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SOLVING A PROBLEM OF ADAPTIVE STABILIZATION
FOR SOME STATIC MIMO SYSTEMS

Introduction. The adaptive stabilization of some classes of uncertain multivariable static
plants with arbitrary unmeasurable bounded disturbances is addressed in this article. The
cases where the number of the control inputs does not exceed the number of the outputs are
studied. It is assumed that the plant parameters defining the elements of its gain matrix are
unknown. Again, the rank of this matrix may be arbitrary. Meanwhile, bounds on external
disturbances are supposed to be known. The problem stated and solved in this work is to
design adaptive controllers to be able to ensure the boundedness of the all input and output
system’s signals in the presence of parameter uncertainties.

The purpose of the paper is to show that it is possible to stabilize any uncertain multi-
variable static plant which gain matrix may be either square or nonsquare and may have an
arbitrary rank remaining unknown for the designer.

Methods. The methods based on recursive point estimation of unknown plant parame-
ters are utilized to design the adaptive inverse model-based controller.

Results. The asymptotic properties of the adaptive controllers have been established.
Simulation results have been presented to support the theoretic studies.

© L.S. ZHITECKIL V.N. AZARSKOV. K.Yu. SOLOVCHUK. 2019
ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197) 33



Zhiteckii L.S., Azarskov V.N., Solovchuk K.Yu.

Conclusion. The adaptive control laws proposed in the paper can guarantee the bound-
edness of all the signals generated by the feedback control systems. However, this important
feature will achieve via an “overparameterization” of these systems. Nevertheless, the simu-
lation experiments demonstrate their efficiency.

Keywords: adaptive control, boundedness, discrete time, estimation algorithm, feedback,
multivariable system, uncertainty.

INTRODUCTION

The problem of efficient control of multivariable systems with arbitrary unmeasur-
able external disturbances stated several decades ago remains important both from
theoretical and practical points of view until recently. Novel results in this scientific
area have been reported in numerous papers and generalized in several books includ-
ing [1-3]. This problem attracts an attention of many researchers dealing with the
design of optimal controllers for controlling the so-called multi-inputs multi-outputs
(MIMO) system by using different approaches.

Among other methods advanced in the modern control theory, the inverse
model-based method that is an extension of the well-known internal model prin-
ciple seems to be perspective in order to cope with arbitrary unmeasurable dis-
turbances and to optimize some classes of multivariable control systems. It
turned out that this method first intuitively advanced in [4] makes it possible to
optimize the closed-loop control system containing the MIMO static (memory-
less) plants whose gain matrices are square and nonsingular. Since the beginning
of the 21" century, a significant progress has been achieved utilizing the inverse
model-based approach, e.g., [5] and other works. Nevertheless, it is quite unac-
ceptable if the MIMO plants to be controlled have singular square or else any
nonsquare gain matrices because they are noninvertible.

To optimize the closed-loop control system containing an arbitrary MIMO
static plant, the pseudoinverse model-based approach has been proposed and
substantiated in [6]. Naturally enough that its gain matrix must be known to
implement this approach. In practice, however, the plant parameters defining the
elements of gain matrices may not be known a priori. In this case, the problem
of designing the so-called robust multivariable control system may be stated.

The monographs [7-9] give a fairly full picture concerning the results achieved
in the robust control theory to the beginning of the 2000s. Within the framework of
this theory, the pseudoinverse model-based method has been modified in [10-12] to
stabilize some classes of uncertain interconnected linear and nonlinear systems
whose gain matrices are arbitrary. (Note that the problem of robust control of some
nonlinear one-dimensional static plant has before been solved in the work [13].).
Unfortunately, the pseudoinverse model-based controller having fixed parameters
may not be suitable if the parameter uncertainty is great enough.

An adaptation concept plays a role of some universal tool to deal with the
control of uncertain systems [8, 14-20], et al. This concept has been employed
in the papers [21-23] in which adaptive controllers for controlling fix linear and
nonlinear multivariable static plants have been designed and studied, assuming
that their gain matrices are nonsingular square matrices. The latest results with
respect to robust adaptive control of the linear and some nonlinear static plants
having one output and several control inputs can be found in [8, chap. 3].
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In [24], the adaptive pseudoinverse model-based control has been proposed
to stabilize a nonsquare MIMO plant having the gain matrix of full rank in the
absence of disturbances. Recently, the problem of the stabilization of single-
input multi-outputs (SIMO) static systems with bounded disturbances has been
solved in [25]. In [26, 27] the adaptive control systems containing the intercon-
nected plants with both square and nonsquare matrices of the nonfull ranks in the
presence of bounded disturbances have been designed and argued.

