We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



8

The Design of a Discrete Time Model Following
Control System for Nonlinear Descriptor System

Shigenori Okubo! and Shujing Wu?2
Yamagata University

2Shanghai University of Engineering Science
apan

2P. R. China

1. Introduction

This paper studies the design of a model following control system (MFCS) for nonlinear
descriptor system in discrete time. In previous studies, a method of nonlinear model
following control system with disturbances was proposed by Okubo,S. and also a nonlinear
model following control system with unstable zero of the linear part, a nonlinear model
following control system with containing inputs in nonlinear parts, and a nonlinear model
following control system using stable zero assignment. In this paper, the method of MFCS
will be extended to descriptor system in discrete time, and the effectiveness of the method
will be verified by numerical simulation.

2. Expressions of the problem

The controlled object is described below, which is a nonlinear descriptor system in discrete
time.

Ex(k +1) = Ax(k) + Bu(k) + B, f (v(k)) + d(k) 1)
o(k) = Cx(k) 2
y(k) = Cx(k) + dy (k) 3)

The reference model is given below, which is assumed controllable and observable.
Xpu(k+1) = A, x,, (k) + B,1,(k) (4)

Ym(K) = Cp,, (k) ®)

, where
x(k) e R",d(k) e R",u(k) e R’ ,y(k)e R’ ,y,,(k) e R’ ,dy(k) e R’, f(v(k)) e R/,

v(k)eR(f (ke R, x, (k)ye R™, y(k) is the available states output vector, v(k) is the
measurement output vector, u(k) is the control input vector, x(k) is the internal state vector
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132 Discrete Time Systems

whose elements are available, d(k),d,(k) are bounded disturbances, vy, (k) is the model
output.

The basic assumptions are as follows:

1. Assume that (C, A,B) is controllable and observable, i.e.

zE- A
rank[zE — A,B] = n,rank[ C } =n-

2. Inorder to guarantee the existence and uniqueness of the solution and have exponential
function mode but an impulse one for (1), the following conditions are assumed.

|zE-A|#0, rankE=deg|zE—A|=r<n

3. Zerosof C [zE—A]_lB are stable.
In this system, the nonlinear function f(v(k)) is available and satisfies the following
constraint.

/4
’

|f (k)| < a+ Blo(k)

where «>0,£>0,0<y<1, || is Euclidean norm, disturbances d(k),d,(k) are bounded and

satisfy

Dy(z)d(k) =0 ©6)
Dy(2)dy (k) =0. )
Here, D,(z) is a scalar characteristic polynomial of disturbances. Output error is given as

e(k) = y(k) = Y, (k) - (8)

The aim of the control system design is to obtain a control law which makes the output error
zero and keeps the internal states be bounded.

3. Design of a nonlinear model following control system

Let z be the shift operator, Eq.(1) can be rewritten as follows.
C[zE-A] "' B=N(z)/D(z)

C[zE-A] " B; =N;(2)/ D(z)

where D(z) =|zE-A|, 6, (N(2))=0; and 0, (N/(2))=07 .
Then the representations of input-output equation is given as

D(2)y(k) = N(2)u(k) + N ¢(2) f (v(k)) + w(k) . ©)

Here w(k) = Cadj[zE — A]d(k)+ D(z)dy(k), (C

Ay, B,,)is controllable and observable. Hence,

Cul2l-A,] " B,y =N, (2)/ D,y (2).

Then, we have
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The Design of a Discrete Time Model Following Control System for Nonlinear Descriptor System 133

where D,,(z) =zl - A,| and &, (N,,(z)) =0, .
Since the disturbances satisfy Eq.(6) and Eq.(7), and D,(z) is a monic polynomial, one has
D, (z)w(k)=0. (11)
The first step of design is that a monic and stable polynomial T(z), which has the degree of
p(pzn;+2n-n, —1-0;),is chosen. Then, R(z) and S(z) can be obtained from
T(z)D,,(z) = D,(2)D(z)R(z) + 5(z) , (12)

where the degree of each polynomial is: 0T(z) = p,0D,(z) =n,,0D,,(z) =n,,,
0D(z)=n,0R(z)=p+n,, —n;—n and 0S(z)<nz;+n-1.
From Eq.(8)~(12), the following form is obtained:
T(2)D,,(2)e(k) = D4 (2)R(2)N(2)u(k) + Dy (2)R(2)N (2) f (v (k)
+5(2)y(k) = T(2)N,, (2)1;,,(2)-

m

The output error e(k)is represented as following.

