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Abstract

Soft computing techniques are frequently used in modeling and control applications of nonlinear systems. However, the fuzzy
cognitive map method, which is one of the soft computing techniques, is rarely used in control applications as a main controller. In
this study, a fuzzy cognitive map based PD controller structure is introduced and used for the stabilization of an inverted pendulum
system which is a nonlinear, unstable, and under-actuated system. The proposed controller has two inputs which are the error and the
change of error. In the proposed PD controller structure, the crisp input values are fuzzified to be handled in a fuzzy cognitive map
process. Then, causal relationships between fuzzified inputs and a control output are defined by using weight parameters. Finally, the
crisp control output value which will be applied to the system is obtained by using an activation function. The types of membership
functions used for the fuzzification process and the activation function determine the nonlinear characteristics of the proposed fuzzy
cognitive map based PD controller. The proposed controller has three tuning parameters which are one output gain and two weight
parameters. To show the effectiveness and robustness of the proposed fuzzy cognitive map based PD controller, simulation studies are
performed on an inverted pendulum system. Additionally, the performance of the proposed controller is compared with a PD
controller. All controller parameters are determined by using a genetic algorithm. Comparison results indicate that the proposed fuzzy
cognitive map based PD controller shows better control performance than the classical PD controller.

Keywords: Fuzzy cognitive map, Membership function, Nonlinear system, Inverted pendulum, PD control, Stabilization.

Bulanik Bilissel Harita Tabanh PD Kontrolorler Kullanilarak Ters
Sarkac¢ Sisteminin Stabilizasyonu

Oz

Yumusak hesaplama yontemleri dogrusal olmayan sistemlerin modellenmesi ve kontroliinde siklikla kullanilan yontemlerdir. Buna
karsin, yumusak hesaplama yontemlerinden biri olan bulanik bilissel harita yontemi, kontrol uygulamalarinda ana kontrolor olarak
nadiren kullanilmaktadir. Bu ¢aligmada bulanik biligsel harita tabanli PD kontrolor yapist dnerilmis ve bu yontem dogrusal olmayan,
kararsiz ve eksik tahrikli bir sistem olan ters sarkag sisteminin stabilizasyonu i¢in kullanilmistir. Onerilen kontroldr hata ve hatanin
degisimi olmak iizere iki adet giris degiskenine sahiptir. Onerilen PD kontrolér yapisinda, kesin degerlere sahip girisler bulanik
biligsel harita hesaplama siirecinde degerlendirilebilmek i¢in bulaniklastirilmaktadir. Ardindan bulaniklagtirilmus bu girigler ile
kontrolor ¢ikist arasindaki nedensel iligkiler agirliklandirma parametreleri kullanilarak tamimlanmaktadir. Son olarak ise bir
aktivasyon fonksiyonu kullanarak sisteme uygulanacak kesin ¢ikis degeri elde edilmektedir. Bulaniklastirma iglemi igin kullanilan
iiyelik fonksiyonlarinin yapilari ve ayrica aktivasyon fonksiyonun yapisi, onerilen bulanik bilissel harita tabanli PD kontroloriin
dogrusal olmayan karakteristigini belirlemektedir. Onerilen kontroldr bir ¢ikis kazanci ve iki agirlik parametresi olmak iizere ii¢ adet
ayar parametresine sahiptir. Onerilen bulanik biligsel harita tabanli PD kontroloriin etkinligini ve dayamklhiligim gdstermek igin ters
sarkag sistemi lizerinden benzetim ¢aligmalar1 gergeklestirilmistir. Ayrica dnerilen PD kontroloriin performans: geleneksel yapidaki
PD kontrolér performansi ile karsilastirilmistir. Tiim kontrolér parametreleri genetik algoritma kullanilarak belirlenmistir.
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Karsilastirma sonuglar1 gostermistir ki Onerilen bilissel harita tabanli PD kontrolor geleneksel PD kontrolorden daha iyi bir kontrol
performans gostermektedir.

