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Abstract - Controlling an inverted pendulum system to be successfully balanced is one of the most conventional and significant
control problems. An inverted pendulum system typically consists of a cart and a free-rotating rod. The control goal is to
maintain a vertical position of the rod while the cart must be regulated to follow a given desired trajectory satisfying an
acceptable tolerance. To obtain such a control objective, the system should be separated into two simultaneous control
phases: rotational angle control for the rod and position one for the cart. This work mainly focuses on designing an effective
control scheme for both a mathematical model and a practical prototype of the inverted pendulum system. The control
methodology is a reasonable integration of two conventional PID controllers and a proper metaheuristic optimization
technique, e.g., PSO (particle swarm optimization). Simulation results on the Simulink model and experiment results on the

practical one demonstrate the feasibility and effectiveness of the control strategy proposed in this study.

Keywords - Inverted pendulum, PID, PSO, Scaling factors, Balancing control.

I. INTRODUCTION

It is a fact that there are a huge number of nonlinear
control problems concerning an original control of an
inverted pendulum [1-5]. A typical model of an inverted
pendulum consists of a free-rotating pendulum rod attached
to a small cart which usually moves on a directional bar.
Figure 1 shows the practical model of an inverted pendulum
system designed in this work. The pendulum rod can rotate
freely up to 360 degrees while the small cart moves along a
one-meter-directional guide bar. A 24VDC motor drives the
motion of the cart. It is noted that the velocity of the cart was
kept at a constant value for experiments implemented in this
study.

| Pole
il (pendulum)

The control problem in this model has been solved in
different ways. However, a classical solution should be
mainly to control the dynamic force on the cart so that the
pendulum is balanced at a certain position, e.g., a vertical
position with a 90-degree angle [3]. This can be considered a
control problem with only one input variable but many
output variables (single input - multiple outputs). One input
variable represents the force on the cart. Two outputs are the
position of the cart and the deviated rotational angle between
the pendulum rod and a standard direction (usually a vertical
one). These output variables need to be successfully
controlled to obtain the balance of the pendulum, bringing
the system to a stable state.

Traditional control techniques may not be able to solve
the inverted pendulum control problem efficiently. Some
previous studies already proposed a number of control
solutions such as PID, fuzzy logic, and neural networks for
this nonlinear control problem [6]. A fact is that the
conventional PID regulators can be improved much better
[7]. This paper focuses on designing a new inverted
pendulum model using conventional PID controllers based
on the particle swarm optimization (PSO) algorithm [8-10].
The control methodology cooperates between a PID — based
deviation angle controller and a PID-based position one. This
hybrid integration can ensure the balance of the rod and
control of the cart as desired.
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Remember that each PID controller used for the inverted
pendulum system has three parameters to be determined, i.e.,
gain, integral, and derivative factors. In this study, six
parameters, twice the three mentioned above, should be
determined using an appropriate optimization technique. In
this study, the PSO algorithm [11-15], one of the most
effective metaheuristic optimization techniques, will be
applied to optimize these six parameters. The results of
simulation on MATLAB/Simulink software and a real
experimental model have shown the outstanding
effectiveness of the proposed control strategy.

The structure of this paper is divided into five sections.
After the Introduction section, section 2 presents a
mathematical model of the cart-inverted pendulum system.
Then, section 3 proposes the PSO algorithm applied to the
design of a PID controller. Next, section 4 focuses on
representing numerical results of stimulation on
MATLAB/Simulink software and experiments on the
practical inverted pendulum model shown in Fig. 1. The last
section consists of the conclusion and future work
concerning this study.

2. A Mathematical Model of an Inverted

Pendulum

Modeling a control plant is an initial step to designing a
proper control strategy. The more exact the mathematical
model, the more feasible the control methodology can be. To
build the mathematical model of an inverted pendulum
system, it is necessary to use Newton's laws to analyze the
dynamic responses of the system. Considering the
assumptions indicated in Table 1, the mathematical model
representing the inverted pendulum system is expressed in

.
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Fig. 2 Free body diagram of inverted pendulum
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Table 1. Assumption for the inverted pendulum system

Symbol Parameter Value
M Mass of the Cart 1.15 kg
m Mass of the pendulum 0.35 kg
| Length from center of the cart 0.4m

to pendulum
0 Pendulum angle from vertical Rad
F Force applied to the cart N
Ci Length from the center of the 0.28 m
cart to the center of the
pendulum
J Moment of inertia 0.002 kg.m?
q State variable, the inverted
pendulum system on the cart
has two state variables, X
(position of the cart) and 8 (the
deviated angle of the
pendulum bar)
g Gravity 9.81 m/s?
(m+M)%+mC,dcos@—mC,6°sind = F Q)
mC,%cos @+ (J; + mC2)d —mC,gsind=0

The model indicated in (1) can be written in the following
matrix type:

M (@) +V, (,6) + G(q) = [g } @

Where q is the state variable that representatively denotes
two considerable quantities: the position of the cart x and the
deviated angle of the pendulum 6. Matrices M(q) V, (0,q)

and G(q) are given as follows:

M(q) = m+M  mC cosd
= mC,cosd J,+mC?

