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Abstract

The stability of nonlinear systems has to be investigated without making linear approaches. In order to do this,
there are several techniques based on Lyapunov’s second method. For example, Krasovskii’s method allows to prove
the sufficient condition for the asymptotic stability of nonlinear systems. This method requires the calculation of the
Jacobian matrix. In this paper, an equivalent mathematical closed loop model of a multivariable nonlinear control
system based on fuzzy logic theory is developed. Later, this model is used to compute the Jacobian matrix of a closed
loop fuzzy system. Next, an algorithm to solve the Jacobian matrix is proposed. The algorithm uses a methodology
based on the extension of the state vector. The developed algorithm is completely general: it is independent of
the type of membership function that is chosen for building the fuzzy plant and controller models, and it allows
the compound of different membership functions in a same model. We have developed a MATLAB’s1 function
that implements the improved algorithm, together with a series of additional applications for its use. The designed
software provides complementary functions to facilitate the reading and writing of fuzzy systems, as well as an
interface that makes possible the use of all the developed functions from the MATLAB’s environment, which allows
to complement and to extend the possibilities of the MATLAB’s Fuzzy Logic Toolbox. An example with a fuzzy
controller for a nonlinear system to illustrate the design procedure is presented. The work developed in this paper
can be useful for the analysis and synthesis of fuzzy control systems.
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1. Introduction

One of the strongest drawbacks for the use of fuzzy logic in the control system design is its scarce
mathematical formalization—the solutions are often empirical and require an expert’s knowledge—and
the very frequent solutions of ad-hoc problems, whereby the extrapolation of the solutions to another type
of problems becomes unviable.

The authors of this paper are interested in the formalization of control fuzzy systems[1,2,8], so that
the mathematical tools of analysis and synthesis of control systems accepted by the scientific community
can be applicable to them.

Lyapunov’s theory can be used to analyze the stability of Takagi–Sugeno–Kang (TSK) fuzzy systems
[15,36,41], nevertheless, the problem is always the same: to find the suitable Lyapunov function.

Most of the developed methods to prove the stability of fuzzy control systems have been based on classic
control theory [26]. The most well known methods designed to determine the stability of fuzzy systems
are the following: Popov’s stability criterion [11,17], the circle criterion [9,16,18], direct Lyapunov’s
method [10,13,16,21,30,31,34,37–39], analysis of system stability in phase space [9,19], the describing
function method [4], methods of stability indices and systems robustness [4,5,10], methods based on
the theory of input/output stability [4,9,16,18,20], conicity criterion [3,4,9], methods based on Popov’s
hyperstability theory [17,25,27,28] and heuristic methods [4,32,42,40].

In addition to the previous cites, there are classical general texts about nonlinear control systems
[12,14,29,33] which analyze the above-mentioned methods and others.

If we examine the asymptotical stability of the equilibrium states of nonlinear systems, we will find it
inadequate for a stability analysis of the linearized model of the nonlinear system. Stability of nonlinear
systems must be investigated without making a linear approximation of them. To do this, there are several
methods based on Lyapunov’s second method, for example, Krasovskii’s theorem.

Krasovskii’s theorem for global asymptotic stability offers sufficient conditions for nonlinear systems
and necessary and sufficient conditions for linear systems. An equilibrium state of a nonlinear system
can be stable even if the conditions specified in this theorem are not satisfied; however the synthesis of
systems that complete this theorem assures that they are asymptotically stable globally.

Krasovskii’s theorem demonstrates that given a systemẋ = �(x), if the sum of the system’s Jaco-
bian matrixJ(x) and its transposedJ(x)T is negative definite in a region around the equilibrium state,
then the equilibrium state at the origin is asymptotically stable. A Lyapunov function for this system is
�(x)T�(x).

In this work, we present a general algorithm to compute the Jacobian matrix of a closed loop fuzzy
system. This is a fundamental step in several techniques of analysis and synthesis of control systems as
for example in Krasovskii’s method.

The algorithm has been improved by a simplification of the equations based on the state vector extension.
The algorithm is independent of the type of membership function used for building the models of the
plant and the controller. The proposed algorithm in this paper also allows combining different types of
membership functions in the same model.

In this paper, we also present a software that implements the improved algorithm, together with a
series of additional applications for its use. The designed software provides complementary functions to
facilitate the reading and writing of fuzzy systems, as well as an interface that makes possible the use
of all the developed functions from the MATLAB’s environment, which allows to complement and to
extend the possibilities of the MATLAB’s Fuzzy Logic Toolbox.
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Finally, it is important to take into account that the error the system may have as regards the actual
system at the point where the Jacobian matrix is calculated affects the matrix value. For this reason,
the proposed design methodology for the synthesis of the controller does not use the Jacobian matrix
directly, i.e. by using linearization techniques or adaptive methods per reference model. Instead, in the
methodology proposed in this work, what is relevant is not theJ (x) value itself, but the sign of the
eigenvalues ofJ(x)+ JT(x). From our point of view, this makes the method more robust facing the plant
modeling errors.

This paper is organized in the following sections: Section 2 describes the mathematical background of a
fuzzy plant model and a fuzzy controller. Section 3 develops the expressions that are obtained deriving the
closed loop fuzzy system model with regard to every coordinate of the state space. Developed expressions
in the previous section are used to implement an algorithm in Section 4. Next, in Section 5, we present
a MATLAB’s function that implements the improved algorithm, together with a series of additional
applications for its use. The proposed methodology is illustrated by an example. Finally, we provide
some conclusions, an appendix and references.

2. Nonlinear fuzzy multivariable model of a control system

Consider a plant to be controlled, described by a dynamical system of the general form

ẋ1 = f1(x1, x2, . . . , xn, u1, u2, . . . , um),

ẋ2 = f2(x1, x2, . . . , xn, u1, u2, . . . , um),

...

ẋn= fn(x1, x2, . . . , xn, u1, u2, . . . , um), (1)

where the multivariable controller is defined by

u1 = �1(x1, x2, . . . , xn),

u2 = �2(x1, x2, . . . , xn),

...

um= �m(x1, x2, . . . , xn). (2)

Expressions (1) and (2) indicate a completely general system, without constraints neither in the order
of the state vector nor in the control one. Also, the expressions of the state vector and of the control vector
can be nonlinear.