Difficulties that take place when adaptive control use the point estimation
algorithms are how to guarantee the stability (the boundedness) of the closed-
loop system [28]. See also [14, 15]. To overcome these difficulties in the case of
the singular square system, the so-called fictitious plant to be controlled adap-
tively has been introduced in the closed-loop circuit [26]. The idea of the simul-
taneous adaptive control of the true and of fictitious plants advanced in this work
turned out fruitful to deal with adaptive stabilization of any MIMO static plants
irrespective of the ranks of their gain matrices [27].

The purpose of the paper is to generalize results obtained in [26, 27] and
to show that within the framework of the adaptive approach, it is possible to
stabilize the arbitrary MIMO static uncertain plant without knowledge concern-
ing both the elements and also rank of its gain matrix.

STATEMENT OF THE PROBLEM
Let
yn :Bun—l +vn—1 (1)

be the equation describing a MIMO plant with measurable m-dimensional output
vector, unmeasured m-dimensional disturbance vector and the r-dimensional
control vectors related to the wnth discrete time (n=1,2,...) are

—r,® (m)T — T, (m)qT —_r,, M (T ;
v, =y ey, 1, v, =, e, and u, =[u,’,...,u,”’ ], respectively.
B represents some time-invariant m x ¥ gain matrix given by
ptn . pt)
A

Consider the class of MIMO plants, where the number 7 of the control inputs is not
less than two, but does not exceed the number m of the outputs, i.e., 2 <r < m.

The following assumptions with respect to the gain matrix B and the se-
quences (v} =v{ v are made.

Al. The elements of the matrix B in (2) are all unknown. However, there
are some interval estimates

b <pD <p” i=t.m, j=l..r 3)
with the known upper and lower bounds 5"’ and E(ij), respectively. This im-
plies that B may be singular, in principle.
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A2. The rank of B remaining unknown, in general, may be arbitrary num-
ber which satisfies

1<rank B<r (=min{r, m}). 4)

A3. {v,(f)} (i=1,...,m) are all the arbitrary scalar sequences bounded in
modulus according to

| V;i) |<g; <o, Q)

where ¢;s are constant. For simplicity of exposition, it is assumed that they are
known.

01 0 T
RS

Denote by y° =[y the desired m-dimensional output vector.

Without loss of generality, suppose |y"" [+...+|y%™ |0 implying that

0<[y’||l<o (" =const Vi=1,..., m).
Define the output error vector

en:yo_yn' (6)

of the current errors e =% — y,(f) for each ith output yff) giving
M

nooe

e, =[e!",...,e!™1". Then the control objective is to design an adaptive controller
stabilizing the unknown plant (1). More exactly within the framework of as-
sumptions Al) — A3), it is required to guarantee the ultimate boundedness of the

sequences {e,} and {u,} in the form

limsup || e, || < oo,
n st le, | )
lim sup || u, || < . (8)

n—>0

THE CASE OF SQUARE NONSINGULAR GAIN MATRICES
Suppose that B is a square nonsingular » x » matrix meaning » = m and

det B # 0. 9)
In this case, the control law may be chosen as in [17, sect. 4.2] setting

un :un—l +Bn_len7 (10)

where e, is given by (6), and B,' denotes the matrix obtained via the inversion
of the current estimate matrix B, for unknown B.

According to [17, sect. 4.2], the rows of B, defining the vectors
b = [b,ﬁ“), b1 (i =1,...,7) are updated by exploiting the recursive adap-
tation algorithm
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b, if e}’ |<g],
by =3 e _F signe? 11
! b~y n ! gz” Vu, , otherwise. (ah
| Vu, I3

(@)

n

represents the ith component of e, given by (6). || x|,

denotes the Euclidean norm of some s-dimensional vector x =[x, ..., x"

In this expression, e

determined as || x ||,= \/[x(l)]z +...+[x]*. The variable Vu, :=u, —u, , is the

. 0 . . .
increment of u,. €;s are arbitrary fixed numbers satisfying

e) >%8 =2¢, i=1,..,r (12)
The coefficients y”’s are chosen as
0<y” <y <y <2 (13)
to ensure
det B, #0. (14)

The asymptotical behavior of the adaptive control algorithm (10), (11) to-
gether with (12) to (14) is given in the theorem below.