0 -mCé*sind ©)
0 0

G(a) = 0
@= -mCZgsin6

The mathematical model of an inverted pendulum system
presented in (1) or (2) will be applied to design a balancing
control strategy for the inverted pendulum, studied below.

Vm(q,Q)=(

3. Propose A Hybrid Control Strategy For The

Inverted Pendulum System
3.1. Hybrid Control Strategy

It is known that PID (Proportional — Integral —
Derivative) controllers have become popular and widely used
in theory and practical industry [10]. These conventional
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regulators have appeared in almost fields of industrial
factories because of their effective controllability, low cost,
and simple design. A typical method for tuning PID
controller is Ziegler — Nichols method. However, turning a
PID controller is always difficult because of the time-
consuming experimental process, noise, external forces, and
errors from the measuring devices or sensors working with
the PID controller. To solve this problem, it is essential to
find out the best mathematical model of the plant.

Therefore, it can be seen that tuning PID's parameters
are unlikely to achieve the most optimal value because it is
usually based on the experience of long—term engineers. In
this paper, the authors propose research on tuning PID
methods combined with a particle swarm optimization
algorithm as a solution that finds a set of parameters
automatically following the direction of biomimetic
optimization.

3.2. Particle Swarm Optimization Algorithm (PSO)

The PSO algorithm is a popular metaheuristic—based
optimization technique, effectively solving many optimal
problems [11-19]. This optimization method is inspired by
biology theory to search for optimal points by minimizing an
objective function which can also be denoted as the fitness
function. This algorithm is inspired by the activity of schools
in nature, such as schools of fish and flocks of birds in the
process of searching for food. An overview of a typical PSO
algorithm can be found in [8, 15]. Figure 3 and Fig. 4 present
a search process for optimal points and a typical flowchart of
the PSO algorithm, respectively. It is noted that the PSO
mechanism is usually employed for determining optimal
parameters in control problems, i.e., finding appropriate sets
of PID factors which will be described in the hybrid control
strategy below.

A y x_k+1
1
Vik -
| .
| v Ghest /, Gbest;
| ~ !
- V_Pbest !
XS L —- =/ Ppest;
X
o

Fig. 3 The definition of changing search points in a typical PSO
algorithm
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Fig. 4 A typical PSO algorithm flowchart

3.3. Application of particle swarm optimization algorithm to
design a hybrid control strategy

The hybrid control strategy using a traditional PID
regulator and the PSO algorithm as a proper integration is
illustrated in Fig. 5. The objective function is a formula that
an algorithm feeds data to calculate predictions. Since the
desired requirement is to minimize error e(t) of the output,
the objective function can be described as follows:

J= Tfe(, (t)1dt = ](9‘ —o(t) )tdt 4

Where 6*(t) and 6(t) denote the reference angle, the real
angle deviated from the vertical axis of the pendulum.
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Fig. 5 Structure of a hybrid PSO~PID controller

In the PSO algorithm applied to the PID controller, each
particle contains three parameters, Kp, Ki, and Kg, which
means the search space of these parameters. We have the
algorithm procedure of the PSO~PID control system as
follows:

Step 1: Initialize for each particle in a population
1.1: Evaluate each particle’s position (Xic) randomly.
1.2: Evaluate each particle’s velocity Vik.

Step 2: Run the model

2.1: Run a control model with established parameters
in the previous time.

2.2: Find parameters: K,, K;, and Kq of the PID
controller.

2.3: Find the corresponding objective function.

2.4: Evaluate position function Xik following the value
of an objective, so-called fitness function.

Step 3: Update the value of position and velocity for each
particle

3.1: Update the value of position and velocity.
3.2: Evaluate objective function (fitness).

3.3: If fitness < Pbest_fitness then Pbest = Xik, Pbest
fitness = fitness.

3.4: Update the value Gbest for each respective particle
with the current minimum position of the objective function
in the population.

Step 4: Find the value of the new particle.

If a particle’s present value is better than its previous
best value, update it.

Step 5: Repeat step 2 until the stopping one of the criteria is
satisfied.

Targets of tuning PID parameters by PSO algorithm are:
e Minimizing the objective function.
e Find suitable results for the system and reduce the
error. Repeat steps until the stopping criteria are satisfied.
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3.4. The working principle of the system is when the PID
controller is combined with the PSO algorithm on the
Arduino platform.