The system described by expressions (1) and (2) can be written in an abbreviated form as

ẋ = f (x,u), (3)

whereẋ = (ẋ1, ẋ2, . . . , ẋn)
T, x = (x1, x2, . . . , xn)

T,u = (u1, u2, . . . , um)
T.

An equivalent multiple-input–multiple-output nonlinear dynamic fuzzy model to the process can be
represented by the following group of rules[6,7,24,35]:

R(l): IF x1 isAl1i andx2 isAl2i , . . . , andxn isAlni
andu1 isBl1i andu2 isBl2i , . . . , andum isBlmi
THEN ẋli is gli(x,u; �li ), (4)
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wherel = 1, . . . ,M is the number of rules,Alki are the fuzzy sets defined in a universe of discourse for
the state variablexk, k = 1, . . . , n, and the first-order differential equationi, Blji is the fuzzy set defined
in a universe of discourse for thej th control signaluj , j = 1, . . . , m, and theith first-order differential
equation of the process;gli and�li will be defined next.

The consequent term in (4) can be a nonlinear consequent or a TSK consequent with affine term [35]:

gli(x,u, �
l
i ) = al0i + al1ix1 + · · · + alnixn + bl1iu1 + bl2iu2 + · · · + blmium, (5)

wherealki andblji represent the respective constant coefficients for the state variablexk and for thej th

signal of control of the differential equationi that represents the process. Vector�li represents the set of
adaptive parameters:

�li = (al0i , al1i , . . . , alni, bl1i , bl2i , . . . , blmi)T. (6)

Considering a TSK fuzzy system with a product inference operator and center average defuzzifier,
expression (3) can be written as [40]

ẋi =
∑M
l=1w

l
ig
l
i (x,u; �li )∑M

l=1w
l
i

, (7)

wherewli is the firing degree (matching degree or fulfillment degree) of the rulel, that is,

wli =
n∏
k=1

�lFk (xk, �
l
i )

m∏
j=1

�lFj (uj , �
l
i ). (8)

Being�lFk (xk, �
l
i ) and�lFj (uj , �

l
i ) the membership functions defined in their corresponding universe of

discourseX andU from a fuzzy setF ∈ (X∪U) represented by a set of orderly pairs{(xk, �lFk (xk, �li )) :
xk ∈ X} and{(uj , �lFj (uj , �li )) : uj ∈ U}.

If the consequent of the rule is of type (5), then (7) can be written as

ẋi = 1∑M
l=1w

l
i



M∑
l=1
wlia

l
0i +

M∑
l=1
wlia

l
1ix1 +

M∑
l=1
wlia

l
2ix2 + · · · +

M∑
l=1
wlia

l
nixn

+
M∑
l=1
wlib

l
1iu1 +

M∑
l=1
wlib

l
2iu2 + · · · +

M∑
l=1
wlib

l
mium


 , (9)

this is

ẋi = at0i + at1ix1 + at2ix2 + · · · + atnixn + bt1iu1 + bt2iu2 + · · · + btmium
= at0i +

n∑
k=1

atkixk +
m∑
j=1

btjiuj , (10)

whereat0i , a
t
ki andbtji are variable coefficients[43] computed as

at0i =
∑M
l=1w

l
ia
l
0i∑M

l=1w
l
i

, atki =
∑M
l=1w

l
ia
l
ki∑M

l=1w
l
i

, k = 1, . . . , n. (11)
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And

btji =
∑M
l=1w

l
ib
l
j i∑M

l=1w
l
i

, j = 1, . . . , m. (12)

Up to here, the methodology has been developed to obtain the fuzzy plant model. Next, we will develop
the fuzzy controller model.

The process of the fuzzy controller design that stabilizes the plant is considered independent of the
process of identification of the plant. Therefore, the fuzzy partition of the universe of discourse of the
state for the plant model and for the controller design does not need to coincide. Of course, there is also
no reason for the model plant and the controller to have the same number of rules.

Keeping in mind what has been said and proceeding in a similar way as for the achievement of the
fuzzy plant model, the fuzzy controller can be represented by the following group of rules:

R(r): IF x1 isCr1j andx2 isCr2j , . . . , andxn isCrnj
THEN urj = cr0j + cr1j x1 + · · · + crnj xn,

(13)

whereCrkj represents the fuzzy sets ofk = 1, . . . , n state variables, withj = 1, . . . , m control actions
andr = 1, . . . , N rules.

Working in a similar way shown in (8)–(10), control signals can be expressed as follows:

uj = 1∑N
r=1 �rj

[
N∑
r=1

�rj c
r
0j +

N∑
r=1

�rj c
r
1j x1 +

N∑
r=1

�rj c
r
2j x2 + · · · +

N∑
r=1

�rj c
r
nj xn

]
. (14)

Or, in a more simplified way:

uj = ct0j + ct1j x1 + ct2j x2 + · · · + ctnj xn = ct0j +
n∑
k=1

ctkj xk, (15)

where the variable coefficients are given by

ct0j =
∑N
r=1 �rj c

r
0j∑N

r=1 �rj
, ctkj =

∑N
r=1 �rj c

r
kj∑N

r=1 �rj
, k = 1, . . . , n. (16)

And the matching degree of the ruler of the controller, by

�rj =
n∏
k=1

�rFk (xk,�
r
j ), (17)

where vector�rj represents the set of adaptive parameters of the controller’s rule base antecedents.
Replacing expression (15) into (10), it is possible to write the following nonlinear closed loop output

function:

ẋi = at0i +
m∑
j=1

btjic
t
0j +

n∑
k=1


atki + m∑

j=1

btjic
t
kj


 xk, i, k = 1, . . . , n and j = 1, . . . , m.

(18)
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Expression (18) is an equivalent mathematical closed loop model of a multivariable nonlinear control
system based on fuzzy logic theory.

In order to simplify Eq. (18) the state vector will be extended in a coordinate, that is,

x̃ =
(

1
x

)
= (x0, x1, . . . , xn)

T. (19)

Replacing the extended state vector into (18) the simplified following expression is obtained

ẋi =
n∑
k=0


atki + m∑

j=1

btjic
t
kj


 x̃k, k = 0,1, . . . , n, i = 1, . . . , n and j = 1, . . . , m. (20)

3. Computation of the Jacobian matrix of a closed loop fuzzy system

Let the multivariable nonlinear control system modeled by Eq. (20), which can be represented in the
following generic way:

ẋ1 = �1(x1, x2, . . . , xn),

ẋ2 = �2(x1, x2, . . . , xn),
...

