E2IFE AI2HC XiSY CIXIE MEA

Yabyy, wae, FYE
~HCHSHT BT HRIB S DAY ST MR BB

Intelligent Digital Redesign for Helicopter System

Hwa Chang Sung’, Jin Bae Park’, Young Hoon Joo”
+Electrical and Electronic Engineering of Yonsei Univ =Electronic and Information Engineering of Kunasn Univ

Abstract -~ We represent an efficient intelligent digital
redesign method for a Takagi-Sugeno (T-S) fuzzy system.
Intelfigent digital redesign means that an existing analog
fuzzy-model-based controller converts to equivalent digital
counter part in the sense of state-matching. The proposed
method performs previous work, moreover, it allows to
matching the states of the overall closed-loop T-S fuzzy system
with the predesigned analog fuzzy-model-based controller. And
the problem of stability represent convex optimization problem
and cast into linear matrix inequality (LMI) framework. This
method applies to the helicopter systems which are the nonlinear
plant and determine the feasibility and effectiveness of the
proposed method.
1. Introduction

Most dynamic systems are continuous-time systems until
some years ago. So, in the view of practical and theoretical
approach, continuous-time controllers have proper territory in
continuous-time system. But, as advanced digital implements,
represented computer and microprocessor, analog systems with
digital systems are often desired. The reason of this phenomenon
is that digital devices have more merits than analog devices. In
other words, digital devices are easy to implement and have
good performance, but the costs are continuously going down.

Digital redesign is the method the that design a suitable analog
controlier first and then convert the obtained analog controller to
the equivalent digital controller maintaining the properties of the
original analogously controlled system, by which the benefits of
both continuous-time controllers and the advanced digital
technology can be obtained. [1] So, it guarantee the possibility
of practical use the merits of the digital devices.

In this paper, we use digital redesign method to achieve digital
approach. But all of analog systems are not converted equivalent
digital systems. There are two conditions, which are required
for accomplishing digital redesign successfully, the one is
dimension problem and the other is stability problem. The static
state feedback controller can be exactly digitally redesigned if
the dimension of the state vector is less than or equal to that of
the control vector, which is not satisfied in general. Therefore,
most digital redesign techniques were developed based on the
approximation techniques, in which the discrete system matrix
of the original closed-loop analog control system s
approximately estimated and used to develop the digitally
redesigned controller by state matching,

Another problem, represented stability, is the main issue for
the safe and harmless operation of the controlled system, the
guaranteed stability of the digitally redesigned system is
required for the practical application of the digital redesign
techniques. It is possible that the stability of the digitally
redesigned system can be verified after the digital redesign

procedure, But when the stability of the redesigned system is not
satisfied, the only possible remedy is to redesign the original
continuous-time controller or adjust the given sampling period.
So we need to combine the stability checking algorithm and the
digital redesign technique in the unified frame work. [2]

The solution of these combine problem is the need of linear
matrix inequality (LMI) setting, which can be effectively solve
marny controller analysis and synthesis problems. So, casting the
digital redesign problem into LMI frameworks seems to be a
quite promising way to digitally redesign a continuous-time
controtler with guaranteed stability. [3]

This paper is organized as follows. At first, we briefly reviews
the T-S fuzzy model and PDC controller to analyze the nonlinear
plant, helicopter system. Then, introduce the concept of
intelligent digital redesign of global approach. This method use
to control helicopter system, and to show the effectiveness of the
proposed method.

2. Main Subject
2.1 Intelligent digital redesign

The concept of intelligent digital redesign stems from digital
redesign methed, so two methods are similar to each other. The
difference of two methods is that intelligent digital redesign is
able to apply complex nonlinear system. In this paper, we
analyze the nonlinear by using T-S fuzzy-model-based controller
and convert to digital thing.

2.1.1 Takagi~Sugeno (T-8) fuzzy model

Consider a nonlinear dynamic system of the following form:

x (0= fx ), u ) (1

where X () € R"is the state vector, %) ER" i5 e
control input vector. We analyze this nonlinear plant to
Takagi-Sugeno (T-S) fuzzy model. The Eth rule of T-S fuzzy
system is formulated in the following form :

R :IF z,(¢) is about T, and ...and z,(1) is about T,
THEN x,(t) = Ax.(t) + Bu (f) 2)