Theorem 1. Consider the closed-loop stabilization system containing the
plant (1) and the feedback adaptive controller described in the expressions
(10)—(14). If the conditions (5) and (9) are satisfied then the control objectives
(7) and (8) are achieved.

Proof. Follows from the results presented in [14, subsect. 4.2.3]. i

THE CASE OF SQUARE SINGULAR GAIN MATRICES
Let B be a square singular » x » matrix, i.e.,
det B =0. (15)

Basic idea to deal with a matrix B satisfying (15) is the transition from the adaptive
identification of the true plant having the singular gain matrix B to the adaptive

identification of a fictitious plant with the nonsingular gain matrix B of the form
B=B+38,1,, (16)

where I, denotes the identity » x 7 matrix and J, is a fixed quantity [26].

Although B as well as B remain unknown, the requirement
detB =0 (17)

can always be satisfied by the suitable choice of .5, in (16). In fact, each ith
eigenvalue A,(B) of B lies in one of the » closed regions of the complex z-
plane consisting of all the GerSgorin discs [29, p. 146]:
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_ i < S| 7,0 i
|z—b |_;|b L, i=L...r (18)

J#i

Since, at least, one of the eigenvalues A,(B) is equal to zero (due to the sin-
gularity of B), by virtue of (17) there are the numbers

B(i) — pUD _Z| b l B(i) XU Z| 2 [
- J=1 J1 (19)
J#i J#i
such that if
|6 |+, .+ B %0, (20)

then either B <0 but B(Z) >0 or B <0 but E(l) > 0. These numbers are de-
fined as the intersection of the ith GerSgorin disc with the real axis of the com-

plex z-plane as show in Figs 1 and 2, respectively, left. In both cases, g(i) B(i) <0

if (20) is satisfied because p” and E(l) cannot have the same sign.

Im q Im

z-plane z-plane

/ /7“ s m\ Re
AN e JFi
a b
Fig. I. The Gersgorin discs for /=2 in the case | B | <|B"" |
Im # Im
z-plane z-plane

,@q @} g ﬁwm 7o .

a b

I

Fig. 2. The Ger8gorin discs for 7=2 in the case | Bm | <] [3“) |
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Denoting
=)

p=minp”.....p"} B=maxf”...B"). e

consider the following two cases: a) [B|<| B 5 b) [B]>] B| (The case when
IBI=I B\ can be combined with any two cases.) In order to go to the gain matrix

B of the fictitious plant having the form (16) in the case a), it is sufficient to
shift the GerSgorin disc (18) right taking

3y >[I, (22)

as shown in Fig. 1, right. In the case b), the discs (9) need to be shifted left ac-
cording to

8o <—IBI. (23)

See Fig. 2, right. In both cases, the nonsingularity of B is guaranteed. Neverthe-
less, the conditions (22) and (23) cannot be satisfied, as yet. In fact, the numbers

B and B given by the expressions (21) depend of E(i) and B“s defined by

(19). But they are unknown because b”’s are all unknown.
The following actions are proposed to choose a number §,, satisfying (17).
Introduce

p
B(l) = Q(”) _ZmaX”Q(U) ‘, | b(lj ‘}’

Z_min
j=1
J#
(0 (i)~ (i) @49
—(i —(ii n — (i
B =b  + Y max{|b” |[6" |},
=1
f;'vti

minimizing and maximizing in %’ e[l_)(ij),z(lj)] the right sides of (19) for E(i)

=@ .
and 3, respectively.

Further, the number §, is found to satisfy the conditions

60 >_Emin if ‘Emin |<‘Bmax "

- _ (25)
60 < _Bmax if |Emin | > | Bmax |’

where B, B, represent some quantities defined as follows:

max

Bmin = min{Bitll:n"”’Bi:ﬁ)n}’
_ _ ., (26)
Bmax = maX{B:q:x""’ Bfn:x}
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It can be clarified that if (25) together with (24) and (26) will be satisfied
then the condition (17) will without fail be ensured.