ẋn= �n(x1, x2, . . . , xn). (21)

Let xe = (xe1, xe2, . . . , xen)T be an equilibrium state of system (18). Whereas the function is continuous
over the range of interest, a Taylor series expansion about the pointxe may be used:

d

dt
(xi − xei )= (x1 − xe1)

��i(x1, x2, . . . , xn)

�x1

∣∣∣∣
xe

+ · · · + (xn − xen)
��i(x1, x2, . . . , xn)

�xn

∣∣∣∣
xe

+ Ri(xe). (22)

When the nonlinear termRi(xe) fulfills (23), beingKi a sufficiently small constant, then the Jacobian
matrix of the system determines the properties of stability of the equilibrium statexe:

|Ri(xe)|�Ki[(x1 − xe1)2 + · · · + (xn − xen)2]. (23)

The Jacobian matrix is calculated applying the following expression:

Jiq(x)
∣∣
xe =




��1 (x1, . . . , xn)

�x1

∣∣∣∣
xe

· · · ��1 (x1, . . . , xn)

�xn

∣∣∣∣
xe

... · · · ...
��n (x1, . . . , xn)

�x1

∣∣∣∣
xe

· · · ��1 (x1, . . . , xn)

�xn

∣∣∣∣
xe


 . (24)
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In the previous expression it is needed to calculate the partial derivative from Eq. (20) with regard to
each one of the state variables. This equation can be divided in two addends:

ẋi =
n∑
k=0


atki + m∑

j=1

btjic
t
kj


 x̃k =

n∑
k=0

atki x̃k +
n∑
k=0

m∑
j=1

btjic
t
kj x̃k. (25)

The partial derivatives will be obtained in a generic form for theq = 1, . . . , n state variables and the
i = 1, . . . , n first degree differentials equations.

3.1. Derivative of the first addend

The first partial derivative to calculate is from the first adding of Eq. (25):

�(
∑n
k=0 a

t
ki x̃k)

�xq
=

n∑
k=0

�(atki x̃k)

�xq
=

n∑
k=0

(
�atki
�xq

x̃k

)
+ atqi . (26)

Bearing in mind (11):

�atki
�xq

=
�

(∑M
l=1w

l
ia
l
ki∑M

l=1w
l
i

)

�xq
=

�(
∑M
l=1w

l
ia
l
ki)

�xq

∑M
l=1w

l
i −

�(
∑M
l=1w

l
i)

�xq

∑M
l=1w

l
ia
l
ki

(
∑M
l=1w

l
i)

2
, (27)

but

�(
∑M
l=1w

l
ia
l
ki)

�xq
=

M∑
l=1

�wli
�xq

alki, (28)

and

�(
∑M
l=1w

l
i)

�xq
=

M∑
l=1

�wli
�xq

. (29)

Replacing now the two previous expressions in (27) and simplifying, it results in

�atki
�xq

=

∑M
l=1
∑M
p=1

(
�wli
�xq

w
p
i (a

l
ki − apki)

)

(
∑M
l=1w

l
i)

2
. (30)

Finally, Eq. (26) can be written as

�(
∑n
k=0 a

t
ki x̃k)

�xq
=

n∑
k=0



∑M
l=1
∑M
p=1

(
�wli
�xq

w
p
i (a

l
ki − apki)

)

(
∑M
l=1w

l
i)

2
x̃k


+ atqi . (31)
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Notice that to evaluate expression (31) it is necessary to calculate previously the derivative of the
matching degree of the rules of the plant, given from Eq. (8). This point is solved in Section 3.4.

3.2. Derivative of the second addend

To calculate the derivative of the second addend the following expression must be solved:

�(
∑n
k=0
∑m
j=1 b

t
jic

t
kj x̃k)

�xq
=

n∑
k=0

(
�(
∑m
j=1 b

t
jic

t
kj )

�xq
x̃k

)
+

m∑
j=1

btjic
t
qj , (32)

where

�(
∑m
j=1 b

t
jic

t
kj )

�xq
=

m∑
j=1

(
�btji
�xq

ctkj + �ctkj
�xq

btji

)
. (33)

Given the similarity of the expressions for the calculation ofatki andbtji , it is easy to deduce that

�btji
�xq

=

∑M
l=1
∑M
p=1

(
�wli
�xq

w
p
i (b

l
ji − bpji)

)

(
∑M
l=1w

l
i)

2
. (34)

The derivative of the term corresponding to the fuzzy controller will be:

�ctkj
�xq

=
�(
∑N
r=1 �rj c

r
kj )

�xq

∑N
r=1 �rj −∑N

r=1 �rj c
r
kj

�(
∑N
r=1 �rj )

�xq

(
∑N
r=1 �rj )

2
, (35)

where

�(
∑N
r=1 �rj c

r
kj )

�xq
=

N∑
r=1

��rj
�xq

crkj , (36)

and

�(
∑N
r=1 �rj )

�xq
=

N∑
r=1

��rj
�xq

. (37)

Replacing Eqs. (36) and (37) in (35), we obtain:

�ctkj
�xq

=

∑N
r=1
∑N
s=1

(
��rj
�xq

�sj (c
r
kj − cskj )

)

(
∑N
r=1 �rj )

2
. (38)

Notice that to evaluate expression (38) it is necessary to calculate previously the derivative of the
matching degree of the rules of the controller, given from Eq. (17). This point is solved in Section 3.3.
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As soon as intermediate expressions (34) and (38) are calculated, they can be replaced in (33):

�(
∑m
j=1 b

t
jic

t
kj )

�xq
=

m∑
j=1



∑M
l=1
∑M
p=1

(
�wli
�xq

w
p
i (b

l
ji − bpji)

)

(
∑M
l=1w

l
i)

2
ctkj

+

∑N
r=1
∑N
s=1

(
��rj
�xq

�sj (c
r
kj − cskj )

)

(
∑N
r=1 �rj )

2
btji


 . (39)

Thus, the derivative of the second addend given by Eq. (32) is

�(
∑n
k=0
∑m
j=1 b

t
jic

t
kj x̃k)

�xq

=
n∑
k=0




m∑
j=1



∑M
l=1
∑M
p=1

(
�wli
�xq

w
p
i (b

l
ji − bpji)