Assuming that there are two major phases given below:

e Initializing phase:

Establish a random PID controller parameters model
based on the PSO algorithm.

e  Processing phase and ending phase:

After creating a PID controller parameter, data is
uploaded to the Arduino mainboard via COM. Then,
Arduino will write PID controller parameters in the PID
program on the mainboard. When Arduino initializes the
inverted pendulum system, it also calculates the objective
function with PID's parameters in the previous time. After
ending the program, Arduino will give feedback on the
present value to the PSO program on the PC platform to tune
for the next loop base on response data. After that, the PSO
program will check whether the stopping criteria are satisfied
or not, if not, then go back to the loop until the satisfying
stopping criteria then give the most suitable PID parameters
in repeating processing. Figure 6 also describes this control
methodology in a block diagram form.

Create PID’s
parameters Run the Measure
base on Uploading|  |system with| | and collect
responding — dataon | —jthe uploaded—} data from
data from Arduino PID’s objective
objective parameters function
funtion
Ending
programme
and giving n=n+1
the most
suitable
PID’s
parameters

Fig. 6 A flow chart regarding an executed process of Arduino used for
the practically inverted pendulum

4. Simulation and Experiment Results

4.1. Simulation via MATLAB/Simulink

To verify the research results presented in the previous
parts, simulations and experiments on the actual inverted
pendulum model will be conducted in this section.
Remember that the numerical simulation results are normally
employed to verify the studying theory. In the meantime, the
experiment achievements will testify to the applicability of
the proposed theory, which can be applied to the
manufacturing reality.

The block diagram for the simulation process performed
on MATLAB/Simulink is shown in Fig. 7.
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Table 2. Optimal PID’s parameters obtained from PSO

Fig. 7 The PSO - based PID control strategy proposed for the inverted pendulum model

Case 1: It is assumed to set the initial position of the vehicle
to be 0.2 m, but the desired position is set to be zero together

No. Position PID Angle PID
controller controller
1.Gain factor Kpl =65.8000 | Kp2 =84
2.Integral factor Kil =25.7000 | Ki2 =59.2000
3.Derivative factor | Kd1 =36.1000 | Kd2 =12.5000

To evaluate the control quality of the proposed control
strategy, the following two simulation cases are taken into

consideration:

with the deviated rotational angle. Figure 8 below shows the
position deviation of the vehicle and the angle of deviation
from the vertical of the rotating rod. This figure clearly
shows that both the error of the position and the deviated
angle is forced to be zeros at acceptable settling times of less
than five seconds. In this perspective, the angle deviation, 9,
is controlled to be a desirable value in a very short time, less
than two seconds, demonstrating the effectiveness of the
proposed control scheme.
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Simulation result for the first scenario
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Fig. 8 Simulation results for the first case considering two main parameters, x(t) and (t)
Case 2: The desired position of the vehicle r(t) is set to ~ control quality, leading to the fast balancing of the rod
change periodically between 0 and 0.2m. Figure 9 below  despite the periodical change of the cart’s position. Not only
illustrates the desired position, the actual position, the the real position tracks weII_ V\.”th .th's periodical referenc_e,
position deviation of the vehicle, and the angle of deviation ~ Put the rotational angle deviation is completely damped in

from the vertical of the rotating rod. It was found from this ~ €nough perfectly short settling times.
scenario the proposed hybrid control strategy achieves good

Simulation result for the second scenario
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Fig. 9 Simulation results for the second case of major parameters
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4.2. Experiments on the practical inverted pendulum model

The practical model built in this study is presented in
Fig. 1. To experiment, using MATLAB/Simulink software in
combination with the hardware of the inverted pendulum
system, the following steps need to be executed:

Step 1: Turn on the PSO program in MATLAB/Simulink.
Step 2: Run the program in MATLAB.

Step 3: Wait until Arduino's 13th light flashes twice (PID's
parameters were uploaded successfully from the PSO
program to Arduino).

Step 4: Raise the pendulum to the 90-degree position until
the 13th light goes out, then release the hand to let the system
run independently until the 13th light comes back on. This is
to complete one cycle of the PSO program.

Step 5: The process repeats from Step 3 to Step 4 until the
PSO program reports a set of PID parameters.

Figure 10 illustrates the real control signal measured by
an oscilloscope corresponding to the 90-degree vertical
position of the practical pendulum model shown in Fig. 1.
All signals obtained seem to be stable when the rod of the
pendulum is maintained at the vertical position. Experiment
results on the inverted pendulum system built in this work
verified the practical feasibility of the control strategy
proposed. It should be completely obvious the applicability
of the hybrid control solution has been proven through both
theoretical and practical aspects.
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