=1,2 ; r,
I=1,2,...,7 and r is the number of IF-THEN rules. *» are

fuzzy sets and x.(8) = Ax. () + Bu (1) 5 e output of
these IF-THEN fuzzy system's IF-THEN rules. The final output
of given fuzzy system is represented as following equations:
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Xe(t) = ia(z(l))(ALXc(t) + Bau(t))
w(z@)

w(z®) ()
i=1

Used controller is Parallel Distributed Controller (PDC). We
utilize this controller and to design fuzzy controllers to stabilize
T-S fuzzy system. The main idea of PDC controller is that the
controller also consist of 'IF-THEN" rules and the previous part
of the 'IF-THEN" rules are same that of T-S fuzzy system's
plant. The PDC controller rule is

R':IF zi(k) is about T}’ and ... and z«(¢) is T,
THEN uc(t) = K.'x(t). 4

By using controller, we found the overall continuous-time
closed-loop T-S fuzzy system. And the equation is

xe(t) = ii&(z(t))&(z(t))(fii + BK)x,(2). o

wiz(e) = [ [T ), 8 =

2.1.2 Intelligent digital redesign

Intelligent digital redesign has three processes. At first, design
a stabilizable continuous-time controller at nonlinear system.
And, discretize the closed-loop continuous-time and the digital
fuzzy systems. Then design a digital controller such that the
states between the closed-loop continuous-time fuzzy system
and the closed-loop digital one will be matched. This process is
called ‘state matching’. And finally, the stability of the
closed-loop discrete-time system is guaranteed.

So we perform the discretization of the continuous-time T-$
fuzzy model which represents nonlinear plant. Consider T-S
fuzzy models governed by

5,0 = YOO Az O+ B, @)

where 4a(8) = ty(kT) i5 he piecewise-constant control input
vector to be determined in the time interval (KT, kT +T),

where T >0 For the digital control of the continuous-time T-§
fuzzy system, the digital fuzzy-model-based controller is
applied. Let the fuzzy rule of the digital control law for the (1)
system, we obtain following IF-THEN rules

R :IF 2i(kT) is about T}’ and ... and z:(kT)is T,
THEN ua(t) = K, xa(kT) M

i
for t €[kT, kT +T)  where Ki is the digital control gain

matrix to be redesigned for the ith rule, and the overall control
law is

uy©) = 3 ATk, x,(kT) “
i=l
for t€[kT,kT+T) .
The next process is that to find digital gains from the analog

gains so that the closed-loop state x,(2) can closely match the

closed-loop state x(1) at all sampling time instants £ = kT .
Thus it is more convenient to convert the T-S fuzzy system into
discrete-time version for derivation of the state-matching
condition, but it has some assumption, because T-S fuzzy system

is the nonlinear and time-varing system.
So, we need a mathematical foundation for the discretization
of the continuous-time T-§ fuzzy system [3].

Assumption 1. We assume that the firing strength of the ith

rule, (2(£)) is approximated by its value at time KT, that is
6,2(0) ~ B(kT)) o

for t€[kT, kT +T), Consequently, the nonlinear matrices

gﬂi (z@)4, and ga,,(z(,)) B

can be approximated as constant

Soctnu  Sackns

KT, kT+T).

If the state maintains this assumption, we can discretize
without boundary of LTI system, and obtain the Theorem I:

Theorem 1. The dynamic behavior of the discretized digital
T-S fuzzy system can be approximated by Assumption 1 and the
equation is

x, (kT +T) ~ i&(z(t))(G,.xd (T) + g (RTY) |

matrices , over any interval

where G; = exp(AT) ang H, = (G; - I)Ai—lBi.
Hence, the discretized version of the closed-loop system is con
structed to yield
q :
5 KT+T) = Zila-(z(mw, (TG, + HK kD) |
i=1 j=

and, The dynamic behavior of the disretized continuous-time
T-S fuzzy system can be approximated by Assumption I and the
equation is

% (KT +T) = 33 6,(KT)8, (KT, (x, (KT)

i=l j=1

= exp((4, + BK)T).

(12)

where q)ij

Our goal is to develop an intelligent digital redesign technique
for T-S fuzzy systems so that the global dynamic behavior with
the digitally redesigned fuzzy-model-based controller may retain
that of the closed-loop T-S fuzzy system with the existing analog
fuzzy-model-based controller, and the stability of the digitally
controlled T-S fuzzy system is secured [3]. So, for achieving this
goal we formulate the following global intelligent digital
redesign problem:

Problem 1 (7 -suboptimal Global Intelligent Digital Redesign

Problem): Given well-constructed gain matrices Kc' for the
stabilizing analog fuzzy-model-based controller (5), find gain

i
matrices Ka » {1 =12, -, 4_for the digital fuzzy control law
(8) such that the following constraints are satisfied

1) Minimize 7 subject to ”(D'J -G - H"de“ <Y

i, j= 1,2, ..., 4 in the sense of the induced 2-norm distance
measure.