)

(
∑M
l=1w

l
i)

2
ctkj

+

∑N
r=1
∑N
s=1

(
��rj
�xq

�sj (c
r
kj − cskj )

)

(
∑N
r=1 �rj )

2
btji


 x̃k


+

m∑
j=1

btjic
t
qj . (40)

3.3. Derivative of the matching degree of the rules of the controller

Given expression (17) that defines the matching degree of the rules of the controller, the partial derivative
of this expression with regard to every state variable is obtained from

��rj
�xq

= �

�xq

(
n∏
k=1

�rFk (xk,�
r
j )

)
= ��rF1

(x1,�rj )

�xq

n∏
k=1
k �=1

�rFk (xk,�
r
j )

+ · · · + ��rFn(xn,�
r
j )

�xq

n∏
k=1
k �=n

�rFk (xk,�
r
j ). (41)

Bearing in mind that

�f (xi)

�xj
= 0 ∀i �= j, (42)
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Eq. (41) can be written as

��rj
�xq

=
��rFq (xq,�

r
j )

�xq

n∏
k=1
k �=q

�rFk (xk,�
r
j ). (43)

3.4. Derivative of the matching degree of the rules of the plant

Given expression (8) that defines the matching degree of the rules of the plant, the partial derivative of
this expression with regard to every state variable is obtained from

�wli
�xq

= �

�xq



∏n

k=1
�lFk (xk, �

l
i )︸ ︷︷ ︸

wli(x)

∏m

j=1
�lFj (uj , �

l
i )︸ ︷︷ ︸

wli(u)


 = wli(u)

�wli(x)

�xq
+ wli(x)

�wli(u)

�xq
, (44)

where

�wli(u)

�xq
= �

�xq


 m∏
j=1

�lFj (uj , �
l
i )


 = ��lF1

(u1, �
l
i )

�xq

m∏
j=1
j �=1

�lFj (uj , �
l
i )

+ · · · + ��lFm(um, �
l
i )

�xq

m∏
j=1
j �=m

�lFj (uj , �
l
i ), (45)

then

�wli(u)

�xq
=

m∑
v=1


��lFv

(
uv, �

l
i

)
�xq

m∏
j=1
j �=v

�lFj (uj , �
l
i )


. (46)

Now, bearing in mind (42):

�wli(x)

�xq
= �

�xq

(
n∏
k=1

�lFk (xk, �
l
i )

)
=

��lFq (xq, �
l
i )

�xq

n∏
k=1
k �=q

�lFk (xk, �
l
i ). (47)

Replacing Eqs. (46) and (47) in (44):

�wli
�xq

=
��lFq (xq, �

l
i )

�xq

m∏
j=1

�lFj (uj , �
l
i )

n∏
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k �=q

�lFk (xk, �
l
i )+

n∏
k=1

�lFk (xk, �
l
i )

×
m∑
v=1


��lFv (uv, �

l
i )

�xq

m∏
j=1
j �=v

�lFj (uj , �
l
i )


 . (48)



J.M. Andújar, A.J. Barragán / Fuzzy Sets and Systems 154 (2005) 157–181 167

Finally, the calculation of�wli(u)/�xq implies the derivative of the control vector, wherewith, writing
again Eq. (15) with the extended state vector showed in (19):

uj =
n∑
k=0

ctkj x̃k. (49)

Then

�uj
�xq

= �(
∑n
k=0 c

t
kj x̃k)

�xq
= ctqj +

n∑
k=0

(
�ctkj
�xq

x̃k

)
. (50)

Replacing now�ctki/�xq from (38):

�uj
�xq

= �(
∑n
k=0 c

t
kj x̃k)

�xq
= ctqj +

n∑
k=0



∑N
r=1
∑N
s=1

(
��rj
�xq

�sj (c
r
kj − cskj )

)

(
∑N
r=1 �rj )

2
x̃k


. (51)

3.5. Jacobian matrix

Every element of the Jacobian matrix, Eq. (24), is given by the derivative of the expression (25). Two
addends of this expression have been calculated in Sections 3.1 and 3.2, and they are given by Eqs. (31)
and (40), therefore,

Jiq(x)= ��i(x)
�xq

= atqi +
m∑
j=1

btjic
t
qj +

n∑
k=0
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∑M
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(
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�xq

w
p
i (a

l
ki − apki)

)

(
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l=1w

l
i)

2

+
m∑
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∑M
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∑M
p=1

(
�wli
�xq

w
p
i (b

l
ji − bpji)

)

(
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l=1w

l
i)

2
ctkj + btji

×

∑N
r=1
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s=1

(
��rj
�xq

�sj (c
r
kj − cskj )

)

(
∑N
r=1 �rj )

2





 x̃k



. (52)

Notice that Eqs. (43) and (48), and therefore Eq. (52), are independent on the type of membership
function that is chosen to fulfill the fuzzy plant and controller models, so, it is possible to evaluate the
Jacobian matrix for any membership function. Moreover, it is possible to combine different membership
functions in a same model.
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To implement the algorithm for calculating the Jacobian matrix is necessary to know the derivatives
regarding state variables of the chosen membership functions. For example, if Gaussian membership
functions are chosen for the fuzzy plant and controller models,

Gaussian(x : �rkj , �
r
kj ) = exp


−

(
x − �rkj

�rkj

)2

 , (53)

where�rkj and�rkj are the center and width of the function, respectively, forkth state variable and thej th
control signal. Then, Eqs. (43) and (48) can be written, respectively, as

��rj
�xq

= −2�rj

(
xq − �rqj
(�rqj )

2

)
, (54)

and

�wli
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2

))
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r=1 �rj )

2
+ ctqj









. (55)

4. Algorithms

Let the system defined by (1) and (2), whose fuzzy equivalent, considering TSK consequent with affine
term, is given by (10), and the controller, considering equally TSK consequent with affine term, is given
by (15); the fuzzy closed loop model is given by (20). For programming this model, given an equilibrium
state, the algorithm shown in Fig. 1 is employed.