After determining the quantity &, we can proceed to the consideration of
)

r

the fictitious plant. Since the input variables u'",...,u!” and the disturbances

) p

V aeees Vy

of both true plant and fictitious plant are the same, this feature
makes it possible to describe our fictitious plant by the equation

~

yn = Eun—l + vn—l ’ (27)

similar to (1). In this equation, ¥, =[¥{",.

the fictitious plant.
It is interesting that the components of y, can be measured while the com-

o };’) 1" denotes the output vector of

ponents of v, in (28) remain unmeasurable. In fact, substituting (16) into (27)
due to (1) we produce

;n :yn +80un71‘ (28)

It is seen from (28) that y, can always be found indirectly having u, and y, to

be measured.
Now, our problem reduces to the known problem of adaptive control appli-

cable to the fictitious plant (27) with the unknown gain matrix B in the presence
M

n oo

of arbitrary bounded disturbances v V" Tts solving follows the steps of the

section above. Namely, the adaptive control law is designed in the form

w,=u,  +B 2, (29)

n

in which, instead of the current estimate B, of B, another En is exploited, and

the error vector e, defined in (6) is replaced by
¢, =y" =3, (30)

with y, given by the expression (28).
The adaptive identification algorithm used to determine the estimates B,
may be taken as

59 if 12, <!,

b =1, e g signe 31
! b 440 1 516 ——Vu otherwise, i=1,...,r, G
Vi, 113

n—1

which is similar to (11). In this algorithm, 8? and €, are given by (12).
&, =y =b"Vu,, (32)

n-1

represent the ith component of the identification error €, given as
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En* = Vj}n - En—lvun—l b (33)

where V5@ := 59 — 5 " and the notation 5" :=[5™ ..., 5] of the ith row
()

n

of En is introduced. The coefficients y,’s are chosen as in (13) to

detB, 0. (34)

The feedback adaptive robust control system described in the equations (1),
(29), (31) is designed as depicted in Fig. 3. In this figure, the notation
V=B, Vu, is introduced.

The asymptotic properties of the adaptive control system are established in
the following theorem.

Theorem 2. Determine 8, using the formula (25) together with (24) and

(26), and choose an arbitrary initial EO =B, +8,] with B, ={b{"} whose ele-

ments satisfy the conditions Q(’j) <h¥ < l;(ij). Subject to assumptions Al — A3,
the adaptive controller described in the equations (29), (31) together with (28),

(30) when applied to the plant (1) yields (7), (8).
Proof. See [26].

Controller n
,,,,,,,,,,,,,,,,,,, 2
i Adjustable | ! |
Inverse Model Discrete | | True "
! of Fictitious Plant Integrator | | Plant s3I
[ + Pt
P o+~ G Vi Luy, + | 1: Y
—( =3 B/ B (g m— -
- I ! e
[+ S - - ! i:
i
,,,,,,,,, i
I Fictitious ! if
I Plant e A
| vy H ~
L P __j' L____}_}'_’___,
—I> B --- SRR £ >
| |
+ 7,
n
L \
Inverter — 50

I Adjustable Model
| of Fictitious Plant

Adaptive
Identifier

Y

Fig. 3. Configuration of adaptive stabilization system
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THE CASE OF NONSQUARE GAIN MATRICES
WITH ARBITRARY RANKS

Let B be a nonsquare m xr matrix of the form (2) with unknown rank satisfy-
ing (4). Define the so-called submatrices B[i[k],...,i,[k]|L,...,r]e R”" [29,

part I, subsect. 2.2] whose rows represent the rows of B with the numbers
ik, ...,i.[k] (1<i[k]<...<i[k]<m). The quantity of these matrices is equal

m
to N :( ] Denoting by B[k] the submatrix which corresponds to a kth subset
r

{i,[k],...,i.[k]}, write the equations of some & plants as:

yn[k]:B[k]un—l +Vn—1[k]’ k=1,...,N, (35)

where y, [k]=[yH) .y T e R” and v, [k]= [, T e R

In accordance with the approach proposed in the previous section, pass from
(35) to the equations of the fictitious plants described by

VLK1= BlkJu, s +v, (k] k=L...N (36)
with the same u,, and v, [k]. In these equations, y,[k] denotes the r-
dimensional output vector related to the kth fictitious plant whose gain matrix
E[k] is defined as follows:

Blk]=B[k]+8,[Kk]1,, (37)

where §,[k] is a fixed quantity depending on k. This quantity is calculated for
each k=1,..., N using the technique described in the previous section. Namely,

taking into account the constraints (3), ,[k] can always be found to ensure
detB[k]#0 Vk=1,...,N. (38)
It follows from (35) to (37) that
Y lk1=y,[k]+8¢[k]u,,. (39)

