of having to program each line

of code in any given language. Classical control design methods

are normally based on several assumptions derived from the

specifications, which allow the simplification of the design pro-

cedures. Usually, the controllers and compensators designed

give students some insight into the control problem, providing

an initial approach to the problem solution. However, further

effects derived from nonidealities can produce some deviations

from the desired specifications. For this reason, it is a standard

procedure the use of an iterative procedure in which the stu-

dents simulate the system, controllers, and compensators, ana-

lyzing in each step the effect in the intermediate results, until

they get the fulfillment of the specifications. This iterative pro-

cedure can be very time consuming and confusing without

computational tools that automates much of the iteration and

gives good insights about the progress of the design. With the

graphical user interface described in this article, the students

can solve in a graphical environment most of the exercises pre-

sented on the topic of compensators in a basic control theory

course. The rest of the article is organized as follows. The next

section presents a review on the principles of compensators

design, and the frequency response methodology used in this

work. The following section describes the developed MATLAB-

based graphical user interface for the design and implementa-

tion of compensators. Concluding remarks about the didactic

relevance of the project are discussed in the final section.

COMPENSATORS DESIGN

Compensators theory in control systems is a topic extensively

presented in detail in many textbooks, following several

approaches. Roughly, compensators aim to improve the transient

response of a system, as well as the steady-state error character-

istics, by augmenting or compensating the system with additional

poles and zeros. This is achieved by placing the compensator

either in cascade with the plant, or in the feedback path. In

every case the open-loop poles and zeros change, thereby creating

a new root locus that goes through the desired closed-loop pole

location [28]. As part of the process in many design techniques,

it is usual to observe a tradeoff between system-gain, steady-

state error, percent overshoot, and so on. In general, root locus

techniques require repeated trials to find the desired design

point. In that sense, frequency response techniques can take

advantage of the availability of computer programs, such as

MATLAB, in the design of compensators. A very interesting

discussion on the value of interactivity associated with design

of control systems can be found in Ref. [2]. When designing a

cascade compensation to improve the transient response, the

open-loop frequency response is reshaped to meet both the

phase margin requirement (percent overshoot), and the band-

width requirement (settling or peak time). Thus, this reshaping

can lead to several trials until all transient response require-

ments are met. The approach used for the application presented

in this article is based on the methodology described in detail

in Ref. [28] for cascade compensators design. A short summary

of the design procedure corresponding just to the LEAD

compensation case, for illustrative purposes, is described as

follows.

LEAD COMPENSATOR; DESIGN PROCEDURE

Consider a unity negative feedback system with an open-loop

transfer function represented by G(s), and a cascade compensa-

tor transfer function represented by Gc(s). The closed-loop

transfer function without any compensation is given by

Equation (1) as follows:

TðsÞ ¼ GðsÞ
1þ GðsÞ ; (1)

Restricting the analysis to a second order unity feedback

system, with vn and z representing the natural frequency and

the damping factor, respectively, the open-loop function is

given by Equation (2).

GðsÞ ¼ v2
n

sðsþ 2zvnÞ
; (2)

The closed-loop transfer function is then given by Equation (3).

TðsÞ ¼ v2
n

s2 þ 2zvnsþ v2
n

: (3)
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When designing lead compensators via Bode plots, the ob-

jective is usually to change the phase diagram, increasing the

phase margin to reduce the percent overshoot, and increasing

the gain crossover to obtain a faster transient response. By in-

creasing the gain crossover frequency the lead compensator

increases the bandwidth, and simultaneously, the phase diagram

is raised at higher frequencies. The consequence is a larger

phase margin and a higher phase-margin frequency. The effect

in the time domain is the presence of lower percent overshoots

with smaller peak times.

The transfer function of the lead network is given by

Equation (4), for b < 1.

GcðsÞ ¼
1

b

sþ ð1=TÞ
sþ ð1=bTÞ

� �
(4)

The dc gain of the compensator is set to unity in order not

to change the dc gain designed for the static error constant

when the compensator is inserted into the system.