Given a concrete statex = (x1, x2, . . . , xn)
T, the steps to compute the Jacobian matrix of the closed

loop system are:
1. Calculate the matching degree of the rules of the fuzzy controller by (17).
2. Compute the variable coefficients of the fuzzy controller by second equation of (16), with k =

0,1, . . . , n.
3. Find the value of each one of the signals generated by the fuzzy controller by (15).
4. Calculate the matching degree of the rules of the fuzzy plant model by (8).
5. For theith equation of the process and theqth state variable:

5.1. Calculate the variable coefficient of the plant model by the second equation of (11) and by (12)
with k = 0,1, . . . , n.
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Fig. 1. Algorithm to compute Eq. (20) given an equilibrium state.

5.2. Compute the second addend of Eq. (52).
5.3. Calculate the partial derivative of the matching degree of the rules of the fuzzy controller model

by (43).
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Fig. 2. Algorithm to compute Eq. (52).

5.4. Calculate the partial derivative of the matching degree of the rules of the fuzzy process model by
(48). To complete this derivative, Eq. (51) is used.

5.5. Compute third addend of (52).
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5.6. Calculate the corresponding termJiq of the Jacobian matrix.
6. Repeat step 5 until all terms of the Jacobian matrix evaluated in the statex are computed (see Fig. 2).

As we reach this point, a general method is available for the calculation of the Jacobian matrix at a
point of a fuzzy control system identified on an input/output data basis. Next, a software application will
be developed, which allows us to implement and solve all the developed methodology.

5. Software design

For programming the developed algorithms in this paper, we have designed objects for saving the
different parts of a fuzzy control system. For that, the Unified Modeling Language (UML) structure of
classes of Fig. 3 has been implemented in C++, which can be compiled in any operating system. Moreover,
a series of interfaces have been programmed which allow us to compile this software in MATLAB,
integrating it completely into this environment and allowing greater possibilities for the Fuzzy Logic
Toolbox.

The designed software allows the use of the most common membership functions: Bell; Gauss; Pi;
Sigmoidal; Trapezoidal; Triangular; S and Z; and other variants as two Gaussian membership functions,
one for each side (Gauss2mf); two Sigmoidal membership functions addend (Sigmoidal2mf) and finally,
Sigmoidal membership functions product (Psigmoidalmf).

The designed software allows the use of all types of membership functions included in the MATLAB’s
Fuzzy Logic Toolbox. However, it is very easy to add any other membership function inheriting of the
Membership class and extending enumeration TYPE_MF.

The NOMF membership type has been created to allow the reliable initialization of the rules of the
fuzzy models. NOMF is a membership function without parameters. The evaluation of this function and
its derivative is zero for any value of the input variable.

The designed software provides complementary functions for facilitating the reading and writing of
fuzzy systems, as well as utilities not included in the MATLAB’s Fuzzy Logic Toolbox. These developed
complementary functions will be explained later, at the end of this section.

The “Membership’’ class shown in Fig. 4 allows saving the parameters of a membership function
included in the TYPE_MF enumeration.

This class provides the necessary methods for reading and writing the parameters of the defined
membership function, as well as for modifying the type of the function that saves a concrete object.

Functions “eval’’ and “evalder’’ provide, respectively, the value of the saved membership function and
its derivative on thex point.

The “Rule’’ class (Fig. 5), a type of data, saves a complete rule base for the fuzzy plant (4) or the
controller (13), therefore, it savesn orm IF–THEN rules.

Every object “Rule’’ saves all the membership functions in the “membership’’ matrix, and TSK con-
sequents with affine term in the “TSK’’ matrix.

Fig. 6 shows the “System’’ class, a type of data. This class saves a complete fuzzy system, including
as many rules as required. The numbers of rules are saved in the attribute “rules’’, and every rule in a
position of vector “R’’.

Given the fuzzy model of a plant and its controller, the “Jacobian’’ class allows to calculate and to save
the Jacobian matrix of the formed control system (see Fig. 7).
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*
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n
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MATLAB
Utilities

Fig. 3. UML diagram that shows the structure of classes.

The UML diagram of Fig. 3 shows two packages of utilities, which complement the designed software.
“Utilities’’ (see Fig. 8) provides generic functions of reading/writing. These functions, based on the
overload of the operators of insertion and extraction, make easy the reading and writing of the membership
functions, even complete fuzzy systems, by using the standard input/output C++ flow.

The “Evaluate’’ method allows evaluating the output of a closed loop fuzzy control system by Eq. (25).
This method uses the algorithm shown in Fig. 1 and explained in Section 4.

The “printSystem’’ function allows creating an ASCII text file. This file incorporates the linguistic
representation of the fuzzy system given as argument, and it is possible to state the nouns of the input
and output variables of the model.

Finally, within the “Utilities’’ package, “createMF’’ is a virtual constructor intended for building
membership objects in execution time, namely, it allows building membership functions whose type is
indicated at the beginning of the application.
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Membership

# param : double*

# n: int

# type: TYPE_MF

+ eval (in x: double, out double)

+ evalder (in x: double, out double)

+ n_param (out int): const

+ type (outTYPE_MF): const

+ type (in type: TYPE_MF, out int)

+ edit (inindex: int, in value: double, out int)

+ read (inindex: int, out double): const

+ operator= (in P: const Membership&, out Membership&)

+ Membership (in P: const Membership&)

+ Membership ()

+ ~Membership ()

Fig. 4. “Membership’’ class.

Rule

- inputs:int
- outputs:int
- TSK:double**
- membership: Membership***

+ inputs (out int): const
+ outputs (out int): const
+ write_TSK (in value: double, in input: int, in output: int, out int)
+ read_TSK (in input: int, in output: int, out double): const
+ read_function (in P: Membership&, in input: int, in output: int): const
+ read_function (in input: int, in output: int, out Membership*)
+ write_function (in P:const Membership&, in input: int, in output: int, out int)
+ change_function (in type: TYPE_MF, in input: int, in output:int, out int)
+ initialize (in input: int, in output: int)
+ operator= (in R: const Rule&, out Rule&)
+ Rule ()
+ Rule (in R: const Rule&)
+ Rule (in input: int, inoutput: int)
+ ~Rule ()

Fig. 5. “Rule’’ class.

