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ABSTRACT: This paper presents a new virtual laboratory tool which teaches sliding mode control (SMC) and
proportional–integral–derivative (PID) control to graduate students. Additionally, it describes performance differ-
ences between two control methods graphically. This educational virtual laboratory tool contains the control of
rotary inverted pendulum. This system is a typical example of nonlinear and under-actuated systems and also
well-known in control engineering for practicing different control theories. At first, the nonlinear dynamic equa-
tions of the inverted pendulum are presented. Then a virtual laboratory tool is designed for SMC and PID. After
that, the results are analyzed. The validity of designed tool is verified by an experiment. © 2010 Wiley Periodicals,
Inc. Comput Appl Eng Educ 21: 400–409, 2013; View this article online at wileyonlinelibrary.com/journal/cae; DOI
10.1002/cae.20484
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INTRODUCTION

The inverted pendulum is a state-of-the-art plant in control educa-
tion, which is useful for illustrating how to design controller for
swing-up and balance. Most control strategies are applied in the
linear and nonlinear control systems. Rotary inverted pendulum
(RIP) problem, especially, is well-known as an example of non-
linear and under-actuated systems. Therefore, the control of RIP
systems is commonly studied in control areas [1–5].

Sliding mode control (SMC) is robust control for nonlinear
and linear feedback control method, which has been developed and
applied to nonlinear feedback control systems around more than
three decades. SMC approach has been widely used for control
design problem [6,7]. SMC is one of the effective nonlinear robust
control approaches since it provides desired system dynamics with
an invariance property to uncertainties once the system dynamics
are controlled in the sliding mode [8–11]. SMC is designed so that
the system trajectories move onto a sliding surface in a finite time
and tends to an equilibrium point along this surface [12].

Nowadays, some experimental setups are expensive and can-
not be enable their parameter changes such as inverted pendulum
systems, dc and ac motors. Therefore, the virtual laboratory is quite
significant in order to observe the effects of controller parame-
ters. In particular, understanding the systems which do not have
experiment setups well is difficult in teaching. Additionally, in the
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education of these toll sets, understanding the effects of the con-
troller parameters on the system by the students is difficult since
the students cannot observe the parameters effects in mathematical
equations. In recent years, development of virtual laboratory has
received considerable attention in the literature [13–18]. There are
studies about educational tools for many systems [19–22]. Besides,
cart-inverted pendulum system, fixed base inverted pendulum sys-
tem and cart-on-track system is studied using matlab/visual C++
[23].

LabVIEW simplifies the scientific computation, process
control, research, industrial application, and measurement appli-
cations, because it has the flexibility of a programming language
combined with built-in tools designed specifically for test, mea-
surement, and control [24,25]. LabVIEW is an ideal choice for
pragmatic teaching and learning. It supports and serves a wide
variety of needs for test, measurement, control, and automation
applications [26]. The utilization of virtual tools for teaching
and learning in engineering has been well accepted by many
researchers [27,28].

There are many studies on the control education. Most of
them used proportional–integral–derivative (PID) controller [29].
A developed tool is used in PID education [30]. E-learning tool
based on Matlab has been developed [31]. It is used PID controller
in the system.

SMC is almost not used in the training aim although it is more
used in the applications. This study includes two different control
approaches; SMC and PID. Therefore, the designed approach is
novelty in the literature.
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In this study, educational software is developed for SMC and
PID control of RIP using LabVIEW. It is a part of a virtual control
laboratory project for RIP carried out by the authors. The software
can be easily used by graduate students in control courses. This
tool provides a low-cost solution for laboratory experiments. The
tool has a flexible structure and graphical user interface, which
permits the design of the SMC and PID control system. The control
performance of the controllers (PID and SMC) can be monitored
according to different parameters of controllers. It helps students,
instructors and researchers about SMC, PID and RIP.

DYNAMIC MODEL OF RIP SYSTEM

RIP system consists of two rods. The first rod is rotated by dc motor.
The second rod is connected to the first rod. Figure 1 shows RIP
system. The nonlinear dynamic equations of the inverted pendu-
lum system are given in Equations (1) and (2) [29].The parameter
definitions of the RIP control system is given in Table 1. The con-
troller parameters are defined in SMC and PID Control of RIP
Section.
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Figure 1 Rotary inverted pendulum system. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Table 1 Parameter Definition of the RIP

m2 Mass of the second rod
L1 Length of the first rod
l2 Length of the second rod
θ Horizontal angular displacement of the first rod
g Gravitational acceleration
� Vertical angular displacement of the second rod
r1 Viscous friction coefficient of the first rod
r2 Viscous friction coefficient of the second rod
J1 Inertia moment of the first rod
J2 Inertia moment of the second rod
u Horizontal control signal of the first rod
Vm Motor voltage
nm Motor efficiency
ng Gearbox efficiency
Kt Motor torque constant
Kg Motor gear ratio
Km Back electromotive force (EMF) constant
Rm Armature resistance.
�d Desired angle of the RIP

where u is

u = nmngKtKg(Vm−KgKm

•
�)

Rm
(3)

Table 1 shows the parameter definition of RIP control system.
The state space expression of the system can be written as in

Equation (4) [32].