Anahtar Kelimeler: Bulanik bilissel harita, Uyelik fonksiyonu, Dogrusal olmayan sistem, Ters sarkag, PD kontrol, Stabilizasyon.

1. Introduction

Modeling and control of nonlinear systems are more challenging tasks than the modeling and control of linear systems. Soft
computing methods can provide effective solutions compared to classical modeling and control methods [1-6]. The fuzzy cognitive
map (FCM) method is one of the soft computing techniques and developed by Kosko in 1986 as a fuzzy counterpart of the classical
cognitive map method [7]. The FCM approach is effectively used in many areas such as engineering, economy, health, security, and
management since it has the potential to express complex systems in an easy and understandable manner [8-15].

From the control engineering point of view, researchers have commonly utilized the FCM approach in supervisor controller
design [16-18]. However, there are few studies in literature that show the effectiveness of using the FCM approach in the main
controller design. In [19], the controllers designed based on the FCM approach are successfully used in a visual-based control
application of a quadrotor. In [20], embedded dynamic fuzzy cognitive maps are used for control of an industrial mixer and
satisfactory performance results are obtained compared with a fuzzy logic controller. In [21], the fuzzy cognitive map control is
applied in controlling the temperature and humidity of a room. The obtained results show that FCM controller provides higher energy
saving than a PID controller. In [22], a controller based on the fuzzy cognitive map approach is used for control of an industrial heatex
process. In [23], three different Pl-type FCM controllers are proposed to control nonlinear systems and the effective control
performances of the proposed controllers are shown through simulation studies by comparing with a classical Pl controller and a
fuzzy PI controller.

The inverted pendulum is a nonlinear, unstable, under-actuated, and non-minimum phase system [24]. These characteristics make
the control of these systems more challenging. Additionally, many complex systems, such as cranes, rockets, humanoid robots, two-
wheeled self-balancing transporters, can be approximated by inverted pendulum systems. Thanks to these properties, the inverted
pendulum system is widely used as a benchmark for the validation and performance comparison of control strategies. In literature,
various classical and modern control methods are successfully applied in the control of inverted pendulum systems [25] such as PID
control [26], linear quadratic regulator control [27], sliding mode control [28-29] Lyapunov based control [30] predictive control [31-
32] fractional order PID control [33], fuzzy logic control [34-35], and neural network control [36].

In this study, a new control approach based on the fuzzy cognitive map method is proposed and applied in the control of the
inverted pendulum system. The proposed controller is in a PD controller form and it has two inputs (error and derivative of error) and
one control output. By using the FCM approach, causal relationships between controller inputs and the output are modeled. To apply
the FCM concept, the crisp input values are firstly fuzzified by using membership functions. Then, by utilizing weight parameters, the
causal relationships between fuzzified inputs and the control output are specified. Finally, an activation function is used to determine
the crisp control output value which will be applied to the system. The nonlinear characteristic of the proposed FCM based PD
controller directly depends on the types of chosen membership functions and the activation function. Therefore, by using appropriate
membership functions and the activation function, the nonlinear characteristic of the controller can easily be increased. There are three
tuning parameters in the proposed controller model. These are two weight parameters of causal relationships and one output gain. The
effectiveness and robustness of the proposed FCM based PD controller are shown by simulation results. A classical PD controller is
used in the simulation studies for the comparison purpose. The genetic algorithm is chosen for the determination of controller
parameters and the integral time absolute error criterion is used for the performance criterion. Comparison results show that the
proposed fuzzy cognitive map based PD controller outperforms the classical PD controller.

The paper is organized as follows. In Section 2, the inverted pendulum system is given. In Section 3, the proposed FCM based
PD controller is introduced. In Section 4, simulation studies are given. Finally, in Section 5, the results and future studies are
provided.