This expression shows that although as E[k] as B[k] remain unknown, how-
ever, the components of all N the vectors y,[k] can indirectly be “measured”

after measuring the components of y, and u,_,, and it is essential.

n—1°

If the conditions (38) are satisfied, then the problem of the adaptive stabili-
zation of the true plant (1) can be reduced to the problem of simultaneous adap-
tive stabilization of all N fictitious plants (36) with unknown but nonsingular

rXxr gain matrices E[k] (k=1,..., N) via forming at each nth time instant a
set of N different “potentially” possible controls u,[1],...,u,[/N] and selecting
one of them in accordance with certain choice rule [27] given below.
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Following to [27], the adaptive control law to be applicable to any fictitious
plant is designed in the form

 +B'[kKe,[k], k=1,...,N, (40)

where ¢ [k]=y°[k]-7,[k] with y°[k]=[y"@") ¢ defines the out-
put error vector related to the kth fictitious plant at the nth time instant, and
En [k]eR"™ is the current estimate of unknown rx 7 matrix B[k] at the same
time instant satisfying

detB [k]#0 Vk=1,...,N. (41)

As the adaptation algorithms, the standard recursive procedures for the
adaptive identification of each kth fictitious plant (35) described by
BTk if | [k <!,
A Dk]- € signe, e k]
’ 1V, [
i=...r, k=1,..,N

bk =Bk + Vi

n—1

otherwise, (42)

are proposed. In these algorithms, l;,,(i) [k] denotes the r-dimensional estimate

vector obtained by transposing the ith row of En [k], and
&, V1K= 3 k1= F O k-5, K1V, (43)

represents the scalar variable making sense of the ith component of ¢, [k]e R”
that is the identification error vector related to the kth fictitious plant. The coef-
ficients yff)s are chosen from the ranges [Zm’ 797 (similarly to that in (13)) to
ensure the requirement (41).

Next, add the adaptation algorithms described in the formulas (42) together
with (43) by an algorithm for estimating unknown B defined as follows:

‘ o 0
b, if & <,
pY = e’V g, signe 44
! b(’) yﬁ,’) || d g||2 “—Vu,, otherwise, i=1,...,m, “@4)
Vu, |3

where b"'" represents the ith row of the estimate matrix B, , and

e =y, =yl =6 Vu, (45)
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is the ith component of the identification error vector e, =y, -y, ,—B, \Vu, ,
(€ and 8? are given by (12)) .

The estimation procedure defined in (44) together with (45) makes it possi-
ble to estimate the m predicted output errors '’ [k] (i=1,..., m) for the each

n+l

ith output of true plant (1) at any # using the formula

189 k1) =] y*0 =T (k]| +€, i=1,...,m. (46)

The synthesis of the adaptive controller is finished by the choice of the con-
trol u, from the set {u,[l],...,u,[N]} with u,[k] given by (40). This choice is

implemented by the rule giving the minimum of the 1-norm of
&, [k1=[EN K], ... e [k]]" as

n+l 0 Pntl
m i
u, =arg min 37| &3 [£]] (47)
|

where é'” [k]s are specified by (46).

n+l

Remark. The definition of the 1-norm || - ||, can be found in [7, p. 260].

The asymptotic properties of the adaptive controller described in this section
are given in theorem below (the main result).

Theorem 3. Consider the feedback control system containing the plant (1)
in which » <m, and the adaptive controller defined in (42), (47) together with
(39), (46) and (41). Using the constants (3), determine d,[1], ..., 0,[ V] to satisfy
(38). Let assumption A1-A3 be valid. Then, this controller applied to plant (1)
guarantees that the control objectives (7) and (8) will be achieved.

Proof. Follows the lines of [14, chap. 4]. (Due to space limitation, de-
tails are omitted.)

Note that Theorem 3 does not guarantee that the ultimate error
lim, . sup| e, | will become as in the nonadaptive case when there is no pa-
rameter uncertainty and the pseudoinverse model-based controller proposed in
[6] can by applied.

