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Ecological System Control by PDC-Based Fuzzy-Sliding-Mode Controller

Chih-Min Lin, Yi-Jen Mon, Ming-Chia Li, and Daniel S. Yeung

Abstract

This paper develops a new design method of paral-
lel-distributed-compensation (PDC) fuzzy- slid-
ing-mode controller. This controller is then applied to
control an ecological system. A new fuzzy-blend-
ing-sliding-surface based on the PDC concept is in-
troduced. By using this sliding-surface, a PDC-based
sliding-mode controller is designed for an ecological
system which is a multi-input multi- output nonlinear
system subject to unpredictable but bounded distur-
bances. The Lyapunov stability condition is achieved
in this design, so that the system’s stability can be
guaranteed. This PDC-based fuzzy-sliding-mode
controller is applied to keep biomasses of the eco-
logical system within a small neighborhood of the
unique nontrivial optimal equilibrium state. By ap-
plying this controller, the accumulative yield of har-
vest is better than that by using state feedback con-
trol and open loop control.

Keywords: Ecological system, Fuzzy control, Slid-
ing-mode control.

1. Introduction

For the analysis of ecosystems which can include
nonlinear phenomena such as predator switching, food
limitations, saturation of predator attack capacities, etc.,
interaction in multispecies communities is a highly
nonlinear affair [4]. The ecomodels also have to include
explicitly possible effects of environmental disturbances.
A great amount of effort has been devoted to the study of
vulnerability and non-vulnerability of ecosystems sub-
ject to continual, unpredictable, but bounded distur-
bances due to changes in climatic conditions, diseases,
migrating species, etc. [4, 6]. The state feedback control
method has been proposed by Lee and Leitmann [6] to
control the disturbed ecological system.

Fuzzy logic control has become a powerful tool in
control engineering, especially for systems that are sub-
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jected to nonlinearities and unknown disturbances [2, 7].
Most of the existing works on stability analysis of
multi-input multi-output (MIMO) fuzzy control systems
are based on the Takagi-Sugeno (T-S) type fuzzy model
[5, 12, 13, 15]. A nonlinear plant was approached by a
T-S fuzzy linear model, and then a model-based fuzzy
control was developed to stabilize the T-S fuzzy linear
model. Some useful stability and robustness criteria for
T-S type fuzzy logic control have also been developed [3,
14]. Among the aforementioned methodologies, the
fuzzy-parallel-distributed-compensation ~ (fuzzy-PDC)
design approach is attractive since it is simple and natu-
ral [14]. The fuzzy-PDC control approach used in
model-based systems is also shown to be an efficient and
systematic method to guarantee the system to be globally
stable.

Although the sliding-mode control has been addressed
extensively in recent years [11], the input matrix of the
MIMO system poses a challenge for sliding mode con-
troller design. The derivation of the MIMO controller is
not easy, especially for MIMO nonlinear systems, even
though the final controller is very simple and has striking
resemblance to its counterpart in the single-input sin-
gle-output (SISO) case. Several fuzzy-sliding-mode con-
trollers have been developed by defining a suitable slid-
ing surface [1, 8-10]. However, these sliding surfaces are
fixed so that they are not flexible enough to deal with a
fuzzy PDC system which is variable based on the fuzzy
inference.

By introducing a new fuzzy-blending-sliding-surface
based on the PDC concept, this paper proposes an easy
and effective fuzzy-sliding-mode controller for MIMO
nonlinear systems. In this design, the sliding-surface is
variable based on the PDC concept, so that it is more
efficient for a fuzzy control system. Moreover, the sys-
tem is guaranteed to be stable in the sense of Lyapunov.
This controller is then applied to control an ecological
system to demonstrate its effectiveness.

2. PDC-based fuzzy-sliding-mode controller
design

Consider a nonlinear system:
x(2) = f(x(0) + G (x())u(r) +d(2) 1)
where  x(t) =[x, (1), x, (), x, ()] OR" denotes the state
VECtor, u(r)=[u,(t),u, (), --,u, ()] OR" denote the control
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input, d()=[d,(1).d,@),--.d (] OR" denotes a bounded
but unknown disturbance, and f(x()Or” and
G(x()) DR are known bounded nonlinear functions.

The system dynamics can be captured by a set of
fuzzy implications which characterize local relations in
the state space. The main feature of a Takagi-Sugeno
fuzzy model is to express the local dynamics of each
fuzzy implication (rule) by a linear system model. The
Takagi-Sugeno fuzzy system is described by fuzzy
IF-THEN rules, which locally represent the linear in-
put-output relations of the system.