2. Inverted Pendulum System

The inverted pendulum system is shown in Figure 1. This system consists of a motor-driven cart that can move only horizontally
and an inverted pendulum mounted on the cart. Therefore, it has two degrees of freedom of motion. In this system, it is aimed to
control the position of the cart by stabilizing the pendulum in the upright position. This system is a nonlinear, non-minimum phase,
under-actuated, and unstable system. Therefore, control of this system is a challenging task. This system is commonly used as a
classical benchmark system for the validation, evaluation, and comparison of control methods.
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Figure 1. Inverted pendulum system on a cart

The nonlinear mathematical model of the inverted pendulum system is as follows [27]

¢ U+ mi(sin 0)6* —mg cos sin &
M +m-—mcos®

j— ucos@— (M +m)gsin &+ ml(cos dsin 6)6
ml cos® 6 —(M +m)l

The definition of system states and parameters are shown in Table 1.

Table 1. States and Parameters of Inverted Pendulum System

State/Parameter Description

u Control force

6,6 Angular velocity and angular

acceleration
x, X, X Cart position, velocity, and
acceleration
M Cart Mass
m
l

Pendulum mass
Pendulum length

The corresponding system parameter values are given in Table 2.

Table 2. System Parameter Values

Symbol | Description Value Unit
Ref — x Reference 0.1 m
position
Ref — 6 Reference 0 Radian
angle
M Cart Mass 2.4 kg
m Pendulum 0.23 kg
mass
l Pendulum 0.36 m
length
g Gravity 9.81 kg/m?
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3. Proposed Fuzzy Cognitive Map Based PD Controller

In this section, a new nonlinear PD controller based on FCM is introduced. The structure of the proposed controller model is
shown in Figure 2 . This model has two inputs as the error (e) and the error change (de). The fuzzification process is applied to each
input. In this way, crisp input values are converted to fuzzy values to be handled in the FCM process. The weight parameters, W, and
Wy, define the causal relationships between inputs and the output. The control signal crisp value which will be applied to the system is
determined by using an activation function. Additionally, an output gain K is used to amplify the control signal level. Therefore, there
are three tuning parameters in the proposed controller. In this model, types of membership functions and the activation function
determine the nonlinear characteristic of the proposed PD controller.

sgn
e Meml)e!'ship % |
Function
Activation
<+>——- SIOmL_ K —u
Function
Membership
de Function Wi —
sgn

Figure 2. FCM based PD controller structure
The mathematical definition of the control law is as follows

u = f(sgn(e)u(e)W, +sgn(de) (de)W, )K 3)

where u is the membership function, f(.) is the activation function, and sgn(.) indicates the sign function. The sign function is included
in the model since fuzzified inputs possess only positive values in the interval of [0 1].

4. Simulation Studies

In simulation studies, the inverted pendulum system given in Section 2 is used. The control system model for the stabilization of
the inverted pendulum system is given in Figure 3. Here, two FCM based PD controllers are used for the control of the pendulum
angle and the cart position.

Ref. FCM-PD
Angle

Inverted
Pendulum X

Ref. +
IPosition ) FCM-PD

Disturbance

JL

Figure 3. Control system model

In the simulations, the sampling time is chosen as 0.01 seconds. The desired cart position is 0.1m. For the pendulum angle
controller, the membership functions of error and error change inputs are chosen as shown in Figure 4 by considering corresponding
ranges of input variables.
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Figure 4. Membership functions used for the pendulum angle controller

The error membership function of the cart position controller is chosen as shown in Figure 5. Here, in order to show the
effectiveness and design flexibility of the proposed FCM based PD controller, different type of membership function is used for the
error change variable as shown in Figure 6. This nonlinear membership function is obtained by applying the hedge operator with the

value of 0.85 to the membership function given in Figure 5 as x(de) = (y(e))o'85 [37].