•
x1 = x2•

x2 = f1(x) + b1(x)Vm•
x3 = x4•

x4 = f2(x) + b2(x)Vm


 (4)

where, xi is state variable vector; fi(x) and bi(x) are the nonlinear
functions of the state variables. Vm is motor voltage.

SMC AND PID CONTROL OF RIP

The desired angle of RIP is obtained using SMC and PID controller.

Sliding Mode Control

Sliding surface (s) is defined for SMC as follows.

s = c · x11 + x22 (5)

Here, c is positive constant defining sliding surface slope. x11

and x22 is defined as follows.

x11 = �d−�
x22 = dx11

dt

}
(6)

where, �d is desired angle of the second rod. It is generally 0
in the applications but �d can be selected for different angles. For
example: If the �d is selected 5

◦
, designed controller can balance

the second rod. The aim of the study is to control the second rod.
Therefore, only � angle is controlled. The sliding surface and its
derivative are obtained by combination (5) and (6).

s = c(�d−�) + d(�d−�)
dt

•
s = c( d�d

dt
−
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The state in (8) must be provided for stability of the system
in SMC [32].

lim
s→0+

•
s < 0 and lim

s→0−

•
s > 0 (8)

The control signal is defined as;

u = U0sign(s) (9)

Sign stands for signum function defined as in Equation (10).

sign(s) =
{

1 s > 0
0 s = 0

−1 s < 0
(10)

If a saturation function is used in place of sign function, the
chattering problem is eliminated [33].

PID Control

PID controller structure is the most widely used in industrial con-
trol systems. It is pointed out that more than 95% of the controllers
used in process control applications are of PID-type. Here, P, I,
and D are controller’s gains [34,35].

THE VIRTUAL LABORATORY ARCHITECTURE

The architecture of the virtual laboratory system and designed vir-
tual laboratory tool are shown in Figure 2. The client computers
communicate with the server computer and display the designed
virtual laboratory on their screen via Internet.

The client computers run a web browser and open a web page
loaded from the server. Therefore, the remote users do not need any
other special software installed on their machine except LabVIEW
player program. By this tool, students can access to virtual learning
environment and make virtual experiments. They can observe the
process outputs graphically on their computer screen.

THE DESIGNED EDUCATIONAL TOOL

The tool enables the instructors to teach SMC and PID control of
RIP to students without spending more time. The outputs of the

Figure 3 The block diagram of the educational tool.

system can be observed on the computer screen when the instruc-
tors click the mouse. The students can see the outputs and comment
the results in the class. Since they can see each parameter effect
graphically, they can easily understand SMC, PID control, and RIP.
They can also study on this control system using the Internet.

This tool helps to researchers who will practice the control of
RIP because they can change inverted pendulum parameters and
determine the dc motor parameters on the parameters screen. They
also may develop new ideas. Moreover, they will gain time for their
researches. Figure 3 shows the block diagram of the tool designed
using LabVIEW.

Figure 4 shows parameters screen which is a part of Lab-
VIEW graphical user interface screen front panel in Figure 2.
The inverted pendulum parameters, controller type and controller

Figure 2 Virtual laboratory architecture. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4 Parameters and controller selection screen.

parameters are given on parameters screen. Block diagram of the
virtual laboratory of LabVIEW is shown in Figure 5.

LabVIEW allows graphical programming. The equations
(f11, f22, etc.) can be written in boxes as seen in the Figure. Oper-
ators like integration, derivation, and the other functions can be
easily used in block diagram. Binary switch can be used to select
SMC or PID controller. Likely, the second switch is used to select
the saturation or signum functions. The parameter inputs of the
graphical interface is seen on the left part of the block diagram. The
graphical outputs is shown on the right part of the block diagram.

The tool has many advantages. For instance, the tool enables
to change all of the system parameters; simulation parameters,
control parameters, RIP parameters, and motor parameters. Hence,

the users can observe the parameter effects on the inverted pendu-
lum graphically. For example, if the users increase period time on
parameters screen, control system runs slowly. Thus, the graphic
of the process output is drawn slowly on the screen. Similarly, the
sensitivity of the simulation can be changed by changing the values
of the relative and absolute tolerance on parameters screen.