The fuzzy system is as follows: [13]
Rule i: IF x,(¢t) is M, ..

and x,(t) is M,

)

THEN  x(t) = A,x(t) + B,u(t)

where 4 OR™ are system matrices; B OR™ are input

matrices; i=1,2,...,r; r is the number of IF-THEN rules;
M, ; k=1,2,3,...,n are the fuzzy sets. Then the nonlinear

system in (1) can be represented as the following con-
trollable fuzzy inference system [3, 14]:

3 i () AX() + Bu()]

X(r) == -
> (x(e) @)
= > (KOIAXO +Bu()]
where
,(x(0)) = L‘J M, (x, (1) (4)
w (xe(r)) = D 5)

PWIE0)

and M, (x () Is the grade of membership of x () In
M, . In this paper, assume . (x()=0 for i=12,--,r

and Zﬂi(x(;)po for all . Therefore, there exist

w (x(@@)=0 for i=12...,r and Zwr(x(t))zl'

Equation (1) can be rewritten as
x(1) = f(x(0)) + G(x(1)u(t) +d(1)

= Z w, (x(0))[4,x(¢) + Bu(1)]

(6)
+Lf(x(@) - Z w, (x(1))A4,x(1)]

+[G(x(0) - Z w, (x())B,u(1)] +d (1)

Assume that the fuzzy slldlng -mode controller shares
the same fuzzy sets with the fuzzy system (2), the fol-
lowing fuzzy rules are employed to deal with the above
control system:
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Rule j: IF x,(t) is M and x,(t) is M, @)

THEN u ,(t) = —Kx(t) = F sgn($, (¢))
for j=12...,r, Wwhere KOR™ is a state feedback gain
matrix; FOR” is a robust gain vector and sgn() is a

sign function.
The sliding surface for each linear model (2) is de-
fined as

L

S, (1) = CTx(r) - _[(Aj - B, K)x(c)dr] (8)

where cOR" is avector with positive elements and it is
chosen to govern a stable sliding surface.

Hence, the overall fuzzy sliding-mode controller is
given by

u(t) = 3w, (<O, () = =Kx() = F Y w, (x()sgn($, (1)

= —Kx(1) - F sgn(S (1)) 9)
where a new sliding-surface is defined as
5@ = €10~ [Y w, (@4, - B, K)x(cfad  (10)

This is a new-defined sliding surface called as
fuzzy-blending-sliding-surface, since it is blended from
each sliding-surface defined in (8). This is a variable
sliding-surface based on the fuzzy inference.

Substituting (9) into (6), (1) becomes a closed-loop
nonlinear control system

X(0) = Y (x(O)[A, = BKIx(0) = Y w (x(0) B Fsgn(s)

+LF0) = Y () Ax (0]

+IG(x(0) = Y 2w ()W, () B, (0] +d ()

= 2w XA, =B KIO = 3 ()8 Fsgn(s) )
+Af (x(1)) + DG(x (1)) +d (1)
= (A, ~ B KIx(0)
=D (<()BFSIN(S) + D(x(0)
where  D((x(¢))) = AF (x(1)) + AG(x(¢)) +d (1) O R", and
B (e(0) = S () =3, (x() 4, 0) (12)
AG(x(1) = G(x(D) - 3 3w, (x()w, (x()Bu, () (13)

Although b((x(z)) may be unknown, it is assumed to
be bounded by a known constant vector p_ such that

-[D((x(#))] has positive elements where |D((x(c))
denotes the absolute value of each element of D((x(z)) .

For any realistic controllable system, it is reasonable
to suppose that there exists a robust gain vector FOR"
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such that the vector (p_ -ZWA(X(O)B, F) has negative

elements. Then, the following theorem can be stated and
proven.

Theoreml : If the nonlinear system (1) can be expressed
as the fuzzy system in (2), and the fuzzy sliding-mode
controller is designed as in (9) by choosing.

i) KOR™ such that the eigenvalues of 4 -B K are

located on the left-hand plane;
i) FOR" to satisfy the condition (p_ —Zwl(x(t))B’F)

has negative elements.
Then the closed-loop nonlinear system in (11) is guaran-
teed to be stable.
Proof:
1

Define a Lyapunov function VzESZ' According to

(10) and (11), and the fact that C has positive elements
and (Dm‘iw,-(x(f))BfF) has negative elements, the

i=1
Lyapunov stability condition can be satisfied by the fol-
lowing derivation:

v =S0)S(t) = S()C"x(t)

- ST Z w, (x(){(A4, - B,E)x(r}
= SO w, (xO)(4, - BK)x(0)]

~ 3w, (x(0)) B, Fsgn(S(1)) + D}
i=1 ) (14)
=SOC Y w (x4, - BE)x(1)

=S()C'{D - Z W, (x(0))B,F sgn(S(1))}
= SO)CTD -[S)C™ w (x(0)B,F

<[s@IcED, -3 w,(x()BF}<0

Thus, the stability of the fuzzy system in (11) is guaran-
teed, and the proof is completed.