Fig. 9 shows some interfaces designed for MATLAB. These utilities complement the previous packages
serving as data “translators’’ between the MATLAB environment and the application compiled in C++.
“FIS2System’’ and “System2FIS’’ functions, allow, respectively, writing and reading type FIS variables,
which are the variables used by the MATLAB’s Fuzzy Logic Toolbox. The “readModel’’ function allows
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System

- inputs: int
- outputs: int
- rules: int
- R: Rule*

+ rules (out int): const
+ inputs (out int): const
+ outputs (out int): const
+ write_Rule (in R: const Rule&, in r: int, out int)
+ read_Rule (in R: Rule&, inr: int, out int): const
+ read_Rule (in r: int, out Rule*)
+ initialize (in inputs: int, in outputs: int, in rules: int)
+ operator= (in S: const System&, out System&)
+ System ()
+ System (in S: const System&)
+ System (in inputs: int, in outputs: int, in rules: int)
+ ~System ()

Fig. 6. “System’’ class.

Jacobian

- n : int
- J: double**

+ states (out int): const
+ read_J (in row: int, in column: int, out double): const
+ write_J (in value: double, in row: int, in column: int, out int)
+ solve (in S: System, in C: System, in x: const double* const)
+Jacobian (in n: int)
+Jacobian (in S: System, in C: System, in x: const double* const)
+ ~Jacobian ()

Fig. 7. “Jacobian’’ class.

reading a fuzzy model in three different formats: ASCII text files, FIS file and FIS defined variable in the
MATLAB’s workspace.

In addition to the classes and packages explained so far, six applications (MEX-files)[22,23] have
been programmed as interface between the C++ developed software and MATLAB. These functions are
executable in the MATLAB’s environment in a transparent way for the user, but maintaining the C++
characteristic speed of calculation. The purpose of these functions is:

Fis2txt: Converts a FIS variable of the MATLAB’s Fuzzy Logic Toolbox in an ASCII text file. This
function uses the “readModel’’ method included in the “MATLAB Utilities’’ Package for reading the
fuzzy model from MATLAB’s environment or from a file. For writing, the output file uses the “Sys-
tem2TXT’’ method included in the “MATLAB Utilities’’ package.

Txt2FIS: Reads an ASCII text file with the definition of the fuzzy model and makes the corresponding
MATLAB’s FIS variable. This function makes the reverse step of the previous function. For reading the
fuzzy model from the text file, it uses the “TXT2System’’ method included in the “Utilities’’ package, and
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Utilities

TXT2System (in file: const char*, in S: System&, out int)
System2TXT (in S: const System* const, in file: const char*, out int)
Evaluate (in x: const double* const, in dX: double*, in S: const System&, in C:const System&, out int)
printSystem (in file: const char*, in S: const System&, in inputs: char*=NULL, in outputs: char *=NULL, out int)
createMF (in type: TYPE_MF, Membership*)
operator<< (in F: ostream&, in P: Membership&, out ostream&)
operator>> (in F: istream&, in P: Membership&, out istream&)
operator<< (in F: ostream&, in R: Rule&, out ostream&)
operator>> (in F: istream&, in R:Rule&, out istream&)
operator<< (in F: ostream&, in S: System&, out ostream&)
operator>> (in F: istream&, in S: System&, out istream&)
operator<< (in F: ostream&, in J: Jacobian&, out ostream&)
operator>> (in F: istream&, in J: Jacobian&, out istream&)

Fig. 8. “Utilities’’ package.

MATLAB Utilities

FIS2System (in FIS: const mxArray*, in S: System&, out int)
System2FIS (in FIS: mxArray*, in S: const System&, out int)
readModel (inmodel: mxArray*, in S: System, out int)

Fig. 9. “MATLAB Utilities’’ package.

it makes, by the “System2FIS’’ function included in the “MATLAB Utilities’’ package, the corresponding
variable in MATLAB’s workspace.

FuzPrint : Converts a fuzzy model in a text file with its linguistic representation. Optionally, it is
possible to indicate the nouns of the input and output of the fuzzy model. By the “readModel’’ method,
the system is read and written in a text file by using the “printSystem’’ function included in the “Utilities’’
package.

FuzComb: Combines several fuzzy models in a single model with several outputs, as long as the
models have the same number of inputs and rules (most of the used programs for fuzzy systems modeling
just allow identifying systems with an output only; therefore, it is necessary to obtain a model for each
output). The resulting model can be saved in an ASCII file or in the MATLAB’s workspace.

FuzEval: Given anx point of the state space, this function calculates the closed loop fuzzy system
output in this point. This function uses the “Evaluate’’ method included in the “Utilities’’ package, which
is the result of the programming algorithm show in Fig. 1 for computing Eq. (20). This function is similar
to “evalfis’’ function included in the MATLAB’s fuzzy logic toolbox, except that “evalfis’’ calculates a
fuzzy model and “FuzEval’’ calculates a closed loop fuzzy system formed by the plant fuzzy model and
the controller fuzzy model.

FuzJac: Calculates the Jacobian matrix of the closed loop fuzzy system at a given point. This function
uses the “solve’’ method included in the “Jacobian’’ class, which is the result of the programming
algorithm showed in Fig. 2 for computing Eq. (52).
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6. Example

Let the following plant given by its internal representation be:

ẋ1 = x1 + 2x2 + u1,

ẋ2 = x1 − 2x3
2 + u2. (56)

This plant has an equilibrium point at the origin of the state space. Linearizing the nonlinear model
given by (56) around this point, the following system is obtained:

ẋ1 = x1 + 2x2 + u1,

ẋ2 = x1 + u2, (57)

whose dynamic matrix is

A =
(

1 2
1 0

)
.

Eigenvalues of the matrixA are:�1 = −1 and�2 = 2, so the system (56) is unstable, and the origin of
the state space is a saddle point for this system.

For the implementation of this example, the plant dynamics is supposed to be unknown, so that Eq.
(56) is only used to obtain input/output data of the plant.

The fuzzy model of the plant has been obtained by the methodology based on descending gradient
developed in [1] (see Appendix). The input/output data of the plant has been obtained by a random number
generator in the interval(x1, x2) ∈ [−10,10].

The model’s membership functions are Gaussian type defined by expression (53), and the consequents
are TSK with affine term.