SIMULATION

A simulation experiment was conducted to illustrate the performance of the pro-
posed adaptive control in the case when » =2, m =3. As the gain matrix,

44 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197)



Solving a Problem of Adaptive Stabilization for Some Static Mimo Systems

with nonfull rank (rank B =1) was taken. Since N =3, it produces the follow-
ing three submatrices:

4 2 4 2 2 1
19[1]:(2 J, 1};[2]:(3 15} and B[3]=(3 15}

Further, the three vectors y,[11=[»",y?1} v, [21=[y",»]" and
v, [31=[y?, P17 was introduced to describe the plants (35) having the gain
matrices B[1], B[2] and B[3], respectively.

The quantities §,[1]=1.1, §,[2]=1.2 and §,[3]=1.3 guaranteeing E[k]
to be nonsingular were derived from (3). The initial EO [1], EO [2]and EO [3] were

chosen as Eo[k] = By[k]+98,[k]/, with the initial elements of B [k] which were

selected from B inside the corresponding ranges [5" ),l;m] specified as fol-
lows: bV €[1,5], b"® €[0,2], b“" €[0,2], b e[1,2], BOV e[l 4],
b®? e[0,5]. Namely, we set 5" =1, b'”=1 57" =0, b5> =19, by" =2,

b$® =2.1. The desired output vector was given as ' =[1,3,7]".
The performance of the simulated adaptive control system with the distur-

bance sequences {V,E[)}:véi),vl(i),... generated as some pseudorandom i.i.d.

variables taken from —0.1<v{" <0.1, —0.2<v'? <0.2, —0.08<v{’ <0.08 is
presented in Figs. 4 and 5.

< I | Bl - B0, 51213211, | B[31- 5,31,

|B-B,I| | / |B-B,l

o

| Bl — B, LK, - -

ri —

= o

T T T T T T
0 20 40 " 60 80 100

Fig. 4. Variables describing the adaptive estimation processes
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0 20 40 i &0 0 100

lle lly e

o 20 40 M (1] &0 100

12

o 1

[l 2, [h

a
1

T T T T T T
0 20 40 ] &0 80 100

Fig. 5. The behavior of the control system: a) the current number k
of control u,[k] chosen from {u,[1],u,[2],u,[3]} at given n; b)
the 1-norm of control vector; ¢) the 1-norm of output vector in adap-
tive case (solid line) and in nonadaptive optimal case (dashed line)

Figs. 5, a — c demonstrate that the performance of the proposed adaptive
controller applied to the static MIMO plant having some nonsquare gain matrix
with nonfull rank is successful enough.

CONCLUSION

It has been established that the adaptive control laws can guarantee the bound-
edness of all the signals generated by the feedback control systems. However,
this important feature will achieve via an “overparameterization” of these sys-
tems. Nevertheless, the simulation experiments demonstrate their efficiency.
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Beryn. Y crarTi po3riisHyTO 33/1a4y aJanTUBHOI cTa0wUTi3allii AesIKUX KIaciB HeBU3HAYCHHUX Oara-
TOBUMIPHHX CTaTHYHHX O0'€KTIB 3 JIOBUILHUMH HEBUMIPHUMH OOMEKeHUMH 30ypeHHsaMu. Jlocii-
JOKEHO BUIAJIKH, KOJIM KUTBKICTh BXO/IB KEpYBaHHS HE TIEPEBUIILy€ KiIbKICTh BUXoiB. [Ipumyrie-
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peHb noBUHHI OyTH Binomi. IlocTaBieHa Ta BHpillleHa y poOOTi 3ajaya MOJITAaE B TOMY, 1100
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HHX CUTHAJIB CHCTEMH 3a HASIBHOCTI ITapaMeTPpUYHUX HEBU3HAYCHOCTEH.

Mera cTaTTi — MMOKa3arty, 110 MOKHA cTaliTi3yBaTH JTOBIIbHII HEBU3HAUCHUI Oarato-
BUMIpHHUH CTaTHYHHNA 00'€KT, MATPHUIIS KOS(IIIEHTIB MiJICHICHHS SIKOTO MOXe OyTH KBajapat-
HOI0 a00 MPSIMOKYTHOIO i MaTH JOBUIBHHN PaHT, 3AJHIIAI0YHCh HEBIJIOMOKO KOHCTPYKTOPY
CHCTEMH.

