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ABSTRACT 

 
This paper presents a remote control task of an inverted 
pendulum system for intelligent control education. The inverted 
pendulum moving on the guided rail is required to maintain 
balancing while it follows the desired trajectory commanded 
remotely by a joystick operated by a user. Position commands 
for the inverted pendulum system are given by a joystick 
through the network. The inverted pendulum system is 
controlled by a neural network control method. The 
corresponding control results are confirmed through 
experimental studies. 
 
Keywords: Inverted pendulum system, remote control, 
intelligent control education. 

 

1. INTRODUCTION 

Recently, control education has become more important in a 
control engineering field since the state-of-the art technologies 
demand more sophisticated control algorithms. It is true that 
proportional-integral-derivative (PID) controllers have been 
dominantly used in manufacturing industries for their simplicity 
and stability. However, as technologies develop rapidly, 
advanced control methods are gradually demanded for 
regulating sophisticated and complicated control systems to 
satisfy highly specified performances. 

For effective education of advanced control methods to students, 
control theories should be explained along with experimental 
demonstration. Experimental studies will help students to 
understand control theories with ease and can compensate for 
the lack of simulation studies for advanced control applications 
since real world has to deal with many uncertain problems. 

The inverted pendulum systems have been dominantly used as a 
control system test-bed since they have several particular 
characteristics. Firstly, a single input controls two outputs, an 
angle and a position, which is considered as a single-input 
multiple output system. One single input u  has to control two 
variables, angle q  and position x  to satisfy desired position 

tracking while balancing. Thus, suitable combinations between 
angle control and position control provide successful 
performances. Secondly, the inverted pendulum system is also a 
nonlinear system, but can be linearized. Lastly, the system is 
costly effective that can be easily implemented. A single motor 
and necessary hardware along with a inverted pendulum body 
are required. Cost of experimental apparatus for education is 
mostly concerned since many copies of the same system are 
required. 

These characteristics lead to enormous interest of using it as a 
prototype control system in the control education class. 
Particular reasons are to illustrate the concept of nonlinearity 
and challenge of control. In addition, the control concept of 
balancing mechanism can be applied to many other control 
applications such as control of balancing humanoid robots, two 
wheeled mobile robots, single wheeled mobile robots, and other 
balancing systems. 

Many control algorithms have been proposed and applied to 
various modified types of the inverted pendulum system since 
its challenging characteristics are evolving. Recently, endowing 
intelligence to the control systems has been vastly increased 
along with growing of human desires. One control subject called 
an intelligent control area has been enormously expanded and 
has drawn attention of many researchers as technologies 
develops fast and systems become more complicated.  

Two feasible candidates for intelligent control applications are 
fuzzy logic and neural network. Fuzzy controllers are popularly 
used in commercial products such as consumer appliances and 
mechatronics systems. Recently, neural network is gaining many 
interests since its structure is similar to human brain whose 
functions are learning and adaption capabilities that system 
learns and adapts environment gradually by reinforcement. 

Many researches on control of inverted pendulum system have 
been presented in the literature [1-8]. Fuzzy controllers are used 
to control the nonlinear systems [1, 2]. Rotational inverted 
pendulum systems have been presented [4]. Inverted pendulum 
systems with two or three links have been presented [7, 8]. 
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Fig. 1.Teleoperation of an inverted pendulum system 

 

The aim of this paper is to apply neural network to intelligent 
control education. In the framework of neural network control 
education, two educational goals, intelligent control and remote 
control are presented although time delay issue is not considered 
in this paper [9].  

Radial basis function (RBF) neural network is implemented as a 
neural controller for controlling an angle and a position of the 
inverted pendulum system at the same time. Back-propagation 
learning algorithm for the neural network is presented and 
embedded on the hardware to achieve real-time control. Position 
of the inverted pendulum system is commanded by a joystick as 
the desired position. A user controls the joystick to command 
the movements of the inverted pendulum system remotely. Then 
the inverted pendulum follows the position command while it 
maintains balance of the angle.  

Experimental environment of remote control of the inverted 
pendulum system by the joystick is built as shown in Fig. 1. 
Experimental works of using a neural network controller along 
with a PID controller are demonstrated and their results are 
compared. 

 

 

2. PID CONTROL SCHEME 

The PID control method is used in controlling an angle and a 
position. The balancing angle error of the inverted pendulum 
system is defined as  
 

qqq -= de  ,                                 (1) 
 
where 

dq is the desired angle value which is 0 and q is the 
actual angle. The angle error passes through the PID controller.  
 

ò++= dtekekeku idp qqqqqqq

.
,                (2) 

 
where 

qqq idp kkk ,, are controller gains. 

