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ABSTRACT

In this study, the control problem of a penduluningshedge-algebras-based fuzzy
controller (HAC) containing actuator saturation peesented. In HAC, linguistic values of
linguistic terms are obtained through semanticgantifying mappings (SQMs) based on
several fuzzy parameters of each linguistic vaeiabithout using any fuzzy set and inherent
order relationships between linguistic values dwags ensured. Hence, the design of a HAC
leads to determining parameters of SQMs. Numerazallts of HAC are compared with those of
an analogical conventional fuzzy controller (FC)oier to show advantages of the proposed
method.

Keywords pendulum, fuzzy control, hedge algebras; actusdturation.

1. INTRODUCTION

Fuzzy set theory, first published by Zadeh in 1965 useful mathematical tool to model
uncertain data and it has widely applied been attre. As a typical unstable system, pendulum
systems are often used as a benchmark for verifgiegperformance and effectiveness of a
control method because of the simplicities of theicsure. Recently, a lot of researches on
stabilization control of pendulum systems have bhegonduced [1 - 10].

Hedge Algebras (HA) theory [11 - 17], first intramkd in 1990, demonstrated that
linguistic values can form an algebraic structutres a complete hedge algebra structure with
the main property of which, inherent semantic ofdinguistic values is always guaranteed. It
is even a rich enough algebraic structure, andetbes, it can describe completely reasoning
processes. Applications of HA in vibration contoblstructures with remarkable results [1, 18 -
20] have provided a new approach in control probdéwibrating structures.

The issue of actuator saturation is very imporianteal control because any actuation
mechanisms are subjected to inherent physicaldtioits. Therefore, the limitation of actuator
should be considered in control in general anditmation control of structures in practice [21]
and this is the research purpose of the paper.ndlydem structure is considered for verifying
the control performance of HAC with the influendeaotuator saturation.
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2. PROBLEM UNDER CONSIDERATION

Consider a pendulum of lengtltontaining a concentrated mamssat its end. A spring (of
constant stiffnes&) and a damper (of constant damping facfoconnect the pendulum to a
fixed base as shown in Figure 1.

Figure 1.Pendulum model.

When the pendulum is deflected away from the stgliil the vertical position with initial
conditions including rotation angl#0) and angular velocity (0), control momenti applied at
the base of the pendulum brings the pendulum falisyaposition, that isp -~ 0 and¢ — O.

Vibration equation of the pendulum with the contrmmentu subjected to the limitation of the
actuator can be expressed as follows:

mI*@ + cp + kp =sat(u) 1)
In which, sat() depends on the limitatiam,, of the actuator [21]:
U, If uzy,
sat)=9y u if -y, <usy, (2)
Uy, If us -y,

Control diagram of the pendulum is presented imfé@, where X, x;]" = [#, #]".

X1 X1
> u >
X2 CONTROLLER

PENDULUM _X;I

Figure 2.Control diagram.

Y

It is assumed that the reference domains of the staiables and the control variable are
given by:—a; < x; < ag, =y < %, < by and €y < u < .

3. CONTROLLER DESIGN

The idea and basic formulas of HAs theory based definitions, theorems, and
propositions in [11-17] were summarized and preskirt [1, 18-20].

Consider a HA structur&X = (X, G, C, H, <) of linguistic variableX with primary termss
= {Negative Positivg; C = {0, W, 1} with 0, W and1 are specific constants calletbsolutely
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Negative neutral andabsolutely PositiverespectivelyH = {Very, Little} is the set of hedges;
and< is a partially ordering relation o\ Thereforep =g = 1, wheregy andq are the number of
positive and negative hedges, respectively, and sssult, semantically quantifying mapping
(SQM) valuesgof all linguistic values of the linguistic variaX are determined through only
two independent fuzziness parameters, which areffd(¢) and (h) < 1, wherefm(c) and
H(h) are fuzziness measure of negative primary ternt regative hedges, respectively.
Several typical linguistic values with SQM valudsXoare presented in Table 1 in the case of
fm(c) = w(h") = 0.5. In which,Ng Po, V andL stand forNegative Positive Very and Little,
respectively.