The design procedure of the PDC-based
fuzzy-sliding-mode controller is summarized in the fol-
lowing steps:

Step 1: Obtain the fuzzy system of a nonlinear system by
means of the method in (2).

Step 2: Choose a state feedback gain k R such that
the eigenvalues of 4 -B k are located on the left-hand

plane.
Step 3: From (10), calculate the fuzzy-blending-sliding-
Surface S(¢).

Step 4: Choose a vector FOR” such that
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(D, _Zr: w,(x(¢))B,F) has negative elements.
i=1

Step 5: Finally, a fuzzy sliding-mode controller is estab-
lished by (9).

3. Model of an ecological system

Consider an exploited ecosystem model [6]

(1) = g(xle)) - Hxlt)+ D (x(0), o))+ ul)

15

)= o)

where H =diag(h,,---,h,) 1S a constant harvest ma-
trix; x(t)=[x,(c)--.x, ()", x>0 i=1---,n IS an n- di-

mensional biomass vector, its ith component represent-
ing the biomass of the ith specie at time ¢; ¢(0) is a
continuous nonlinear function; v(:)=[v,(1).v, ()] is the
uncertainty; Ag(() denotes a continuous unknown dis-
turbance due to diseases, migrating species and changes
in climatic conditions and u(¢)=[u,(s),---,u, ()" is the
control input. Beside the constant harvest Hx, the con-
trol input «() may be interpreted as the additional har-
vest rate of the exploited ecosystem. Only
x, >0,i=1--,n are considered since they represent the
biomasses. Comparing (15) with (1), it is found
that  f£(x() = g(x(t)- Hx(t) . G(x()=1 and
d() = Dg(x()v(:) . A constant harvest effort vector
h=[h,---h,]" is assumed to be unique of the correspond-
ing non-trivial solution of

g(x())-Hx =0. (16)

Let »° be the admissible constant harvest effort that
maximizes the quantity Hx subject to (16), and let x°
be the corresponding equilibrium state of (16).

Consider an ecological system with two competing
species, a simplified model can be expressed as

x,(8) = x, ()L x,(£) —0.8x,(¢) = A ] + v, () x,(¢) +u,(¢)

X, (2) = x, (#)[L—-0.25x,(¢) = x, (£) = h,] + v, (£)x, (£) + u, (¢) (17)

x,(0) =x]

x,(0) =x?
where », and », are constant harvest, v, and v, are
the disturbances and «, and «, are the additional har-
vest.

Refer to [6], it can be found that the equilibrium states
are at x =x;=0328 for the optimal harvest efforts
ho=h =041 and h, =h; =0.59.

In the system described in (17), assume the distur-
bances are given by

v (t) =-0.2cos(f),  v,(f) =—-0.15c0s(z) . (18)

The design of the controller is to keep both species in
steady equilibrium states; meanwhile, the accumulative
yield (v, ) is maximized as much as possible for the sys-
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tem subject to disturbances, where y_ is defined as

Y@ = [0+ kO +u,@) +u, @l (19)

Without considering the disturbance and control, the
biomasses of the ecosystem (17) with initial condition
(x°,x°) =(0.8915, 0.8915) is shown in Fig. 1. When the

disturbances in (18) are included in the system (17), the
biomasses without control is shown in Fig. 2.
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Figure 1. Biomasses of ecological system (without disturbance
and without control).
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Figure 2. Biomasses of ecological system (with disturbance
and without control).

4. PDC-based fuzzy-sliding-mode control of eco-
logical system
Substituting # =4 =041 and &, =4 =059 into (17),
the disturbed system can be expressed as
x(t) = f(x(0)) + G (x(1))u(r) +d(2) (20)

where

0
Fx) = E H G0 = B J ;

nos®] . [u®]
d(t)_L(r)xza)}’”m’Lz(r)}’

(21a)
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where

L,= x1(t)(l _x1(t) —0.8)62 (1) —0.40); L, = 0; (Zlb)
L, =0; L, = x,(t)(I -0.25x,(r) - x, (¢) - 0.59);

Define the state error of the ith species as
X, =x,-x i=12,
where x° is the equilibrium state of the ith species.

