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THE SENSITIVITY FUNCTIONALS IN THE BOLTS'S PROBLEM
FOR MULTIVARIATE DYNAMIC SYSTEMS DESCRIBED
BY ORDINARY INTEGRO-DIFFERENTIAL EQUATIONS

The variational method of calculation of sensitivity functional (connecting first variation of quality functional with varia-
tions of variable and constant parameters) for multivariate non-linear dynamic systems, described by ordinary Volterra’s
the second-kind integro-differential equations by use of the generalized quality functional of a dynamic system (the
Bolts problem) is developed.
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The problem of calculation of sensitivity functional (SF) (connecting first variation of quality functional
with variations of variable and constant parameters) and sensitivity coefficients (SC) (components of vector
gradient from quality functional according to constant parameters) of dynamic systems are main at the analysis
and syntheses of control laws, identification, optimization [1-7]. The first-order sensitivity indexes are most
used. Later on we shall examine only SF and SC of the first-order.

Consider a vector output x(¢) of dynamic object model under continuous time ¢ € [to,t1 ], implicitly de-

pending on vectors parameters o(¢),a , and functional / constructed on the basis of x(z) under ¢ [to,tl] . The

first variation 8/ and variations 8cu(¢) are connected with each other with the help of a single-line functional —

/A

SF with respect to variable parameters ou(z) : ds(n! = JV(t)S&(t)dt . SC with respect to constant parameters o
0

are called a gradient from 7 on o : (dI/da)’ = VI . SCare a coefficients of single-line relationship between

the first variation of functional 8/ and the variations of constant parameters

m
o 85l =(dl/do)da =Y (0l /oot ;)dar; .
j=1

For simplest classes of dynamic systems it is shown, that at the SC calculation it is possible to pass from
a solution of the bulky sensitivity equations to a solution of the conjugate equations — conjugated with respect
to object dynamic equations. Method of receipt of conjugate equations (it was offered in 1962) is cumbersome,
because it is based on the analysis of sensitivity equations, and it does not get its developments.

Variational method [4], ascending to Lagrange’s, Hamilton’s, Euler’s memoirs, makes possible to sim-
plify the process of determination of conjugate equations and formulas of account of SC and SF. On the basis
of this method it is an extension of quality functional by means of including into it object dynamic equations by
means of Lagrange’s multipliers and obtaining the first variation of extended functional in phase coordinates of
object and on interesting parameters. The dynamic equations for Lagrange’s multipliers are obtained from a
condition of equality to zero of appropriate components (relative to phase coordinates) of the first variation of
an extended functional. Given simplification of first variation of extended functional brings at presence in the
right part only parameter variations, i.e. it is produced the SF. If all parameters are constant then the parameters
variations are carried out from corresponding integrals and at the final result in obtained functional variation the
coefficients before parameters variations are the required SC. Given method was used in [8] for dynamic sys-
tems described by ordinary continuous Volterra’s of the second-kind integral and integro-differential equations.
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In this paper the variational method of account of SF develops to more general continuous many-
dimensional non-linear dynamic systems circumscribed by the vectorial non-linear continuous Volterra’s of the

second-kind integro-differential equations with variable o(¢) and constant o parameters and with reviewing
of generalised quality functional (the Bolts problem) and registration of dependencies: 1) disturbing actions of a

object model from initial instant; 2) of initial ¢, and final ¢! instants from constant parameters o, .
] 0 p

1. Statement of the problem

Consider that the dynamic object is described by system of non-linear continuous integro-differential
equations (I-DE) with integral components of Volterra’s type of the second genus and with variable o(¢) and
constant o parameters

(1) = f(x(0), 9(0),80),0,0), 1 <t <1, x(tg) = %o (Ttp) (1)

Y(8) = (@), 0ty 1) + [K(8,x(5), 9(5),8(5),00,5) ds, to <t<t', ty=t,(@), t' =1 ().
0]

