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Takagi-Sugeno Fuzzy Controller for a 3-DOF
Stabilized Platform with Adaptive Decoupling
Scheme

S. Leghmiz, S. Liu and F. Naei

Abstract—This paper presents a fuzzy control system foreeth
degree of freedom (3-DOF) stabilized platform witiplicit
decoupling scheme. The system under consideratiansystem with
strong interactions between three channels. Bygusie concept of
decentralized control, a control structure is depetl that is composed
of three control loops, each of which is associatedh a
single-variable fuzzy controller and a decouplimif.urakagi-Sugeno
(TS) fuzzy control algorithm is used to implemerd fuzzy controller.
The decoupling units design is based on the adafi&ory reasoning.
Simulation tests were established using SimulinkMztlab. The
obtained results have demonstrated the feasikitity effectiveness of
the proposed approach. Simulation results are septed in this

paper.

complex interconnected system for example the
decomposition-coordination  approach, the aggregatio
approach, the multitime-scale approach, and therdealized
control approach [3]-{4]. Since the decentralizeohtrol
approach is reliable and practical in view of timpliementation,

it is the most popular method that attempts to giesiontrol
schemes, where each subsystem is controlled indeptn
based on local information. However, the decermtedli
approaches are restricted to stabilization, anddfmamics of
each subsystem and the interconnection terms suenasl to be
known [5], [6]. In practice, the model of the catesied platform
contains vast unknown uncertainties. Since fuzgyclaontrol
has been considered as an alternative to traditicotrol
schemes to deal with system dynamics uncertaintycdmain

Keywords—3-DOF platform of a ship carried antenna; thethe best performance of the system. Fuzzy corgratiopted as

concept of decentralized control; Takagi-Sugeno) (fi@zy control
algorithm; Simulink

|. INTRODUCTION

HE stabilized platform is the object which can &el

motion of the vehicle, and can measure the charige
platform’s motion and position incessantly. It carake the
equipment which is fixed on the platform aim at &naatk object
fastly and exactly. In the stabilized platform gyss, the basic
requirements are to maintain stable operation eween there
are changes in the system dynamics and to have gaog
disturbance rejection capability.Since they begahet utilized
about 100 years ago, stabilized platforms have hsea on
every type of moving vehicle, from satellites tbswarines, and
are even used on some handheld and ground-mouetéckd
[1, 2]. Its application is quite abroad and it bees
investigative hotspot in most counties all the tife
considered platform is a class of
servomechanisms with multiple axes. The controlsath
multivariable servomechanisms is, in general, nairaple
problem, as there exist cross-couplings, or intemas, between
the different channels. In addition, this systenrequired to
maintain stable operation even when there are @samgthe
system dynamics. In the stabilized platform systetims basic
requirement is to have very good disturbance rigject
capability. Presence of inherent nonlinearitieshsas stiction,
friction, saturation of actuators, etc. is also trues taken into
account. Many approaches have been proposed tmcsnth a
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the subject of this work [7].Fuzzy control has gainmany
interests in recent years [8], [9]. A number of crssful
applications have been reported in literature ahdse
applications of fuzzy control to industrial processiave often
pyoduced results superior to those of classicaltrobn
[10].However considerable difficulty was encounterehen
applied to multivariable nonlinear systems. Théidifty stems
not from the development of control algorithm, frdm the
construction of the rule-base, a key factor for the
implementation of a fuzzy controller. Due to thegence of
interactions between control channels, it mightabeery hard
task for domain operators to express their corstir@ltegies in
the form of relating multi-situations to multi-aatis, even
though they may be able to manually control thecess
satisfactorily [5]. One of the methods for handlthg problem
is to use a decentralized control structure. Thmutiroutput

multivariable/ariables of the process are appropriately paired each

channel is controlled by an independent fuzzy ailetr. This
paper considers a 3-DOF stabilization platform siimg of
three channels. By using the decentralized coctintept, we
developed a control structure composed of threaragpcontrol
channels, each of which is associated with a singléable
fuzzy controller and a feedback decoupling unitedasn the
adaptive theory reasoning. The simulation resultapplying
the proposed fuzzy controller to a 3-DOF stabilaatsystem
are presented which demonstrates the effectivenésthe
adaptive controller.