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
e

Figure 5. Error membership function used for the car position controller

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
de

Figure 6. Error change membership function used for the car position controller

The activation function is chosen as f(x)=x for both controllers. The genetic algorithm is used in order to determine the

appropriate parameter values of the FCM based PD controllers. In the optimization process, the population size and the number of
generations are chosen as 50 and 100, respectively. The performance index for the optimization process is chosen as follows

Performance index = ITAE_ .. +ITAE

angle position (4)
Here ITAE, . and ITAE, ., denote the integral time absolute error values of the pendulum angle and the cart position,

respectively. The obtained parameter values are shown in Table 3.
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Table 3. Determined Parameter Values of FCM-PD Controllers

FCM-PD Parameter Value
Pendulum angle Wy -0.914
controller Wy -0.196

K 14.55

Cart position Wy -0.804
controller Wy -0.396

K 10.68

For performance comparison purpose, a classical PD controller is used in the simulation studies. The parameter values of the
classical PD controller are determined by using the genetic algorithm with the same configuration. The determined parameter values
are given in Table 4.

Table 4. Parameter Values of Classical PD Controllers

PD Parameter Value
Pendulum angle Kp -58.66
controller Kq 833
Cart position Kp -7.99
controller Kq 729

The performance comparison results are shown in Figure 7 and Table 5 for the nominal condition. The settling time criterion is
chosen as the time that cart position response settles within £5% of its final values.

0.1
—PD
= ——FCM-PD
g o
5=}
-0.1 1 1 1 L 1
0 1 2 3 4 5
Time (s
0.2 (s)
— 0.1+
g J
x
0 —PD
——FCM-PD
_01 1 1 1 T |
0 1 2 3 4 5
Time (s
10 (s)
—PD
= ——FCM-PD
< o
=)
_10 1 1 L 1 ]
0 1 2 3 4 5
Time (s)

Figure 7. System responses for nominal condition

Table 5. Performance Comparison Results for Nominal Condition

Controller | Settling | ITAEangle | ITAEpositon | ITAE
Time Total
(s)
PD 1.37 0.0227 0.0495 0.0722
Controller
FCM-PD 0.78 0.0261 0.0228 0.0489
Controller
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As it is seen from the performance comparison results, the proposed FCM based PD controllers outperform the classical PD
controllers by providing very low settling time as 0.78 seconds. On the other hand, approximately twice longer settling time value,
1.37 seconds, is obtained by using classical PD controllers.

To evaluate the robustness performance of the proposed FCM based PD controller and the classical PD controller, the disturbance
with 0.2N amplitude given in Figure 8 is applied to control signals in the steady-state condition. The obtained pendulum angle and
cart position responses and the corresponding control signals are given in Figure 9 for the steady-state time interval of [4 10] seconds.

0.25
5 0.2}
2
&
» 0.15}
=
o]
£ 01}
£
R
S 005t
0 .
0 2 4 6 8 10
Time
Figure 8. Control signal disturbance [N]
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Figure 9. System responses with control signal disturbance

As it is seen from Figure 9, the proposed FCM based PD controllers show higher robustness than the classical PD controllers in
the presence of the input disturbance.
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4. Conclusions

In this study, the fuzzy cognitive map based PD controller structure is introduced and used for the stabilization of an inverted
pendulum system. The results are compared with the classical PD controller. Comparison results show the effectiveness and
robustness of the proposed FCM based PD controller.

The proposed FCM based PD controller structure provides several advantages over the classical PD controller. The FCM based
PD controller is a nonlinear controller and its nonlinear characteristics can easily be increased by using different types of membership
functions and the activation function. Therefore, the proposed controller can provide higher control performance, especially for
nonlinear systems. Additionally, the proposed FCM based PD controllers can easily be replaced with the existing PD controllers since
both controllers have the same base form. In this way, the control performance can be improved further especially in the nonlinear
system control applications.

In future studies, the effects of using different types of membership functions and activation functions on controller performance
will be evaluated on a practical application.
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