The position error of the inverted pendulum system is 
defined by 
 

xxe dx -= ,                                (3) 
 

 
Fig. 2 PID control structure 

 
where 

dx is the desired position value received from the 
joystick and x is the actual position. The detailed PID controller 
output becomes 
 

ò++= dtekekeku xixxdxxpxx

. ,                  (4) 

 
where 

ixdxpx kkk ,, are controller gains. 

Each controller output is added together to generate a force input 
to the system. The total control input is 
 

xuuu += q  .                                  (5) 
 

The PID control block diagram for the inverted pendulum 
system is shown in Fig. 2.  The joystick command is considered 
as the desired trajectory 

dx after an appropriate filtering process. 

 
 

3. RBF NEURAL NETWORK STRUCTURE 

Neural network has a massive parallel processing structure 
which requires a fast processor to perform many calculations in 
on-line. The radial basis function (RBF) network among many 
neural networks is used since it has a linear output such that 
nonlinear function is not used in the output layer. There are no 
weights between the input layer and the hidden layer which is a 
different structure from the multi-layered perceptron (MLP) 
network. The RBF network also uses the Gaussian function as a 
nonlinear function. However, the number of weights to be 
updated is 4 which is same as the one layered MLP network. 
The RBF structure is shown in Fig.3. 

The Gaussian function used in the hidden layer is 
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where e is the input vector T

neee ]...[e 21= which is the error 

vector, jm is the center value vector of the jth hidden unit, and 

js is the width of the jth hidden unit. The forward kth output in 

the linear output layer can be calculated as a sum of outputs 
from the hidden layer. 
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Fig. 3 RBF neural network structure 
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 where jy is jth output of the hidden layer in (6) and jkw  is the 

weight between the jth hidden unit and kth output, and 
kb is the 

bias weight. In the RBF network, the number of updated weights 
is 4 such as 

jm , 
js , jkw , and 

kb . 

 
 

4. NEURAL NETWORK CONTROL SCHEME 

Reference Compensation Technique(RCT) 

 
PID controllers are dominantly used and work for balancing 
angle control. But they have the difficulty of control desired 
position at the same time especially when disturbances are 
present. Thus, the proposal is to add a neural network along with 
PID controller to improve tracking performances under outer 
disturbances. Neural network has the capability of compensating 
for nonlinear uncertainties in the system. 
 
When neural network is used as a controller, development of an 
on-line learning algorithm is the most important technique to be 
solved. One of neural network control algorithms is the 
reference compensation technique (RCT). Fig. 4 shows the 
concept of RCT that has neural network at the input trajectory 
level [3,6,10,11].  
 
The idea of the RCT scheme is for neural network to locate at 
the input trajectory level to compensate for uncertainties in the 
system as shown in Fig. 4. The reference input r  is added to the 
neural network output Nf to generate modified the errore . The 
modified error e  is different from the output error e = r-y.  
 
The modified error is given by 
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Fig. 4 RCT neural network control block diagram 

 
where  r  is the desired input, and Nf  is from the neural 
network output.  After passing the controller, we have  
 

)( NeKu f+= .                      (9) 
 

Define the training signal to be minimized as Kev = . Then (9) 
becomes the closed loop error equation given below. 
 

NKfv f-=   ,                  (10) 
 
where f is the system dynamic equation and K  is the 
controller gain.  
 
For deriving learning algorithm, we define the objective 
function to be minimized as  
 

2

2
1 vE =  .                           (11) 

 
The back-propagation algorithm is required to calculate the 
gradient function below. 
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where h is the learning rate. Then weights are updated at each 
sampling time as 
 

)()()1( twtwtw D+=+                 (13) 
 

Therefore, in the learning algorithm point of view, the RCT 
control scheme becomes eventually same as the feedback error 
learning control scheme except controller gain [12]. However, 
compensation at the outer control loop without bothering the 
internal control structure is one of most important advantages. 
 

Reference Compensation Technique for Inverted Pendulum 

 
According to the previous RCT control scheme [6,13], the 
detailed PID controller outputs for the inverted pendulum 
system are described as 
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Fig. 5. Neural network control structure 

 

ò +++++= )()()( 32

.

1 fff qqqqqqq dtekekeku idpn
     (14) 

ò +++++= )()()( 65

.

4 fff dtekekeku xixxdxxpxxn
    (15) 

 
where if is the ith neural network output. 
The control input to the system is 
 

                                   xnn uuu += q                            (16) 

xv F+F+= q  
 

where, cxc uuv += q ,  

ò++= dtekekeku xixxdxxpxcx

. , ò++= dtekekeku idpc qqqqqqq

. ,

321 fff qqqq idp kkk ++=F , 
654 fff ixdxpxx kkk ++=F . 