Here: the magnitudes of initial #, and final /' and initial values x(f,) are known functions from constant pa-
rameters o : f, =t,(Q), i =1'(@), x(ty)=x0(a,ty); x,y — a vector-columns of phase coordinates; G(f),00 —

vector-columns of interesting variable and constant parameters; f(-), 7(-), K(-), to(a0), £ (@), xo(-) —known

continuously differentiated limited vector-functions.
The model of a measuring device is given as

N(6) = M(x(0), y(0), 80, 81, € [1g,1'], @
where () is also continuous, differentiated, limited (together with the first derivatives) vector-function. The
required parameters a(z),o are inserted also in (2). Dimensionality of vectors x, y and m in general event

can be different.
On the basis of output coordinates of a measuring device n the quality functional of a dynamic system is

constructed:
1

(o) = [ fo((),8(0), a0 de+ L (n(r'), &) (3)
0
Conditions for functions f,(-), /;(-) are the same as for f(), r(:), K(), t,("), tl(-), xy(), etc.

With use of a functional (3) in the optimization problem (in the theory of optimal control) known as the
Bolts’s problem. From it as the individual variants follows: Lagrange’s problem (when there is only integrated
component) and Mayer’s problem (when there is only second component — function from phase coordinates at
a finishing point).

With the purpose of simplification of appropriate deductions with preservation of a generality in all
transformations (1)—(3) there are a two vectors of parameters a(¢),a . If in the equations (1)—(3) the parameters

are different then it is possible formally to unite them in one vector a(¢) or else o , to use obtained outcomes
and then, taking into account a structure of a vectors a.(z),a , to make appropriate simplifications.

The scheme of interaction between variables of object model, measuring device and quality functional is
shown in fig. 1.
By obtaining of results the obvious designations:

J@©) = fx@), y(0),a(0),0,0) , 7(1) = r(0t), &, g, 1) , K (2,5) = K (t,x(s), y(5),a(0), L, 8) ,

N6 =n(x(0), y(6), 80, 0, 0), fo(6) = fo((®),a(t), at), I;(") =L, (n(t"), &, t")
are used.
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Let's pass from the integro-differential equations (I-DE) to integral equations (IE), we shall apply results
of paper [9] and then shall return to initial variables.

DE

v

: n i
n0) [ /Ot + L0

y 0
1E »

Fig. 1. Scheme of interaction between variables in (1)—(3)

The convenience of a integro-differential model consists in its structural universality. At simplification of
a model it is enough in final results to convert in a zero appropriate addends. This reception we shall apply in a
final part of this paper.

2. Basic result

In I-DE (1) the we write differential equation in the integral form

x(2) = xo (0L, 2p) + jf(x(s),y(s),&(s),a,s)ds, tog<t<t. (4)
10

f(t){x“)}7(60),6,%,0{ o(®:to) JE(XO‘M)JEM,

We use notations

y(t) F(OL(Z‘),OL,Z‘OJ) F(l‘)
5[ f((s),p(s),a0s),0,8) ) f(s) ) =
K@ 5().6(s). 0.5) = (K(t,x(s), (s),6(s), @, S)J - (K(t,s)J =Kit9), )
and obtain IE
Y() =7 (o), a,ty,t) + Jt'l?(t,i(s),&(s),a,s)ds , tg <t < i (6)
10
In further also a notation
n() =n(y(®),ou(t), o, 1) (7)

is used for a model of a measuring device.
We apply results of paper [9] for models (4), (6) and functional (3) with variables and constant parame-
ters ai(¢),a . The conjugate equations for Lagrange’s multipliers v(¢) have a form:

6I?(t1,t)+5fo(t) n@ f 5 0K (s,1) ds. t.<t<it'. (®)
F) | on@) @) v T

5110 )aﬂ(t ) _
@'y (')

v (@) =)

Here: y(¢) is column vector; @(#'). These conjugate equations are decided in the opposite

direction of time (from #').
The form of the conjugate equations doesn't change, but they contain variables and constant parameters
a(t),a .
SF for an integral model (6) has the form [9]:
ol = SQ(,)I+8 0 I1+0651
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) ofo(®) on®)  Ofo(0) , 1 FWO oo KD T K0 o
Sa! = I [an(t) 6t | aa) ()a oy (1) ) j V)5 Sloxndr;
o) aney oo ar(t)5
s L ony gy