1. 3-DOF PLATFORM STABILIZATION SYSTEM

The considered system in this paper is composethef
platform, inner gimbal, outer gimbal, and the cdsg. 1); each
member is assumed to be rigid and has one degrieeediom
[11].
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Detailed equations computation is presented impéper [12].

Ill. Fuzzy CONTROLLER FOR THESTABILIZED PLATFORM
A. Control System Description

As mentioned in the Introduction, we are interested
adopting a decentralized control structure to copigh
multivariable control problems. The design procediewing
this idea consists of two steps: decomposition and
The mathematical modeling was established usingereu@nti-interaction. First, with reference to some gibgl insight
theory. The Euler's moment equations are into the system under con3|derat|on, a m_ultlvaeadystem is

decomposed into several input—output paired chantietreby
M =iH @ enabling each channel to be treated independentiyout
. taking coupling effects into account. Next, themng effects

The net torqué consists of driving torque applied by thebetween channels are explicitly compensated bygdiei an

adjacent outer member and reaction torque appliedhe anti-interaction mechanism for each channel. Theodgling

Fig. 1 An illustrative diagram of the 3-DOF platfor

adjacent inner member. scheme does not aim at eliminating interaction detefy
— oH - . since the exact decoupling would require completel a
iH=—=mH +, xH () accurate knowledge about the controlled process, ltbing

_ dt clearly contrary to the design philosophy of fuzzyntrol.

iH : Inertial derivative of the vectf : Rather, it is indented to reduce interactions toe@cceptable

- o ) . level by using as little process knowledge as fdesslt is also
mH : Derivative of H calculated in a rotating frame ofgypacted that the coupling effect, if viewed aseetusbation,

re_terence; can be partly compensated by the robust propertgefuzzy

@, : Absolute rotational rate of the moving referefreene; controller.

— . Fig. 2 shows the overall architecture for the 3-DOF
H Inertial angular momentum; stabilized platform control system described inltts section.

M : External torque applied to the body. For obvious reasong;,0), (7,,¢) and (7,,¢) are chosen to

By applying equation (2) on the different partshaf platform  pe three control pairs, each of which is associetéi a fuzzy

system, the system may be expressed as a setavfdserler controller and a decoupling unit. Thus, the appletuator
differential equations in the state variables. Bg\this system torques are given by

of equations we obtain:

. CB,-CB ) I, =U, Uy (6)
AB,-AB ,=U, +U, (7
. _CA-C
o= A -CA 4 ) @®
AB,-AB T, = Uy +Ug,
éz%—%*%ﬁ:: (5) whereu,,, u,,andu,, denote the outputs due to the fuzzy
Where A controllers, u,,, u,,and u,, denote the decoupling units.
A =siny -
B, =1 [ o *4%
o 4 Uay
C = MIW| = Ort comeater [ - :
» 00,09
- Decoupling Unit
A =coxy cos@sin@{u} LIy N e e o 3-DOF v
I‘Z | Controller U Platform | ___
v
| |
B =|1+sin’ —= +cos = e
‘ | | ™ Fuzzy ug T
'z 1z Controller *
M -MIZ K ugy
C=— ecoupling Uni
= i =
I+l cos@+1_sin*@ I
A =1+cos l,l/‘: x I = :I+sinzl//[|i}
B Dsing g/{l o] pz} Fig. 2 Multivariable fuzzy control for the 3-DOF platform
, — Cosgsingco

1678



International Journal of Information, Control and Computer Sciences
ISSN: 2517-9942
Vol:5, No:12, 2011