As shown in Figure 4, the users can change the function (satu-
ration or signum) using “SMC function selection switch.” They can
also select SMC or PID controller by “controller selection switch.”
Furthermore, the parameters of the controller can be changed via
the tool interface. Thus, students can observe the effects of inverted
pendulum system parameters and controller parameters on the
system.

Figure 5 Block diagram of the virtual laboratory of LabVIEW. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 6 The outputs of the control system for signum function in SMC (c = 7 and c = 20). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

PID controller coefficients are quite important for the control
system. Therefore, the effectiveness of P, I, and D coefficients on
RIP control system can be observed and analyzed by designed
educational tool packet. Similarly, the choice of c coefficient is
crucial for SMC. c must be determined very well due to the fact that
it affects the system stability. The system outputs can be observed
by changing the parameter coefficients of two controllers. Thus,
the effects of controller coefficients can be analyzed using the tool.
This provides simplicity for users. The relation between controllers
and pendulum can be seen.

Consider the problem of teaching sliding mode and PID con-
troller. During the course, the instructors have a limited amount of
time to explain and illustrate the results of SMC. Often the students
ask for understanding the effectiveness of the parameter changes
on the sliding mode and PID controller.

RESULTS AND DISCUSSION

Educational tool results of SMC and PID controller are given for
different parameters. RIP and motor parameters in Figure 4 are
used for simulation studies. Figure 6 shows results of SMC for
different c values which affect the system dynamics.

As shown in Figure 6, while c is 20, � reaches to �d in a
short time. � angle oscillates around �d, while the value of c is 7.
The effect on the system stability of c is by analyzed changing the
value of c. The users can understand the effect of c on the system.

Figure 7 shows results of SMC for signum and saturation
functions. The user can observe the elimination of the chattering
problem in SMC by selecting saturation function in tool screen. All
of the initial conditions are taken for θ = 0

◦
. As shown in Figures

6–12, � and Vm are observed by changing the controller parameters
on parameters screen of the tool.

As shown in Figure 7, � and Vm graphics are obtained using
saturation and signum function with the same c value. The chatter-
ing occurs as shown on the control signal (Vm) because of signum
function. While saturation function is used in place of signum
function, no chattering problem occurs on Vm. Thus, the users can
easily understand the chattering problem in SMC. The chattering is
a disadvantage and distinguished characteristic for SMC according
the other controllers.

Figure 8 shows the results of both SMC and PID control.
Using different SMC and PID control parameters, two control
methods can be compared by users in view of performance of
settling time, overshoot, and rising time.

PID is a linear approach for the nonlinear system. The solu-
tion of PID controller is good in linear system. But, the used
inverted pendulum system is nonlinear. As shown in Figure 8,
both SMC and PID controller are very good at the desired angle
0

◦
. The desired angle is chosen −1

◦
and 5

◦
, to compare two con-

trollers. The system response is bad when PID controller is used
for balancing the rod, as shown in Figure 9. System output is not
settling down the desired value, but when SMC is applied the same
system, as shown in Figure 10, system output is settling down at
the desired reference (� = −1

◦
). That is, when PID controller is

used, the rod is not brought into balance at −1
◦
, while the rod

is brought into balance at 0
◦
. The rod is brought into balance at

different desired angle values (0
◦

or −1
◦
) when SMC is applied to

the same system.
Similarly, the system is simulated while initial angle is 0 and

desired angle is 5
◦
. The response of SMC is very good accord-

ing to PID controller as shown in Figures 11 and 12. The rod is
not brought into balance at desired angle (� = 5

◦
) when PID con-

troller is used as shown in Figure 11. The result of the SMC is
good at desired angle (� = 5

◦
), although L1 (length of the rod) is

changed to 0.3 m. So, SMC is advantageous against disturbance
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Figure 7 The outputs of the control system for saturation and signum functions in SMC (c = 10). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8 The outputs of SMC and PID control (desired angle � = 0
◦
). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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and parameters changes as compared to PID. Therefore it is known
as robust. Disadvantage of SMC is the chattering problem. This
problem can be eliminated by using saturation function (Figure 7),
fuzzy boundary layer [33] or boundary layer [36].