As initial procedure, the program asks the user to input

the desired values by defining: numerator and denominator

coefficients corresponding to the transfer function of the plant,

overshoot (OS), system gain (K), and either the peak time (Tp)

or the settling time (Ts). The transfer function is then obtained

from the numerator and denominator coefficients and the sys-

tem gain K. The damping factor z is obtained according to

Equation (5).

z ¼ �logðOS=100Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ logðOS=100Þ2

q : (5)

Using the obtained values, the closed-loop bandwidth

required to meet the specifications of settling time, peak time,

or rise time is obtained as:

vBW ¼ vn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2z2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4z4 � 4z2 þ 2

pq
; (6)

where vn is given by either Equation (7) or (8), depending on

the parameter that was initially specified; settling time Ts or the

Figure 1 Graphical user interface main screen. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 2 Window accessed through the ‘‘LAG-LEAD’’ option. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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peak time Tp, respectively.

vn ¼
4

zTs

(7)

vn ¼
p

Tp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z2

p : (8)

The next step consists of finding the phase margin to

meet the damping ratio or percent overshoot requirement. The

required compensator phase angle ’c is obtained through an

iterative process, and then is used in calculating the beta value

according to Equation (9).

b ¼ 1� sin ’c

1þ sin ’c

(9)

At this point, it is required to determine the compensator’s

magnitude at the peak of the phase curve, and the new phase-

margin frequency. Zero (zL), pole (pL), and gain (K), of the lead

compensator transfer function, are then determined according to

Equations (10)–(12).

zL ¼ vmax

ffiffiffi
b

p
(10)

pL ¼
zL

b
(11)

K ¼ 1

b
(12)

Using these values, the compensator transfer function is

finally obtained. The compensator is added in cascade structure

to the plant. At this point, simulation is required to be sure that

all requirements are met, with the possibility of redesign if nec-

essary. The system performance can be easily evaluated through

typical Bode, root locus, and unit step response plots, before

and after compensation, in a dynamical way. The design proce-

dures used for the other compensators included in the applica-

tion follow a similar methodology. Procedure details can be

consulted in Ref. 28.

THE COMPENSATORS DESIGN GRAPHICAL
USER INTERFACE

Figure 1 shows the main screen of the interface. From this

window, the user is able to select the compensator type to be

used in the simulations. In the described application, the follow-

ing choices are available: proportional-integral (PI), proportion-

al-derivative (PD), proportional-integral-derivative (PID), lag,

lead, and lag-lead compensators. By clicking the desired option

the user accesses a new screen with several input blocks.

Figure 2 shows, by instance, the screen corresponding to lead-

lag compensator design. Every option displays some default

values, which can be easily changed at the designer conve-

nience. Figure 3 shows the window used to enter the numerator

and denominator coefficients defining the transfer function of

the plant in open loop.

In the case of choosing the compensators PI and LAG, the

user has the possibility to specify the values of the gain (K) of

the system and the overshoot percentage, either using the but-

tons or introducing directly the desired value in the space

Figure 4 Parameter definition window for the LAG-LEAD compensa-

tor option.

Figure 5 Window ‘‘Unit Step Response.’’Figure 3 Window ‘‘Open Loop Function.’’
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located under the corresponding bar. For the rest of the com-

pensators (PD, PID, LEAD, and LAG-LEAD), besides the two

previous parameters (gain and overshoot), the user can specify

the values of settling time (Ts) and peak time (Tp), as it is

shown in Figure 4. In a similar way to the previous options, the

user can select the desired value by means of the corresponding

button or introducing the values in the space located specifically

for that purpose. Figure 5 shows the window named ‘‘Unit step

response.’’ This option allows the user to define the appropriate

scale of time in order to analyze the unit step response in both

cases: compensated and noncompensated system.