Now, once the plant dynamics is known, it is possible to design a controller that stabilizes the system
around the equilibrium point in the origin of the state space. A possible controller could be:
IF x1 is GAUSSMF(−9.77,3.08) and x2 is GAUSSMF(−9.05,13.7) THEN u1 =−4.66*x1−0.00438*x2

IF x1 is GAUSSMF(−8.34,14.4) and x2 is GAUSSMF(6.71,4.07) THEN u1 = 0.0002−5.69*x1

IF x1 is GAUSSMF(12.6,9.16) and x2 is GAUSSMF(−13,11) THEN u1 = 0.00047−3.01*x1+0.00385*x2

IF x1 is GAUSSMF(7.05,11.4) and x2 is GAUSSMF(15.1,10.3) THEN u1 = 0.00044−2.62*x1+0.00155*x2

IF x1 is GAUSSMF(−6.01,16.1) and x2 is GAUSSMF(−9.7,13.9) THEN u2 = 0.0004+1.83*x1−8.42*x2

IF x1 is GAUSSMF(−13.5,10.6) and x2 is GAUSSMF(12.4,17.6) THEN u2 = 0.000319+0.34*x1−5.21*x2

IF x1 is GAUSSMF(3.88,12) and x2 is GAUSSMF(−15.6,15.4) THEN u2 = 1.32*x1−9.16*x2

IF x1 is GAUSSMF(18.2,9.17) and x2 is GAUSSMF(14.8,18.3) THEN u2 =−0.000504+2.06*x1−2.81*x2

The parameters of the Gaussian membership functions (GAUSSMF) are the center and width, respec-
tively.

In order to prove the developed algorithm, the Jacobian matrix of the closed loop fuzzy system evaluated
in the equilibrium state by the “FuzJac’’ function is

J =
[−2.589 1.984

2.302 −7.945

]
.

To determine the control system stability by the application of Krasovskii’s theorem, it is necessary to
prove thatJ(x)T + J(x) is negative definite in an environment of the equilibrium state. Evaluating this
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sum in(x1, x2) ∈ [−10,10], Fig. 10 shows the evolution of the Eigenvalues. Note that maximum values
are�1,max = −9.62 and�2,max = −3.01, so Krasovskii’s theorem is accomplished, and the fuzzy closed
loop control system is asymptotically stable in the studied environment.

Finally, a phase portrait for this system is shown in Fig. 11(a). Observe how all paths converge on the
equilibrium state. Fig. 11(b) shows a simulation of the fuzzy closed loop control system starting from the
initial statex1 = 10, x2 = 10. Note the stability.

In order to prove the functionality of the proposed method, with small errors inherent to the plant
modeling present, simulations of the system have been carried out applying control signals generated by
the fuzzy controller to the actual plant given by (56) instead of the model. To do this, the MATLAB’s
function “ode45’’ and the “FuzEval’’ function included in the designed software have been used.
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7. Conclusions

In this paper, an equivalent mathematical closed loop model of a multivariable nonlinear control system
based on fuzzy logic theory has been developed. Later, this model was used to compute the Jacobian
matrix of a closed loop fuzzy system. Next, an algorithm to solve the Jacobian matrix was proposed,
and finally, a software implementing the improved algorithm and an interface with MATLAB making
its use easier under this environment have been developed. Also, a series of additional applications for
its use have been presented (the designed software implements more than 3500 lines of C++ code). The
proposed methodology has been illustrated by an example.

The main goal of this paper is to solve the Jacobian matrix of a completely general fuzzy control
system, without constraints neither in the order of the state vector nor in the control one. The algorithm
is independent also of the type of membership used.

The solution of the Jacobian matrix developed in this paper, opens the possibility of analyzing and
designing control fuzzy systems with assured asymptotical stability. For this purpose, it proposes to use
the Krasovskii’s theorem, which demonstrates that if the matrixJ(x) + J(x)T is negative definite in
a region around the equilibrium statexe, this is asymptotically stable in its proximities. Moreover, if
�(x)T�(x) → ∞ when‖x‖ → ∞, the asymptotical stability is global. (In fact, if we know the plant
only by its fuzzy model, the global stability condition can never be assured. However, we can guarantee
stability in the space defined by the universe of discourse of the plant fuzzy model state variables, as in
the example in this paper.)

The methodology developed in this work is somehow robust with respect to the plant modeling errors:
what is important is not the value ofJ (x) itself (which will be affected by the modeling error at the point
of calculation), but the sign of the eigenvalues ofJ(x)+ JT(x).

The complete goal in this paper is only a step within a wider objective for us: The synthesis of control
fuzzy systems stable by design.

From the point of view of the complete control problem that we are trying to solve, two very important
questions are still pending:

(1) To find the equilibrium points of the closed loop fuzzy system given by Eq. (20). This problem, at
the time of writing this paper, is practically solved, and in a next work coming very soon, we will present
at least two methods to find the equilibrium points of (20).

(2) To adjust the controller’s parameters so that the closed loop fuzzy control system fulfils Krasovskii’s
theorem. Now, we are developing algorithms to do this, and we hope to be able to present good results
soon.

The two previous questions, still not solved for us, cause the shown example to be of analysis rather
than of synthesis, as it is our final goal. Anyway, the possibility is left open to synthesize, by means of
Krasovskii’s theorem, fuzzy control systems that assure global asymptotic stability.

Finally, in oder for the interested readers to test the developed software (comments and criticism are
welcome), we provide the following urls for download:
• Functions written in C++, regardless of the environment and operating system in which they are

compiled: Download file “Fuzzy Logic Toolbox Add-on’’ from research section ofhttp://www.uhu.es/
antonio.barragan/modules/mydownloads.

• The same aforementioned functions prepared to be used from MATLAB: Download file “Fuzzy Control
Systems Add-On’’ fromhttp://www.mathworks.com/matlabcentral/fileexchange/Section: Controls
and Systems Modeling+Neural and Fuzzy Systems.

http://www.uhu.es/antonio.barragan/modules/mydownloads
http://www.uhu.es/antonio.barragan/modules/mydownloads
http://www.mathworks.com/matlabcentral/fileexchange/
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Appendix. Identification of the plant

The algorithm that we have used to identify the plant is a way of taking advantage of the
learning ability of neuronal networks for the constructions of fuzzy models. In particular, we have
applied one of the most important neural network learning algorithms, known as the Backprop-
agation (BP) algorithm, to the parameter estimation of the plant. This way, the identification of
the plant is neurofuzzy. The algorithm is explained in[1]. The fuzzy model of the plant is the
following:
IF x1 is GAUSSMF(− 14.1,13.8) and x2 is GAUSSMF(− 13.4,13.5) and u1 is GAUSSMF(− 13.8,14.7) and u2 is GAUSSMF