RIP system is carried out as an experimental setup at Balıkesir
University for showing the confirmation of the designed tool. The
experimental setup is given in Figure 13. Obtained result from
the experimental setup is demonstrated in Figure 14 for indicat-
ing chattering problem [32]. Here, signum function was used as
control signal. The results in Figures 6–8 are similar in point of
chattering. So, the validity of designed tool is verified. The angle
of the pendulum is measured with a potentiometer, and the speed
of the motor with an encoder.

EVALUATION

In order to test the efficiency of this new tool, a survey which
includes five questions has been carried out in Electrical Engi-
neering Department of Balikesir University. The number of the
graduate students involved in the survey is 20 (n), between 2006
and 2008 years.

In order to test the efficiency of this new approach, students
have been asked the following questions:

1. Was the learning process with the tool successful?Fifteen of
20 participants answered yes, the rest of students answered
no (yes: 75%, no: 25%); majority of the students who found

Figure 9 The output of the PID controller (initial angle is 5.8
◦
, desired angle is −1

◦
). [Color figure can be viewed in

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

Figure 10 The output of the SMC controller (initial angle is 5.8
◦

and desired angle is −1
◦
). [Color figure can be viewed

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

Figure 11 The output of the PID controller (initial angle is 0
◦

and desired angle is 5
◦
). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12 The output of PID controller (L1 is 0.3 m, initial angle is 0
◦

and desired angle is 5
◦
). [Color figure can be

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

Figure 13 The experimental setup of RIP. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Figure 14 Vm output of SMC in real experiment.

the system effective stated that they liked the use of virtual
laboratory as an educational tool.

2. Is the virtual laboratory user interface useful?Yes: 50%,
No: 40%, no answer: 10%.Half of the students found that
it is useful for the course. Some of them considered that the
graphical interface of the tool is complex. They suggested that
the inverted pendulum parameters and controller parameters
should be on different screens.

3. Do you understand the effects of P, I, D, and c coefficients
to system?Yes: 90%, No: 10%.P, I, and D coefficients are
changed separately. Similarly c coefficient is also changed.
The settling time, overshoot, and rising time of the system
is observed. Hence, students stated that they observed the
performance of the controllers.

4. Do you understand the differences between PID control
and SMC?Yes: 80%, No: 20%.Students stated that there are
three coefficients in PID control and there is one coefficient
in SMC. Therefore, SMC is advantageous when compared
to PID in view of the optimization of the coefficients.
Students said that there is a chattering problem in SMC. PID
is advantageous in view of chattering compared to SMC.
SMC eliminates disadvantage using saturation function in
place of signum function. There is one coefficient which is
affecting the system dynamic response in SMC. There are
three coefficients effecting system behaviors.

5. (a) Do you observe chattering problem? Yes: 80%, No: 20%.
(b) Do you observe elimination of chattering problem when
saturation function is used? Yes: 75%, No: 25%.Students
stated that they observed the chattering problem using SMC
function selection switch on the designed tool. Many of the stu-
dents said that chattering problem is eliminated in the control
signal using controller selection switch.Success and motiva-
tion of the students increased after the tool was used in the
course. Many students explained that their learning process
was successful after using this tool. Some students suggested
that the chattering problem can be eliminated using low pass
filter and some trigonometric functions. They said that the
system can also be useful for students at undergraduate levels.

CONCLUSION

In this paper, an educational virtual laboratory tool is designed for
sliding mode and PID control of RIP using LabVIEW. The tool
enables users to change parameters of RIP controller and motor.
The user interface shows the outputs of control systems graphi-
cally. This tool helps students to understand SMC and PID control
of RIP. Without a real laboratory setup, students can practice from
their home using this tool. The main objective behind the virtual
laboratory development project was to allow graduate students
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without any programming experience about sliding mode and PID
control of RIP control system. Students can evaluate the differ-
ences between PID and SMC in terms of performance. They can
also determine the best coefficients changing controller parame-
ters. This tool can also be useful for undergraduate students at
control Engineering Department.

The instructors gain time for their researches because they
will need a shorter teaching period. They teach the control tech-
niques (SMC and PID control) to their graduate students using
computers. The parameter effects of sliding mode and PID con-
trollers can be thought by more examples in a short time. In
addition, this tool helps researchers who will conduct a real exper-
imental practice. They can change inverted pendulum parameters
on parameters screen and determine dc motor parameters for real
experimental practice. Therefore, researchers will gain time for
experimental research. Moreover, they obtain simulation results
of the control of RIP system.

This tool can be used for automatic control, nonlinear control,
SMC, feedback control courses. Many Engineering Departments
(electrical, control, mechatronic, and mechanical) can use this tool
for teaching SMC and PID control. In this study, the designed
approach is a novelty from the point of control education.
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