B. The Fuzzy Controller Design

The applied decentralized control structure tramsfothe
system to three separate SISO systems as shovign . fAt
each subsystem we appliedTakagi-Sugeno (TSjuzzy PD
controller. The objective of this controller is mainimize the
tracking error of each subsystem to a zero staleisTthe
control input must be a function of the trackingoerand the
change rate of tracking error, which representsdifference
between the desired and actual tracking velo@ity structure
of a complete fuzzy control system is composed frtm
following blocs: Fuzzification, Knowledge base,dnénce engine,
Defuzzification as shown in fig. 3 [9]. There an®tmajor types of
fuzzy systems: Mamdani fuzzy systems and TakageBodTS)
fuzzy systems. The main difference between the lie®in the
consequent of fuzzy rules. Mamdani fuzzy systenesfuszy sets
as rule consequent whereas TS fuzzy systems enlplesr
functions of input variables as rule consequent. [B8th types of
fuzzy systems have been used widely as effectiols ia various
practical applications, especially in the areas coftrol and

modeling[14].
Knowledge
Base

Defuzzification
Interface

Fuzzification
Interface

Decision

Fuzzy Making Logic | Fuzzy

Actual Control
NonFuzzy

Process Output Controlled System
& State (Process)

Fig. 3 Basic configuration of fuzzy logic contraligLC)

C.Fuzzfier and Rule-Base formation

The fuzzifier transforms the measured crisp inpuioXhe
fuzzy sets defines in ¥ where \, is characterized by a
membership functionu, :V, - [01] , and is labeled by a

linguistic term such as “negative big (NB),” “neiyat medium
(NM),” “negative small (NS),” “zero (ZR),” “positie small
(PS),” “positive medium (PM),” and “positive big By.”

where K, (.) are the membership functions fgrand é.

The Sugeno rule operates as shown in the diagratimedig.
4.The idea to construct the rule base of this ofletr from
common control experience is justified by the twdidwing
principles:

- If the error is zero, the speed is also.

- If the error is not zero, turn very quickly toreinate this
error.

So based on these principles, a set of rules haen b

derived and are summarized in Table I.

TABLE |
RULE BASE OF THEFUZZY LOGIC CONTROLLER

eg\g NB |NM |NS | ZR | PS | PM| PB

PB ZR | PS | PM| PB| PB| PB PB
PM NS | ZR | PS| PM| PB| PB| PB
PS NM| NS | ZR| PS| PM| PB| PB
ZR NB | NM | NS | ZR | PS | PM| PB
NS NB | NB | NM| NS | ZR | PS| PM
NM NB [NB |NB | NM | NS | ZR | PS

NB NB | NB | NB | NB | NM | NS | ZR

Input MF

L

Rule
o ) [0 J= v e
Fat (hnrvgg strength)
oly)

Output MF
Output
7 Cevel
= anibyic

Fig. 4 TS fuzzifier

For simplicity, the same universe of discourse dredsame
fuzzy set are adopted for fuzzy input variables.e Th
membership functions of isosceles triangles arel wse the

fuzzification function. For the output the coeféaisp; are

The general TS fuzzy systems in this study usep2tin defined in the simulation part.

variables.g,,e,,e,and 8,y , pare selected as input variables B.Fuzzy Inference Engine and Defuzzifier

of each subsystem respectively and defined asvawables | g fuzzy inference engine, fuzzy logic principigs used to
representing the situatiort is selected as output of th8 j synthesize the fuzzy IF-THEN rules in the rule bame a

subsystem and defined as a variable representmgdtion. Mapping from the family of fuzzy subsets ¥V to the
. . ; . family of fuzzy subsets in W. The defuzzifier perfs a
l.\lOtIC.e .that variables fon.9 ¥.¢, 0. ¢ andg ass.lfme mapping from fuzzy subsets in W to a crisp pointIW.
linguistic terms as their values such as positige-b 1he sygeno type fuzzy controller employ linear tiores of
negative-small, and zero, etc. _input variables as rule consequent, so the stepggriegation
Using the Takagi-Sugeno model [34], the fuzzy Syst8 nq gefuzzification of fuzzy rules are simultandpiand the
characterized by a set pflf-Then rules stored in a rule-base i, output of the system is the weighted averafjell rule
and expressed as . _ . outputs, computed as
R: IF e is A and @ is B THEN c' =p, + pe, + p,¢
where A and B are linguistic terms which in this study can be