= m{[Dd(z)R(Z)N(Z) —Q(2)N, Ju(k) + Q(z)N,u(k)

+D4(2)R(2)N ¢ (2) f (v(K)) + S5(2)y (k) = T(2)N,,,(2)1;,, (k)}

Suppose I',(N(z))=N, , where TI',(-)is the coefficient matrix of the element with maximum
of row degree, as well as |N r| # 0. The next control law u(k) can be obtained by making the
right-hand side of Eq.(13) be equal to zero. Thus,

e(k) 13)

u(k) ==N,'Q 7 (2){D4(2)R(2)N(2) - Q(2)N, }u(k)

(14)
~N;'Q 7 (2)D4(2)R(2)N s (2) f (v(k)) = N;'Q7 (2)S(2)y (k) + 14, (K)

tt,,(k) = N; Q7 ()T (2)N,, ()1, (k) - (1)
Here, Q(z) = diagjz""’ },51- =p+n,-n+o;(i=1,2,--,¢), and u(k) of Eq.(14) is obtained from
e(k) =0. The model following control system can be realized if the system internal states are
bounded.
4. Proof of the bounded property of internal states

System inputs are both reference input signal r,,(k) and disturbances d(k),d,(k), which are
all assumed to be bounded. The bounded property can be easily proved if there is no
nonlinear part f(v(k)).Butif f(v(k)) exits, the bound has a relation with it.

The state space expression of u(k)is

u(k) = ~H&1 (k) = Exy (k) = Hy&, (k) = Es f(0(k)) = Has (k) + u,, (k) (16)

Uy (K) = Eq1yy (k) + Hy Sy (k) - (17)
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134 Discrete Time Systems

The following must be satisfied:

&i(k+1) =F & (k) + Gyu(k) (18)
& (k+1)=E& (k) + Gyy(k) (19)
& (k+1) = B&3(k) + Gs f (v(k)) (20)
Sa(k+1) = Fy Gy (k) + Gyr,, (k). (21)
Here,
|zl -F|=]Q(z)|, (i=1,2,3,4).

Note that there are connections between the polynomial matrices and the system matrices,
as follows:

N;'Q7 (2){Dy(2)R(2)N(2) = Q(2)N,} = H, (21 - ) ' Gy (22)
N'Q™(2)S(z) = H, (2l -F,) G, +E, (23)
N,'Q7(2)Dy(2)R(2)N ;(z) = Hy(zl - F;) ' G; + E; (24)
N'Q(2)T(2)N,,(z) = H,(zI -F,) G, +E, . (25)

Firstly, remove u(k) from Eq.(1)~(3) and Eq.(18)~(21). Then, the representation of the
overall system can be obtained as follows.

E 0 0 O x(k+1)
0 1 0 0f&k+1)
00 I 0f&k+1)]"
000 I|&k+1)

A-BE,C -BH, -BH, -BH; ][ x(k)

-GE,C K -GH; -GH, -GiH, || & (k) L
G,C 0 E 0 [&® (26)
0 0 0 B || &(k)
BH, Bf - BE, BE, d(k)—BE,d, (k)
G,H, ~G,E GE, =G, Eydy (k)
k 13 k k
A7 e+ T e T <] TR
0 G, 0 0
Sy (k+1) = F,&4(k) + Gyr,, (k) (27)
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x(k)
& (k)
v(k)=[C; 0 0 0] ) (28)
&(k)
x(k)
~ & (k)
y(k)=[C 0 0 0] o (0 +dy (k). (29)
&3 (k)

In Eq.(27), the &,(k) is bounded because |zl —-F|= |Q(z)| is a stable polynomial and r,,(k) is
the bounded reference input. Let z(k), A, E,d,(k),B,,C,,C, be as follows respectively:

A-BEC -BH, -BH, -BH,
T - - — —
z(k):[xT(k) ey el & (k)], A _| GEC E-GH, -GH, -GH,

N IeXe 0 E 0
0 0 0 E,
EO0O0O0 Bu,, (k) + d(k) — BE,d, (k) B - BE,
g|0 100 400 = Guthy (K) = GrEado () | g -| G
0010 G,dy (k) : 0
000 I 0 G,

C,=[C; 0 0 0], c,=[Cc 0 0 0].