(− 13.1,14.6) THEN dx1 =− 16.7+1.93*x1+1.26*x2− 0.114*u1−0.235*u2

IF x1 is GAUSSMF(− 11.2,14) and x2 is GAUSSMF(− 11.6,13.7) and u1 is GAUSSMF(− 10.6,14.3) and u2 is GAUSSMF

(− 10.8,14.6) THEN dx1 =− 12.8− 0.339*x1+2.44*x2+1.47*u1− 0.0821*u2

IF x1 is GAUSSMF(− 6.01,15.1) and x2 is GAUSSMF(− 7.05,14.1) and u1 is GAUSSMF(− 6.85,14) and u2 is GAUSSMF

(− 5.24,15) THEN dx1 =− 13.5+1.13*x1+1.01*x2+1.57*u1− 1.13*u2

IF x1 is GAUSSMF(− 4.68,15.1) and x2 is GAUSSMF(− 5.54,14.1) and u1 is GAUSSMF(− 5.69,13.9) and u2 is GAUSSMF

(− 4.06,15) THEN dx1 =− 8.27+0.232*x1+1.99*x2− 0.507*u1+0.506*u2

IF x1 is GAUSSMF(− 0.68,13.5) and x2 is GAUSSMF(− 3.67,12.4) and u1 is GAUSSMF(− 1.62,13.9) and u2 is GAUSSMF

(− 2.59,14.1) THEN dx1 =− 11.5+0.617*x1+1.36*x2+0.423*u1− 0.498*u2

IF x1 is GAUSSMF(2.15,14.2) and x2 is GAUSSMF(3.85,13.6) and u1 is GAUSSMF(2.6,13.7) and u2 is GAUSSMF(1.48,14.7)

THEN dx1 = 5.29+1.29*x1+1.45*x2+0.78*u1+0.842*u2

IF x1 is GAUSSMF(2.09,14.3) and x2 is GAUSSMF(3.71,13.9) and u1 is GAUSSMF(2.21,13.8) and u2 is GAUSSMF(2.55,15)

THEN dx1 = 8.35+0.0477*x1+0.536*x2+0.459*u1− 2.2*u2

IF x1 is GAUSSMF(7.54,14.8) and x2 is GAUSSMF(7.69,14.3) and u1 is GAUSSMF(7.1,14.1) and u2 is GAUSSMF(7.09,15.1)

THEN dx1 = 17.6− 0.933*x1+2.02*x2− 0.4*u1+0.421*u2

IF x1 is GAUSSMF(8.74,15.1) and x2 is GAUSSMF(9.1,14.6) and u1 is GAUSSMF(9.24,13.7) and u2 is GAUSSMF(8.27,15)

THEN dx1 = 18.5+2.2*x1+2.05*x2+0.917*u1− 0.894*u2

IF x1 is GAUSSMF(11.5,14.3) and x2 is GAUSSMF(12.5,14.5) and u1 is GAUSSMF(13.1,14.7) and u2 is GAUSSMF(11.7,15.9)

THEN dx1 = 11.1+0.551*x1+1.37*x2+1.26*u1+0.0346*u2

IF x1 is GAUSSMF(− 18.6,9.25) and x2 is GAUSSMF(− 14.7,12) and u1 is GAUSSMF(− 17.2,11.1) and u2 is GAUSSMF

(− 22.6,3.59) THEN dx2 = 0.473− 3.82*x1− 4.11*x2− 2.74*u1− 4.7*u2

IF x1 is GAUSSMF(− 18.5,8.88) and x2 is GAUSSMF(− 5.4,4.49) and u1 is GAUSSMF(− 16.7,10.2) and u2 is GAUSSMF

(− 19.8,8.46) THEN dx2 = 5.91e+003+130*x1− 68*x2+222*u1+244*u2

IF x1 is GAUSSMF(− 7.26,17.2) and x2 is GAUSSMF(− 17.6,12.7) and u1 is GAUSSMF(− 6.32,16.3) and u2 is GAUSSMF

(− 7.28,17.4) THEN dx2 = 3.2e+003+11*x1− 698*x2− 34.5*u1+14.8*u2

IF x1 is GAUSSMF(− 6.82,17.2) and x2 is GAUSSMF(− 9.74,7.29) and u1 is GAUSSMF(− 6.48,16.3) and u2 is GAUSSMF

(− 6.78,17.4) THEN dx2 =− 3.04e+003+10.8*x1+52.7*x2+15.3*u1+10.3*u2

IF x1 is GAUSSMF(1.05,17.5) and x2 is GAUSSMF(1.84,10.7) and u1 is GAUSSMF(1.2,17.8) and u2 is GAUSSMF(1.12,17.4)

THEN dx2 =− 5.62e+003− 100*x1+1.06e+003*x2− 37.3*u1− 109*u2

IF x1 is GAUSSMF(1.21,17.5) and x2 is GAUSSMF(7.63,21.2) and u1 is GAUSSMF(1.24,17.8) and u2 is GAUSSMF(1.29,17.4)

THEN dx2 =− 449− 15*x1− 875*x2− 7.84*u1− 17.1*u2

IF x1 is GAUSSMF(1.28,17.5) and x2 is GAUSSMF(3.07,11.5) and u1 is GAUSSMF(1.37,17.8) and u2 is GAUSSMF(1.37,17.4)

THEN dx2 = 6.36e+003+110*x1− 370*x2+39.2*u1+121*u2

IF x1 is GAUSSMF(12.1,11.8) and x2 is GAUSSMF(9.97,5.66) and u1 is GAUSSMF(10.7,12.4) and u2 is GAUSSMF(12.4,11.5)

THEN dx2 = 2.13e+003+27.7*x1− 168*x2+32*u1+30.4*u2
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IF x1 is GAUSSMF(13.6,12) and x2 is GAUSSMF(18.4,10.7) and u1 is GAUSSMF(11.9,12.7) and u2 is GAUSSMF(13.6,11.6)

THEN dx2 =− 5.76e+003+88*x1− 515*x2+19.2*u1+62.4*u2

IF x1 is GAUSSMF(17.9,11.2) and x2 is GAUSSMF(15,10.9) and u1 is GAUSSMF(20.2,9.48) and u2 is GAUSSMF(19.5,10.8)

THEN dx2 = 945− 122*x1− 292*x2+199*u1− 106*u2

The parameters of the Gaussian membership functions (GAUSSMF) are the center and width,
respectively.
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