2) The discretized closed-loop system (11) is globally
asymptotically stable in the sense of Lyapunov criterion. [3]

So, we are easy to convert the problem to convert convex
optimization problem. This convex optimization problem recasts
LMI framework, we guarantee the stability of total system. The
main results of this paper are summarized as follows
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Theorem 2 (Y -suboptimal Global Intelligent Digital
Redesign): 1f there exist symmetric positive definite matrix Q
symmetric positive-semidefinite matrix O, constant matrices
Fiand a possibly small positive scalar 7 such that the
following generalized eigenvalue problem (GEVP) has solutions
Minimize y subject to

Q.0.F

r —}Q . 0
<
_q)UQ—GiQ_H,}:j _}l_j (13)
[-Q+(g-1O » o
| Go-HF -Q]<O’ Pk b (14)
-0-0 * |
GO+HF +GQ+HF <O i=l2..g-1 j=i+]..q
- 2 _Q_ (15)

2.2 Helicopter system

In this section, we look around the real plant of the helicopter
system. Consider the following nonlinear dynamic system's
equation
J, () + B,p(t) = RF,(V,, - M, g(hsin(p())

+ R.cos(p(t)) + G, (z,(V,(,), p(1))
J IO + B y(0) = RE .V, + G {1, (V1)) (16)
which describe the dynamic behavior of a 2-dimensional
helicopter system. Let the state vectors and input vectors for
these systems be

x(0)=[p(t) ¥0) p©) 30) [ po) {0
ut) =[V,@) V,00F (17

Then the state-space of these state and input vectors can be
represented as

0 0
.
x«:) 0 o
5 *0 RK,g K.
By try - Mglhsing @) + R costx (1) 7. W
=1 J, J, + RK. 2 Kg (1)
~B, 1%, B LA J
10x,(1) i ’
! 1 ]
L 10x,() 0 (18)
: o 0

The analytic T-S fuzzy system is represented as follows by
using the procedure in [12]

R':IF z/(t) is about T,, THEN i(t) = Ax(t) + Bu(t)
R*:IF z,(t) is about T,, THEN x(t) = A,x(1) + Bu(1)(19)
and the membership functions for this subsystem are
I (x (0 = G0 + ) = b, (0) + )
(@a=b)x () + )
alx, () + B) - asinlx, (1) + B)
(@=b)x,() + B) 20)

Lx@)=

2.3 Intelligent digital redesign for helicopter system

We solve the original helicopter problem. By using “convex
optimization technique' and cast into LMI framework, we
obtained the continuous-time's gain. The initial value is

0 =x(0)={11-111 1] 2n
and the well-constructed gain matrices for the continuous-time

fuzzy-model-based controller is obtained. Before mentioned,
digital redesign technique has 'state matching’ problem. The

solution of this problem is gain matching, applying Theorem 2,
so we should obtain the gain of discrete-time case. The process
is same to continuous case, and the results are also obtained.

These two gains, continuous-time system's gain and
discrete-time system's gain, are the result of state-matching
technique. LM] framework uses these gains to notice which
digital redesign technique is successful or not. At first, we obtain
the simulation result of continuous-time case. Fig 1 shows the
movement of the continuous-time case's parameter.

We convert this analog system to digital system by using the
method of digital redesign. Then, we obtained the results of the
discrete-time fuzzy-model-based controller's simulation. And we
obtained simulation result. Fig 2 is similar to continuous-time
fuzzy-model-based system which are the result of intelligent
digital redesign.
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Fig.1 Time response of
the controlled continuous-time
fuzzy-model-based system

Fig.2. Time response of the
discrete-time fuzzy-model-
based system

3. Conclusion

This paper discussed the digital redesign method of
global approach for a Takagi-Sugeno (T-S) fuzzy system.
Intelligent digital redesign means that an existing analog
fuzzy-model-based controller converts to equivalent digital
counter part in the sense of state-matching. The proposed
method performs previous work, moreover, it allows to
matching the states of the overall closed-loop T-S fuzzy system
with the predesigned analog fuzzy-model-based controller. And
the problem of stability represent convex optimization problem
and cast into linear matrix inequality (LMI) framework. Finally,
we apply this method to helicopter system, and the simulation
result are obtained.
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