Metoan. Metoau, 1o 6a3yr0ThCsl Ha peKYpPEHTHOMY TOYKOBOMY OL[iHIOBAaHHI HEBiJO-
MHX TapaMeTpiB 00'€KTa, BUKOPHCTOBYIOThCS A MOOYIOBH aJallTHMBHOTO PETYIATOpa Ha
OCHOBI 00epHEHOI MOIeIIi.
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PEILIEHUE OJTHOM 3AJIAYU AJATITUBHOM CTABUIM3ALIUA
HEKOTOPBLIX CTATUYECKUX MHUMO CUCTEM

Beenenne. B craTthe paccMOTpeHa 3a/jaua aJalTHBHON CTAOMIH3AIIMA HEKOTOPBIX KJIACCOB
HEOTpeIeTICHHBIX MHOTOMEPHBIX CTATHYECKUX OOBEKTOB C MPOM3BOILHBIMUA HEU3MEPSIEMBIMU
OTpaHUYECHHBIMH BO3MYILCHUSIMU. VICCIe0BaHbl ClIydau, KOT/la KOJHYECTBO BXOJIOB YIIPaB-
JICHUsI HE TPEBBIIIAET KOJIUYECTBO BBIXOMOB. IIpEeMIoNoKEeHO, YTO MapaMeTpbl 00beKTa,
OTIpEICIIAIONINE JIEMEHThl €€ MaTpuilbl KO3()(UIIMEeHTOB ycuieHus, Heu3BecTHBL. Kpome
TOTO paHr 3TOH MATPHUIBI MOXKET OBITh MPOHM3BOJBHBIM. MEXIy TeM, IpaHHIIBI BHEUIHHUX
BO3MYIIICHHH TOJDKHBI OBITh U3BECTHBI. 3a/1aua, KoTopast Oblia MOCTaBJICHA U pelleHa B pabo-
T€, COCTOUT B TOM, YTOOBI MIOCTPOUTH AJANTHBHBIN PETYISATOp, CIIOCOOHBIH 00€CTIeYHTh Or-
PaHUYSHHOCTh BCEX BXOJHBIX U BBIXOJHBIX CHTHAIOB CHCTEMBI IPU HATUYUH ITapaMeTpuye-
CKHX HEOIIPEJEIEHHOCTEN.

Leab cTathi — TMOKa3aTh, YTO MOXXHO CTaOMJIM3UPOBATH JI000I HeompeaeaeHHbIH
MHOTOMEPHBIN CTAaTUYECKUH OOBEKT, MaTpHIla KOAPPHUIUECHTOB YCHUIICHHSI KOTOPOTO MOXKET
OBITh KBaJPATHON WMJIM MPSIMOYTOJILHOH M MUMETh HMPOU3BOJIbHBIA PaHT, OCTaBasCh HEU3BECT-
HOW KOHCTPYKTOPY CHCTEMBI.

Mertoabl. MeTo/Ipl, OCHOBAaHHBIC Ha PEKYPPECHTHOM TOYCYHOM OIICHUBAHHH HEHM3BECT-
HBIX MMapaMeTPOB OOBEKTa, UCIOJB3YIOTCSA Ui MOCTPOSHHUS aJalTUBHOTO pEryJisITopa Ha
OCHOBE 00paTHOM MOEIH.

Pe3yabTaThl. YCTaHOBJICHBI ACHMIITOTHYECKUE CBONCTBA aIalTUBHBIX PEryJsTOpoB. Uro-
ObI MOJIKPETTUTH TEOPETHIECKUE UCCIICIOBAHUS, TIPEICTABIICHBI PE3YJIBTAThl MOJICTTUPOBAHHSL.

BbIBoabI. ANIaNITUBHBIC 3aKOHBI YIIPABJICHHUS, TIPEJIOKCHHBIC B CTAThe, MOT'YT TapaHTHPO-
BaTh OTPAHUYCHHOCTh BCEX CUTHAJIOB, TCHEPUPYEMBIX CHCTEMaMH YIPABJICHHUS ¢ 0OpaTHOM CBS-
3b10. OJTHAKO ATO BOKHOE CBOWCTBO OYJET JIOCTHTaThCS 33 CUET «CBEPXMApPaMETPH3AIIMNY 3THX
cucteM. B Toxxe BpeMsi, MOZICNTbHBIE SKCTICPUMEHTBI TOKa3bIBAIOT MX 3()(PEKTUBHOCT.

Knroueesvle cnosa: adanmuenoe ynpasejieHue, ocpanuvyenHHocnmsy, 0uc;<pemnoe epems, aico-
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