By selecting an option in the block ‘‘View’’, the user can

access some choice, depending on the desired output plot: the

root locus, system unit step response, magnitude Bode plot, or

phase Bode plot. In every case the two plots corresponding to

the compensated and uncompensated cases are displayed. The

root locus of the system in both cases, compensated and non-

compensated, can be easily obtained by selecting the option

named ‘‘Root Locus’’, which is located in the screen shown in

Figure 2, and typical result plots are shown in Figure 6. Some

examples of the displayed graphics corresponding to the magni-

tude and phase Bode plots are shown in Figures 7 and 8. These

Figure 6 System root locus with and without compensation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 7 Unit step response with and without compensation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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plots are updated every time a parameter change occurs. For

a numerical evaluation of the system, the system provides an

option named ‘‘Design Results’’, which displays the screen

shown in Figure 9, with the parameters obtained in each case.

The application allows the user to analyze the block

diagram of the system under study by accessing the Simulink

option, which is located in the inferior part of the main screen

shown in Figure 2. A typical Simulink block diagram is shown

in Figure 10.

HARDWARE SETUP FOR REAL TIME
EXPERIMENTATION

The effect of the designed compensators can be immediately

visualized in real-time experiments by taking advantage of

the predefined acquisition functions in the MATLAB Data

Acquisition Toolbox. Figure 11 shows a setup used to do some

experiments on AC motor-speed control, which basically con-

sists of the acquisition module DT-9812 from Data Translation,

connected to the USB port of the laptop computer, a variable-

speed drive, an AC 1/3 hp motor, and a speed sensor. System

identification is performed experimentally using a first order

model, with a motor transfer function given by Equation (12),

where Km and tm represent the gain constant and time constant,

respectively. These parameters depend on physical characteris-

tics such as motor torque, moment of inertia, frictional co-

efficient, and so on [29]. The values obtained from an

experimental procedure are Km ¼ 3 and tm ¼ 0.089 s.

Figure 12 shows the screen of the graphical user interface with

Figure 8 Magnitude and phase Bode plots for the system before and

after compensation. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 9 System parameters obtained for the LAG-LEAD compensator.
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the unit step response of the system before and after compensa-

tion

HðsÞ ¼ Km

1þ stm

(12)

Figure 13 shows a typical obtained window with the tran-

sient and steady state response corresponding to the AC motor-

speed control experiment.

ACADEMIC REMARKS

This section describes comments obtained from course evalua-

tions, as well as written observations included in the lab reports.

The tool described in this work has been used in graduate and

undergraduate courses on control theory at University of the

Americas and the National Institute of Astrophysics Optics and

Electronics, Puebla, Mexico. According to the obtained evalua-

tions, the students found the described system a very good tool,

which help them to explore the effects of compensators in a

Figure 10 Simulink block diagram of the compensated and uncompensated control system.

Figure 11 AC Motor-speed control; experimental setup. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12 Unit step response before and after compensation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]



very interactive way, while they were able to check the results

in real time experiments. The graphical user interface was

found to be a friendly way to explore the theoretical and exper-

imental effect on the system response when some parameter

changes. The general consensus was that they enjoyed the

experiments which reinforced the theoretical concepts, with an

improvement in their attention during the lectures.

CONCLUSIONS

We have presented a MATLAB-based graphical user interface

for compensators design as an educational aid for basic control

theory courses, which takes advantages of the available tool-

boxes on control and data acquisition. The educational graphi-

cal user interface helped our students to concentrate on the

theoretical concepts, reducing the time spent in developing

computational tasks, and reinforcing the students understanding

of theoretical principles through simulations and interactive

practice. An additional interesting result was the observation of

a decrease in the number of errors which usually arise by hav-

ing to program a great deal of code, avoiding also the need for

debugging long programs. In short, it was found that the use of

the software tool helped the students to reinforce some theoreti-

cal concepts, while improving their motivation to explore inter-

actively the theoretical and practical effect of compensators in a

classical control theory course. Additional experiments around

the presented topic are being continuously developed by the

students and the instructor.
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