With the consideration that &, (k) is bounded, the necessary parts to an easy proof of the
bounded property are arranged as

Ez(k+1) = Az(k) + B, f (v(k)) + d, (k) (30)
v(k) =C,z(k) 31)
y(k) =Cgz(k) + dy(k) , (32)

where the contents of A_,E,d,(k),B,,C,,C, are constant matrices, and d (k) is bounded.
Thus, the internal states are bounded if z(k) can be proved to be bounded. So it needs to
prove that ‘ZE - AS‘ is a stable polynomial. The characteristic polynomial of Ag is calculated
as the next equation.

From Eq.(26), ‘ZE — A,| can be shown as

2E— A+ BE,C BH, BH, BH,
pE-als| GBC ATRrGHL G GHy) (33)
0 0 0 z-FK
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136 Discrete Time Systems

Prepare the following formulas:

1

X Y B
=|Z|[x - yZ7'W|,(|Z] 0),
W Z
I-XIT+YX)'Y =(I+XY)™!
I+ XY|=|I+YX].
is described as

Using the above formulas, zE - A,

‘ZE—AS

~ |21 - B||zI - B |21 - K |1 + Hy[21 - K] G|
. ‘zE—A +B{I—H, [z - F, + GyH, | G HE, + Hy [z B Gz}C‘
34
- |Q(z)|3‘1 +H[2-E]" GleE—A+ B{I+H, [zl -E]" Gy HE, + Hy [zl -F,]" GZ}C‘ 49
_ |Q(z)|3|]1||zE—A|‘I+ B]{l]z[zE—A]_l‘
- |Q(z)|3|zE—A|‘]1 +Jo[zE-A]" B‘.
Here
J=I+H,[z2I-F] "G, (35)
J, ={E, + H, [z -F,| ' G,)C. (36)
From Eq.(22),(23),(35) and Eq.(36), we have

J1=N; Q7 (2)Dy(2)R(2)N(2) (37)
J=N;'Q(2)S(2)C. (38)
Using C[zE - A]_1 B=N(z)/D(z) and D(z)= |zE — A, furthermore, |zE - A,| is shown as
F-A|-T"(2)D) 2 IN@IN, [
|2E- A|=T"(2)D;,(2)|Q(2) R

and V(z) is the zeros polynomial of C[zE —A]_1 B=N(z)/D(z)=U"(2)V(z) (left coprime
decomposition), U(z)| =D(z), that is, N(z)| = D”‘l(z)|V(z)| . So ‘ZE - AS‘ can be rewritten as

2E- A|=|N,|"T"(2)D},(2)|QC) [V (2)| (39)

As T(z),D,,(2),|Q(z)|,|V(z)| are all stable polynomials, A, is a stable system matrix.
Consider the following:

7
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(k) = Qz(k) =QES§} (40)

Using Eq.(40), one obtains

PEQz(k +1) = PA,Qz(k) + PB, f(v(k)) + Pd, (k).

I 0|z (k+1)| |Ag O Z(k) By dg (k)
{0 O}{Ez(k+1)}_[ 0 IHEZ(kJ{BJf (U(k)){dsz(k)} D

One can rewritten Eq.(41) as

Namely,

zy(k+1) = Aqz, (k) + By f (0(K)) + deq () (42)

0=25(k) + Bop f(v(K)) + dia (K) (43)
, where Zz(k),Pd,(k),PA,Q,PB, can be represented by
. [2® [da(®) [Aq 0] . [Ba »
o {8) 1) ma s ]
Let C,Q= [Cv1 Cvz], then
v(k) = Corz1 (k) + Cooza (k) - (45)
From Eq.(43) and Eq.(45), we have

v(k) +CoaByp f(v(k)) = CyzZ(K) = Copde (k) - (46)
From Eq.(46), we have
0 of (v(k))
v(k)+C,,Bs, f(v(k))=1+C,,Byy —=—=.
6vT(k)( ( ) v2 st( ( )) 02752 aUT(k)
Existing condition of v(k) is
of (v(k))
I+C,,B #0. 47
v2~-s2 aUT(k) ( )
From Eq.(44), we have
~ ~ ZI - ASl O
|Pl|2E - A||Q| = atpg |2E - A,| = o = a |21 - Ayl (48)