 
The training signal v is defined as 
 

)( xuv F+F-= q                        (17) 
 

To minimize the error v, the objective function defined in (11) is 
minimized. The detailed back-propagation algorithm requires 
differentiating (11) with respect to the weight vector w as 
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The detailed neural network control structure for the inverted 
pendulum system is shown in Fig. 5. Delayed errors are inputs 
of neural network and neural network outputs are added to each 
component of PID controllers. The internal PID controlled block 
has the outer loop of compensating for uncertainties to form the 
closed loop controlled system. 

 

 

5. SIMULATION 

 
Position and angle control of the inverted pendulum system are 
simulated by using a neural network control method. Initial 
angle is 0.18radian and position is 0 m. Then the inverted  
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(b) Angle 

Fig. 6 Simulation results 

 
pendulum system is required to move to 0.5 m while balancing. 
Fig. 6 shows the simulation results. We see that the balancing 
angle and the cart position are well regulated. 
 

 

6.  EXPERIMENTS 

 Experimental setup 

Control environment of the inverted pendulum system has been 
setup as shown in Fig. 7. The system is composed of an inverted 
pendulum actuated by a dc motor, a computer, a joystick, and 
control hardware. The pendulum moves on the guided rail. At 
the end of guided rail, limit switches are attached to protect 
movement beyond the allowable distance. 
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Fig. 7 Experimental setup 

 

The positional command from the joystick can be obtained from 
a PC and the PC sends it to a DSP through serial communication. 
Then, the DSP performs control algorithms, PID and neural 
network to generate a control input torque signal. A FPGA 
board generates PWM signal and send it to the motor driver to 
drive a dc motor. Control hardware block diagram is shown in 
Fig. 8. Main processors are a DSP and an FPGA. There are two 
encoders, one for the position and another for the angle. The 
FPGA processor receives two encoder data, counts them, and 
communicates with the DSP to generate a pulse-width-
modulation (PWM) signal to the motor driver. 

 

 
Fig. 8 Overall structure  

 

Experimental results 

Position tracking control experiments of the inverted pendulum 
system are conducted. Initially, the pendulum balances itself as 
shown in Fig. 9. Then a user moves the joystick to generate 
desired position commands. Figure 10 shows the control 

performance of the inverted pendulum system by the joystick 
movements such that the pendulum follows the desired position 
while balancing.  

 
Fig. 9  Balancing control experiment at the beginning 

 

 
Fig. 10 Joystick command control for inverted pendulum 

 

Figure 11 shows the corresponding plots of experimental results. 
Figure 11 (a) shows the desired trajectory commanded by the 
joystick and filtered commands. Since the command from the 
joystick is not smooth and rough, it is required to be filtered out 
to generate smooth trajectory command for the pendulum to 
follow. Figure 11 (b) shows the actual tracking results with 
desired commanded trajectory. In Figure 11 (b), the inverted 
pendulum maintains balancing without the joystick command at 
the beginning, and then it follows the joystick commands of 
twice joystick operations of push and pull. Each push and pull 
joystick operation takes about 7 seconds. Although there are 
small tracking errors, the pendulum successfully follows the 
desired trajectory while balancing. 

It is true that faster movements of the joystick cannot satisfy 
position tracking performances since the bandwidth of the 
inverted pendulum is low compared with that of human 
movements. 
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(a) Joystick command trajectory 

20 22 24 26 28 30 32 34 36 38

-20

0

20

40

60

80

100

120

140

Time(s)

P
os

iti
on

(m
m

)

 

 
Position
Desired

 
(b) Enlarged position tracking result for the  joystick 

command 
Fig. 9 Position tracking performance 

 
 

7. CONCLUSIONS 

The remote position control of the inverted pendulum system is 
presented. Remote control test-bed is developed and integrated 
for intelligent control education based on neural network control 
application. Neural network along with PID controllers is used 
and implemented on the hardware to control the angle and the 
position simultaneously in on line fashion. The reference 
compensation technique control algorithm is used for the RBF 
network is to improve performances of the cart position of 
following the trajectory commanded by the joystick remotely. 
The test-bed can be used for experimental studies of students 
who take an intelligent control subject. 

Although remote control of the inverted pendulum system is 
successful, time delay issue which is the most important 
problem in the remote control applications is not considered in 
this research. Further improvement on intelligent control 

performance and student evaluations on this test-bed will be 
investigated. 
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