NL, NM, NS, ZR, PS, PL and PB. T=23 (10)
The output level,of each rule is weighted by the firing ' N U
strengthy of the rule. For example, for an AND rule with =

Input 1 =e, and Input 2 9, the firing strength is IV. DECOUPLINGSCHEMES

The procedures of designing a SISO fuzzy controller
described above indicate that only little qualitatknowledge
about the process being controlled is requireddgiving the

4 = AndMethod (F, (e,), F, (8)) ©)
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rule base and the fuzzy control algorithm itself iits fact, mathematically rigorous analysis will be descrilimdow to
independent of the controlled process. It is nopissing that prove that the obtained adaptive scheme is judtifie what
such designed controller will not perform well, general, follows, only the platform channel is discussedcsirthe
when applied to multivariable systems with the pree of generalization of the results to the other chaniel
strong interactions between channels. To achievierbe straightforward.

performance, it necessary to take coupling effiettsaccount. Let us suppose that initially no dominant intenaetierm

For the 3-DOF stabilized platform considered irs thaper, d,, = kal(w1¢)w¢ is presented. For a specified reference

by exploring physical and mechanical propertiethefsystem command, the closed system employing the fuzzyrobet
and the obtained dynamic equations we may concheatethe only may E)e represented by

dominant source of interaction lies in the diretérconnection o
of the different parts of the platform and the tiata of each y, 64 .9.04.9 =u, (17)
one. The position of each channel also affectspthstion of
the others. We also assume that these interactiorces are
transmitted mainly through angular velocities. Hiere, we and uiflis the corresponding fuzzy control effort.
can define three interaction components as

di»3 the interaction component existing in the platfainannel

where y_represents all dynamic terms for the platform cleann

Next, a dominant interactive term,, is added to the

due to the inner and the outer gimbal channels. system. Without the introduction of any decoupimechanism,
dy: the interaction component existing in the innemigal the closed system in response to the same refecememand
channel due to the outer gimbal and the platforanokls. would be

ds, the interaction component existing in the outenigal Y, Ow.004.9+d,=u, (18)

channel due to the platform and the inner gimbahdels.

The task is now to design three decoupling units i@hereu,, is the fuzzy control effort whed.
compensate for the effedgs , dxs; anddag,.
For the sake of simplicity, we assume that thezations can

is presented.

123

We assume that

be approximately expressed linearly with respeé,t¢y and u, =u, +ai, Ol+a,)u, (19)
@ by wherea, >0.

A=k, W.o09 (11) Now er Want. to use an additional contr_ol effart to

reduce the interactive effect produceddyy,, leading to
= )¢ (12) _

dy, =k, (0,9)6.9 Y, O4.0.64,9) +dy,, = L+a)ul, +u,, (20)

dy,, =K, (0,064 (13) By identification with (18), we have
whereky; , keandkas are unknown. d,, =au, +u, (21)

Suppose that the input torque of the 3-DOF platfewmeach
channel comprises two componenisandug, as indicated in By using the linear relationship ef,, andu,,, (21) becomes
(9), (10) and (11). Recall that the fuzzy contnotlatputu; acts

as a principal controller whereas the decouplingputy is dy,e = pU;, +U, (22)
responsible for reducing interactive effects. Falamtive

. . X - where

decoupling, we propose the following algorithm tatainu,, , a

u,andu,, : b=, (23)
U, = K, @ 0.9 (14)