Here, apy and ¢, are fixed. So, from Eq.(39), A,; is a stable system matrix.
Consider a quadratic Lyapunov function candidate

V(k) =7 (K)P.Z (k). (49)
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138 Discrete Time Systems

The difference of V (k) along the trajectories of system Eq.(42) is given by
AV(k)=V(k+1)-V(k)
=7 (k+ )Pz (k+1)-Z (k)PZ (k) (50)
=[AZi (k) + B f(0(K)) + de ()] B[ AZ (k) + Boy f(0(k)) + deg (K)] = 21 (k)P (K)

A;FlPsAsl - Ps T _Q (51)

s/

where Q, and P, are symmetric positive definite matrices defined by Eq.(51). If A, is a
stable matrix, we can get a unique P, from Eq.(51) when Q. is given. As d (k) is bounded
and 0<y <1, AV(k) satisfies

AV (k) < -2 (k)Q.z, (k) + X, [z, (k)| f (o (k)

_ 2 (52)
+ X[z () + 1 | f 0™ + X | f(w(k))]+ X,
From Eq.(40), we have
[z (0] < Mzt (53)
Here, M is positive constant. From Eq.(52), Eq.(53), we have
AV (k) <~ |z(0) + X5 |2 (R + X
< —ptc |2k + X 54

< —uq B +X
<—u V(k)+X,

where 0< gy =4,;,(Q;), 1, 20 and 0< g, < . <min(gy,1). Also, py,1,, X;(i=1~6) and
X are positive constants. As a result of Eq.(54), V(k) is bounded:
Vk)<sV(0)+ X/ u,, . (55)

Hence, z;(k) is bounded. From Eq.(43), z,(k) is also bounded. Therefore, z(k) is bounded.
The above result is summarized as Theorem].

[Theorem1]

In the nonlinear system

Ex(k +1) = Ax(k) + Bu(k) + B f (v(k)) + d(k)
v(k) = C x(k) (56)
y(k) = Cx(k) +do (),
where x(k)eR",u(k)eR',y(k)e R',v(k) e R/ ,d(k) e R",dy(k) e R', f(v(k)) e R, d(k) and
dy(k) are assumed to be bounded. All the internal states are bounded and the output error
e(k)=vy(k)-y,, (k) asymptotically converges to zero in the design of the model following

control system for a nonlinear descriptor system in discrete time, if the following conditions
are held:
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The Design of a Discrete Time Model Following Control System for Nonlinear Descriptor System 139

Both the controlled object and the reference model are controllable and observable.
IN,| 0.
Zeros of C[ 7F — A}’l B are stable.

|f (k)| <@+ Blo®)| ,(a>0,820,0<y<1).

5. Existing condition of v(k)is |I+C,,B,, _af(;)(k))‘ 20
ov (k)

6. |zE-A|#0 and rankE=deg|zE-A|=r<n.

L e

5. Numerical simulation

An example is given as follows:

0 1 0 0 0 1 0
0 1 1lxtk+1)=| 0 0 1 |x(k)+|1 0u(k)+|0|f(o(k)+|1 |d(K)
1 02 -05 0.6 01 1 1

o(k)=[1 1 1]x(k),

0 01 O 1
¥ :[0.1 0 0.1}(]{){1} &7
3
e

Reference model is given by

0 1 0
x,,(k+1) :{_0.12 Oj}cm(k) J{er(k)
Yulk)=[1 0]x,,(k) (58)
r,,(k) =sin(kz / 16) .

In this example, disturbances d(k) and d,(k) are ramp and step disturbances respectively.
Then d(k) and d(k) are given as

d(k) = 0.05(k — 85),(85 < k < 100)

dy (k) =1.2,(20 < k < 50) (59)

We show a result of simulation in Fig. 1. It can be concluded that the output signal follows
the reference even if disturbances exit in the system.

6. Conclusion

In the responses (Fig. 1) of the discrete time model following control system for nonlinear
descriptor system, the output signal follows the references even though disturbances exit in
the system. The effectiveness of this method has thus been verified. The future topic is that
the case of nonlinear system for y >1 will be proved and analysed.
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v&)_|\®

d(k)

9|0 i éO k
V;(k) \

Fig. 1. Responses of the system for nonlinear descriptor system in discrete time
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