Table 1.Several typical linguistic values with SQM values.

Linguistic value Ne LNe W LPo Po
SQM valueg 0.25 0.375 0.5 0.625 0.75

Hence, when using HA to describe linguistic vagabinherent semantic order of linguistic
values is always guaranteed.

Next, designing steps of the controller HAC in artie control the pendulum to vertical
stability position are presented. ConfiguratiorH&C with two state variables;, x, and control
variableu is shown in Figure 3 [20].

: HA-Rule Base
X 1 with SQMs
1 1

x, | Normalization |— l —» De- normalization

A\ 4

| HA-Inference Engine '
1

* |  PENDULUM e

Figure 3.Configuration of HAC.

Although linguistic variablesq, x, andu under consideration are different, their hedge
algebra are here defined with a similar HA struet{#4X) as shown in Example 1 in the case of
fm(c) = (h") = 0.5. The components of HAC are defined as ¥adto

* HA-Rule Base with SQMs: a typical fuzzy rule bastered in the form of if-then rules
with SQM values is used for HAC as arranged in &bl

Table 2 HA-Rule Base with SQMs.

f LNe 0.375 W: 0.5 LPo: 0.625

1

LNe 0.375 Ne 0.25 LNe 0.375 W 0.5
W: 05 LNe 0.375 W. 0.5 LPo. 0.625

LPo: 0.625 W: 0.5 LPo: 0.625 PO 0.75
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* Normalization: the reference domain of a lingwistariableX, given in the form of an
interval [a, b], must be transformed to the SQM domgiven in an interval [0, 1], by a 1-1
mappingdx : [a, b] - [0, 1]. Normalizations for the state variables stnewn in Figure 4.

L L | Reference domain of -l L | Reference domain of
- 0 ag -bg 0 bo
]

.6

I I
0.37¢ 0 0

SQM domain ofq: ¢(x;) - l L. SQM domain o ¢(xo)
£ 0.37¢ 0 0.62¢

Figure 4 Normalizations for the state variables.
* HA-Inference Engine: semantically quantifying e (SQS), established through grid

nodes representing the HA rule base (Table 2) esrshn Figure 5, is used as HA-Inference

Engine in order to determine SQM values of the mdmhomentu from given SQM values of
the input variablesx{ andxy) [19].

0.8 /\\
\

0.€ 0.7

05 0.6

AUX2) 0.4 0.4 05

0.3 0.3 #(xa)
Figure 5 HA-Inference Engine — SQS.

* De-normalization: to convert SQM values to realues of the control moment the
inverted mappingy ™" of gx must be performed as shown in Figure 6.

A 1 L. SQM domain ofi: ¢(u)
0.25 0 0.75

L L L Reference domain of
-Co 0 Co

Figure 6 De-normalization of the control momant

Via the designing steps of HAC, several propeuifddAC could be found as follows:

* Components and operation principle of HAC areikinto those of a conventional fuzzy
controller (FC) in vibration control of structuresth two input state variables, x, and one
output control variable. The similar FC is presented in Appendix 1.

* Inherent order relationships among linguisticued of a linguistic variable are closely
guaranteed without using any fuzzy sets.
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* HA-Rule Base with SQMs can be clearly represenbyda semantically quantifying
surface (SQS).

* The steps of normalization, inference and de-radization of HAC are very simple when
only using linear interpolations.

* Therefore, it can be asserted that the contréll&€ is simple in establishment, coherent
in implementation and efficient in computation tif2é)].

4. NUMERICAL SIMULATIONS

In this section, the results of humerical simulasion control of the pendulum using HAC
containing actuator saturation are presented. Stasgs are shown in Table 3.

Table 3 Study cases.

Study cases I, m m, kg ¢, Nms k, Nm
Case 1 1.5 1.8 0.05 2
Case 2 1.5 1.8x1.2 0.05 2x1.2
Case 3 1.5 1.8x1.2 0.05 2x0.8
Case 4 1.5 1.8x0.8 0.05 2x1.2
Case 5 1.5 1.8x0.8 0.05 2x0.8

The initial conditions of the pendulum are given [ag(0), x,(0)]" = [¢#(0),¢ (0)]" = [0.6
rad, 1 rad/s] In the uncontrolled case, vibration of the penduls presented in Figure 7.