R o (15) Using (11), we have
=k X .
ta SR O000 K@ Q0.0 1y, +u,, (24)
Uys = K (O.4)04 (18) o
Then, we are required to design three decouplirits ki, MY, =K, @009~ u, (26)

|2a2 and Eaa, which are approximations ¢f, ,k,, and k., such The above equation indicates thgi at timet may be
that the addition of the input torqueg, u,,andu,,to each constructed by

channel given by the equations (14), (15) and @6éyld U, (1) = K. O @) .a(t) (27)
compensate to some degree for coupling effectstalugs , o &
dy3 andds;, Thus, we have

To obtain the adaptive laws a complete analysiketlosed _ N D : (28)
control system containing decoupling units is \difficult due A (O = s @ O.gORO A0 ~k, OO 40
to the introduction of scaled nonlinear fuzzy coliérs and Let
time-varying adaptive units. Thus, a simple butsles

1680



International Journal of Information, Control and Computer Sciences
ISSN: 2517-9942
Vol:5, No:12, 2011

3k =5 ()’ (29)
The gradient ofJ,, with respect tolza1 is given by
aJ .
L= —ug,, (30)
ok, My qu
Finally, the adaptive law is given by
dk a3 .
— =) = A, (31)
dt 1 ak61 1/'111// wll
In the form
ok _ 32)
q

wheren, = Ay,

To prevent from possible drifting to infinity witiime, it is
advised to use some projection algorithms to ptofgo given
bounded sets [9]. The simplest algorithm might be

It can be seen that adaptive units (33) and (34 hiaear
structures and adaptive laws (35) and (36) utilfeezy
controller outputs and as their basis for adaptatio

V. SIMULATION RESULTS

Designing a simulation for the system based orctimplete
nonlinear dynamics developed in (3), (4) and (5x8emely
difficult. It is thus necessary to reduce the comxjty of the
problem by considering the linearized dynamics [T5jis can
be done by noting that the gimbal angles variatiame
effectively negligible and that the ship velocitie§fect is
insignificant. Applying the above assumptions te tionlinear
dynamics, the following equations are obtained.

. D, . A (33)
@ l,,x+l‘x+lm¢ Ipx+l.x+lmF°°(Sgrw) 7IDX+IM+|M¢/€ Too
=1+l ..
gLy F (sgy) - eyt (34)
Ipz+|\z Ipz+|\z Ipz+||z
. D, . R U P
§=_"r H—LFip(sgnE)—Mww—T” (35)

I y y y

It can be seen from the dynamic equations thatsysgtem
exhibits strong interactions between three chanrelsach
channel we can see the interaction term of the ttheers
channels. The overall control objectives are toieae good
transient and steady state performances with regpstep-like
input command despite coupling effects and to aklgjbod
disturbance rejection capability.

The parameters of the platform model were estimfted
the 3D model in Solid works.

A. Fuzzy Controller Smulation

The platform is controlled by three independent igedtical
control loops. The state variables are position spekd. The
output from the controller is the change in platioangle,

which is used to calculate the control signaldiedervosThe

controller used in this paper is a fuzzy PD cotgrahs shown
in fig. 5. The scaling factorsKKg4e and K, are approximated in
order to give good performance for the controller.

TS Fuzzy
controller

7&»@_» %du»

Fig. 4 TS fuzzy PD controller structure

In this simulation, we investigate the performamdeTS
fuzzy controller with the adaptive compensationesoh. We
will apply two kind of TS fuzzy system. The firshe is
Sugeno-type fuzzy controller of order 1 and theosdcone is
of order 0.

In the zero-order Sugeno model, the output level a
constant (p, = p, =0). The value ofp, depends on the
linguistic term of the output. For example if thetput is NB
(according to the rule base) pp=-1.