To reduce the design effort and complexity, member-
ship functions and fuzzy rules are used as few as possi-
ble. For each fuzzy input variable % , two membership
functions are utilized to generate four linearized models.
The initial states and the equilibrium states are at
x*=0.891 and x"”=0.328, respectively. Hence the varia-
tion range of x will be 0.663. However, the design
goal isto let x - 0, so that the fuzzy models are chosen
at ¥ =0 and x =0.3. The block diagram of the eco-
logical control system is shown in Fig. 3. The fuzzy
sliding-mode controller is designed by following the de-
sign procedure below:

Step 1:

Because the fuzzy models are chosen at x =0 and
X, =0.3, the nonlinear system (20) can be separated as
four fuzzy systems in this range. By utilizing MATLAB
“linmod” command the linear state metric A, i=1, 2, 3,
4 around the nominal point of nonlinear systems can be
found easily. Four fuzzy rules are expressed as follows:

Rule 1: IF , =0
(23a)

(22)

x, =0 and X

where

: (23b)

where

’ (23c)

where

where
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A_0.77 0 _B_1o
““I'o 083" * |0 1/

In these fuzzy rules, membership functions at x, and
x, are shown in Fig. 4, which denote the degrees of &,
and x, tobe0Oor0.3.

Step 2:
The state feedback gain matrix is chosen as

=

It is obvious that the closed-loop eigenvalues of
A-BK, i=1234 are at [-02 -015, [-022 -0.15],
[-0.17 -020] and [-0.23 -0.17], respectively.

Step 3:

From (10), the fuzzy-blending-sliding-surface S(t) can
be established as

S(t) = CT[%() - [Z w,(x(@){(4, - B, K)¥(c}de]  (25)

where ¢ is chosen as

(24)

c'=[L 1 (26)
to govern the negative slope of the sliding surface; and
w, (x(0) = L0 (27)
Z: . (x(1))
where |
() = [ M G () (28)

M, (%, () I1sthe grade of membership of x () in m

Step 4.

Choose F to overcome the disturbances and uncertain-

ties. Referring to the disturbances v, and v,, and the

uncertainties of the ith subsystem caused by the ap-

proximation, F is chosen as
F=[ 1.

ik "

(29)
Step 5:
From (9), the control law of system (17) is designed as
u(t) = —Kx(¢) — F sgn(S (1)) - (30)
In the simulations, the sign function of (30) can be re-
placed by a saturation function to avoid the chattering
effect.

Fl
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Figure 3. Fuzzy-sliding-mode control for ecological system.
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Figure 4. Example of a figure caption (8 to 10 point type).
5. Simulation

A comparison between the proposed fuzzy-sliding-
mode control and the state feedback control [6] for the
ecological system is made. The same parameters are
used for these simulations. Considering the initial condi-
tion (x°,x)=(0.8915 0.8915), the simulation results for

these design methods are shown in Fig. 5 and Fig. 6 for
the state trajectories and control inputs. These simulation
results demonstrate that the proposed
fuzzy-sliding-mode controller can achieve fast response
and stable steady state of the trajectories than by using
the state feedback control. The comparison of accumula-
tive yield for fuzzy-sliding-mode control, state feedback
control and open-loop control is shown in Fig. 7. It is
revealed that the proposed fuzzy-sliding-mode controller
can obtain the best accumulative yield.
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Figure 5(a). Biomasses of ecological system (with disturbance
and using fuzzy-sliding-mode control).
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Figure 6(a). Biomasses of ecological system (with disturbance
and using state feedback control).
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Figure 6(b). Control inputs of ecological system (with distur-
bance and using state feedback control).
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Figure 7. Accumulative yields of ecological system.
6. Conclusion

This paper considers the control of ecological systems
subject to continual, unpredictable, but bounded distur-
bance due to changes in climatic conditions, diseases,
migrating species, etc. A new fuzzy- sliding-mode con-
troller is developed Dby defining a novel
fuzzy-blending-sliding-surface and using a PDC design
concept. This controller is then applied to control the
biomasses within a small neighborhood of the unique
nontrivial optimal equilibrium state of the undisturbed
exploited ecosystem. Under the disturbed system, the
proposed fuzzy-sliding-mode controller can achieve fast
response and stable steady state of trajectories than by
using the state feedback control; moreover, the accumu-
lative yield with the fuzzy-sliding-mode controller is
better than that with the state feedback control and
open-loop control.
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