2 T T T T T T
. Uncontrolled
’ ol \\ 4 \\ ('\\ /N Ead
1 N AR AR N e P et N0
5 N ) \ ", M LA \ . v k. \
E \ ; Y /I : ' Py } ' ,' Yo
or \ /, vV ’ L ,’ 5, ‘\ ’ VoS N
vSy v Vi R P N 3 4
o v Yol ] ¥ X0 X
N N N YR ‘\,/ N n
., N/ ~ .
______ X1, rad e Xo, rad/s Time (S]
2 ! ! ! ! ! ! ! ! !
0 5 10 15 20 25 30 35 4C 45 50

Figure 7. Vibration of the pendulum in the uncontrolled @as

In order to verify the control performance of HAGkeded times to bring the pendulum
from un-equilibrium (non-zero initial conditions) tequilibrium in vertical position are
computed for the different study cases and linotadi (4;,) of the actuator. In which, the
equilibrium in vertical position of the pendulumssbjected to following conditions; < 0.001
rad andx, < 0.001 rad/s. Simulation results are shown in Edurlt can be found from Figure 8
that:

- Both of the controllers HAC and FC meet the coinpurpose when bringing the
pendulum to equilibrium in vertical position foretldifferent study cases and limitationg,§ of
the actuator. It demonstrates the robustness dgmdche controllers.

- The limitation of the actuator is proportionalthe control performance of the controllers.
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- In all the study cases for different valuesugf, the control performance of HAC is higher
than those of FC. When decreasimgandk by 20% (Case 4), the needed time to bring the
pendulum to equilibrium in vertical position is thleortest and vice versa for Case 3.

52

~.Time (s)
5"

4.87 .............................. |

4.6

4.4

6.5}

5.5} R
w

5 6 7 8 9 10

Figure 8 Needed times (s) to bring the pendulum to equiiih in vertical position.

Time responses of the rotational angle, the angudéocity and the control moment for
Case 1 withu;, = 8 Nm, Case 3 with;, =5 Nm and Case 4 witly,, = 10 Nm are presented in
Figures 9-17, respectively.

1

(rad) Case 1y, = 8 Nm
0.5 7
O llllllllllllllllll
Time (S
-0.5 | | ‘ ‘
0 : 2 3 | |

Figure 9 Time response (s) of the rotational angl@ad) of the pendulum, Case 1 with, = 8 Nm.
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(rad/s) Case 1iim =8 Nm
0.5+ 7]
of N\ e
05 . e, FC HAC ]
.......... ‘ ‘ ‘ Time (s
-1
0 1 2 3 4 5

T

T

Case 1y, =8 Nm

HAC :
, Time (s

Figure 11 Time response (s) of the control mome(m), Case 1 withy;,, = 8 Nm.

1

4 5

1

0.5

S

Case 3uim =5 Nm

‘ . Time (s

-0.5
0

5 6 7

Figure 12 Time response (s) of the rotational angléad) of the pendulum, Case 3 witf, =5 Nm.

(rad/s) Case 3im =5 Nm
0.5 1
JdON e
058 N AT FC HAC 1
1 ‘ / ‘ ‘ ‘ . _Time (s
0 1 2 3 4 5 6 7

5 i

Figure 14 Time response (s) of the control mome(m), Case 3 withy;,, =5 Nm.

T T
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Case 4y, = 10 Nm

‘ Time (s

Figure 15 Time response (s) of the rotational angléad) of t

3 4
he pendulum, Case 4 witfy, = 10 Nm.

(rad/s) Case 4 = 10 Nm
0.5t i
o \ el
05 N T e FC HAC i
1 N ‘ ‘ Time (s
0 1 2 3 4

Figure 16 Time response (s) of the angular velogit{rad/s) of the pendulum, Case 4 with, = 10 Nm.