In the order-1 Sugeno model, the output levela i;ear
function of input variables. The value p§ depends on the
linguistic term of the output and the value mf, p, are
constant(p, = p, =1). For example if the output is PM
(according to the rule base) pp= 0666andp, = p, =1.

The simulation of the fuzzy logic controller empioyhe
Simulink Fuzzy Logic Block set. It is able to refids written
in Matlab Fuzzy Logic Toolbox™. FLT files contaimet
membership functions and the rules used in theyflagic
system.

To perceive the performance of the adaptive deaogpl

schema, a comparison between the step responséeof t

platform using TS fuzzy controller with decouplirand
without decoupling scheme was done and the disteda
rejection was also treated. The results are showrdscussed
in the section below.

B. Results and Discussions

The results of the simulation investigating posiing
performance comparison of platform systare shown in Fig.
6 and Fig. 7.

Fig. 6 (dashed lines) shows step responses oftahdized
platform system when controlled by three separatddr-0 TS
fuzzy controllers. For the same fuzzy controllergoaeters as
used above, three adaptive decoupling units wededdAs
shown in Fig 6, the responses (solid lines) wegaiicantly
improved with smaller overshoot, shorter risingdim

In the fig. 7 for the order-1 TS fuzzy PD controlieese step
responses performances for the platform, inner ginamd
outer gimbal axes, respectively, show insignificawershoots,
and the ameliorations are fairly marked.

Fig. 8 illustrates the position tracking responsesig TS
fuzzy PD controller with adaptive decoupling uniiscan be
seen that this controller present good trackingoperance
with minorrise time
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Fig. 5 Order-0 TS fuzzy controller step respondeb® platform
system with and without decoupling scheme, (afqiat, (b) inner
gimbal, (c) outer gimbal
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Fig. 6 Order-1 TS fuzzy PD controller step respsrafehe platform
system with and without decoupling scheme (a) ptatf (b) inner
gimbal, (c) outer gimbal

} [— Fuzy response

07 1. | === desired trajectory
05| i :

H

£y,

=

-4

] 0.

2

=

a

time (5)

Fig. 7 Tracking performance using TS fuzzy conéoWith adaptive
decoupling scheme

In order to sedhe disturbance rejection aptitude of the
proposedcontroller, small disturbancAr was introduced. The

injected disturbance was a pulse®f = 005rad amplitude and
adds to the system input at time instant 1s.

The disturbance rejection capability of each pdittiee
stabilized platform using proposed controller witddaptive
decoupling unit is plotted in Fig. 9. They showtttie controller is
capable of dealing with this situation.

In summary, the simulation results show that theppsed
adaptive decoupling scheme is able to compensatmthraction
between the platform elements. The obtained cdatréé also
stable and it results in a satisfactory trackinggrenance.

(@)

A .

platiorm position rad |

1 I | i | i I 1 1
] 02 04 [ ] 1 12 14 [ 18 H
time ()
14 T
(b)
12 nneen B Rt -LECECTT LR LEEEROP —

e
g

s
g2

inner gimbal position (rad)

e
4

time (g)
14 T T T T T T
@©
12 nneen B st R LR E - EEPEPEPEPL P —

outer gimbal position (rad)

time (s}

Fig. 8 An example of disturbance rejection, (a}fplan, (b) inner
gimbal, (c) outer gimbal

V. CONCLUSION
This paper has considered the problem of contgllin
multivariable  servomechanisms  where  there
cross-couplings between the channels. A fuzzy PBtrab
strategy using a Takagi-Sugeno fuzzy model has pexgosed,

exist
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and an adaptive decoupling unit was addebas been shown
in the paper that uniformly stable operation is@ebd together
with asymptotic tracking of the reference commaigadals.

In the paper, simulation results in applying thepmsed TS
fuzzy PD controller with adaptive decoupling urdta 3-Dof
stabilization system have been presented which dstraies
the effectiveness of the fuzzy controller and tleealpling
system. Future work is directed to the fuzzy detiogp
scheme.
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