T

Case 4, = 10 N

Time (s

L

3

4
Figure 17 Time response (s) of the control mome(m), Case 4 with;,, = 10 Nm.

To verify the computational performance of the colier HAC, computational time (CPU
time) of HAC is measured and presented in Table dan be found that CPU time of HAC is
very much reduced by over 85% in comparison witt tf the analogical FC. In which, CPU
times are measured when running computer programthe machine ASUS U46E with 8GB
RAM, the OS is Windows 7 Home Premium, the programgnianguage is Matlab 7.6.0, the
total time of simulation is 8 s and the time stie $s 0.01 s. It is a significant benefit of HAC i
real control because computation time of outputtrobrforces is one of the main factors
constituting input time delay of a controller.

Table 4 Computational time - CPU time (s).

Controller

CPU time

FC
4.13

HAC
0.61

Reduction ratio of HAC, %
85.23

5. CONCLUSION
In this study, the control problem of a penduluningshedge-algebras-based fuzzy

controller (HAC) containing actuator saturatiompigsented. It can be found from the numerical
results that, HAC has robustness capacity, highgiopnance in control when comparing with
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that of analogical FC, and especially, CPU timeH&C is much reduced in comparison with
that of FC (about 85 %). These show advantagesA@ I control in general and in structural
control in particular.

Considering different problems in the field of aahtsuch as input time delay, neuro-fuzzy

systems, adaptive and sliding mode control andnsanto the proposed controller for different
types of structures, such as active suspensioeragstsmart structures, flexible robots and so
on, will provide further and interested researahdszzy control of structures.
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APPENDIX 1

In this section, designing steps of the conventituezy controller (FC) which is similar to

the controller HAC are presented. Control diagramaoalogical FC with two input state
variablesx;, X, and one output control variables shown Figure 18.

X1
X2

A\ A 4

Fuzzification | l —»| De-fuzzification

| FC-Inference Engine:
1

* |  PENDULUM e

Figure 18 Control diagram of FC.

FC-Rule Base is arranged in Table 5. Fuzzificatibthe linguistic variables is presented in

Figure 19, wher& stands for the linguistic value "Zero". Mamdanithael and centre gravity
method are used as inference engine and de-fuatzifitmethod of the controller FC.
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Table 5 FC-Rule Base.

X1 Xo LNe Z LPo
LNe Ne LNe Z

4 LNe 4 LPo

LPo Z LPo Po

c

LNe Z LPo LNe V4 LPo Ne LNe 1 Z LPo Po
X1 X2
-ao 0 Qo -bo 0 by -Co 0 0

Figure 19 Fuzzification of the linguistic variables.

TOM TAT

DIEU KHIEN CON LAC SU DUNG PAI SO GIA TU
CO KE BEN GIGI HAN CUA MAY KICH PONG

Bui Hai L&", Tran Quy Cao
Vién Co khi, Teong Dai hoc Bach khoa Ha Bl, s6 1 Bai Co Viét, Hai Ba Teung, Ha Ni

"Email: le.buihai@hust.edu.vn

Trong nghién gu nay, bai toamiéu khién con fic sr dung b diéu khién my dua tréndai
sb gia tr (HAC) c6 ke dén gioi han aia may kichdong (actuator saturatiomuoc trinh bay.
Trong HAC, cac gia tmgon ng cia cac bin ngon ng thuduoc nhy cac anh x ngir nghiadinh
luong (SQMs) ga trén ndt sb tham $ mo caa di bién ngdn ng ma khodng &n st dung cac
tap mo va quan B thir ty ngir nghia von c6 gira cac gia irngén ng lubnduoc dam bio. Vi vay,
viéc thiét ké mot bo diéu khién HAC din t6i bai toan xaatinh cac thamd&cia SQMs. Cac &
qua md ptong $ cia HAC duoc so sanh & cac Kt qua khi sr dung mbt bo diéu khién mo
truyén thong (FC) trongtrng nhim thé hién cac bi thé cia HAC.

Tir khéa con kc, didu khién mo, dai sb gia tr, gigi han cia may kichiong.
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