5.1 {all(t)an(t) 611(t) e )[ar(tl) JaK(t s)d}

o) o do do o Oa

1
J'[afo(t)aﬂ(t) afo(t) T @"‘J.“{T aKa(jt)

on(t) oo dou dou st

oF (t ) or ()

0

. _ d
{q)(f ———K(t',1))] fo(f0)+fY (f)( K(fato))dt]£+

ar(t) 11 aK(t ,S) all(t)an(t) all(t) dt
D K ds . 9
+[ )] +K(1, t)+,£ pw ]+6n(t) P (1L )} } ©)

It is necessary in (8), (9) to fulfil matrix transformations with the registration earlier entered notations

(6), and also
V()
Y0 = [yy (t)} Y O=re: 7o),
1 1 1 1 1 1
oy @) @) _[ane) o). b)) | (o (1. o o).
© on@h) ay('y {on(t") ex(e)) on(e") ay(e) 0. @,0)
N a@). 9 () o (T, 2g)
K1ty | ox@®’ (1) oy | oo
&) |oK@,y oK(d.) | da | or(h
ax(t) ) oa

>l 1 1
NG G [ ()6f(t) y(tl)aK(t,t) ()af(t) y(tl)c’)K(t,t)J’

1.€.

oy (1) ox(1) ox() ov(1) ov(1)
ofo(®) on() z(afoa) o . 9fe0) an(t)J

o) ov(r) \ on@®) ox(r)’ on@) ov() )
T(S)aK(s,t) ( ()6f(t) 6K(s,t)’ . ()af(t)
() ox(t) ox(t) (1)

Oxy (0, tp) ar(t) or (t)
o aa

vh(s)

Vs )aK(s t)J

(0)

LAY

_o. (Y 5360(0‘ fo)
oo

CI)(t o) Gr(t) ’

+@ (==, Y () —=L=1L ()= ya) (10)

o) aK(s D,

cb(r)‘%%”—@ (r)af“) o,(H KD J ()a’“”)d j[vx<)—+ Y7 (s) K0

da.

In the total we obtain the conjugate equatlons for Lagrange's multlphers

1
Zf(t) y(tl)aK(t 1), 9fo®) @) f[ T (s )af(t)
(®) ox(r)  on() 5X(t) : ox(?)

'
V() =D (¢ )gfgt; q)y(tl)aK(’ ), 0/o(0) on()

s, etc.

0K (s,1)
ox(t)

Y2 (0) =D, ()

1) ——2ds, (1)

0K (s, t)
9 ()

s, tg<t<t'.

f[ ()5f(t)

T
() o ) (1) OS50
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The first variation of a functional 7 in relation to variable c.(z) and constant o parameters has three

components:
81 = 850 [ +8 1,1 +851 (12)
ofo) @ , 3fo(®) , 1, Or(®) NCAQ) 1, K (1)
% ‘f{ on() () aa) y()aao <l )a<) R
C o) 0K (s.)
+{[vx<s)aa() (O )]d]zs (t)dt;
7 =(2h) an@) @y(t)ara)]g () 5.1 = oL one) , an(h) |
a0y on(e' oot aa(t") on@') da  da
— /! N’ |
o L [0 0 2K
o o
tl
s J{afoa) oo , k@, 1, )axo«x ) 7 (&) ar(t)
on() oo oo
+J[x<s) O 4y D t)]d]dt{@ S r )+
O
0 0 d
e )[ar‘” K ro>]—fo<ro>+j 7O ) j HOSES K(r,ro»dr}d—y

or (t ) 11 aK(t ,S) oL, (1 an(t ) all(t ) dt
D b K ds
+[ LY+ (YK t)+t£ o Bl o) o o + folt )} }

It is expedient to add the conjugate equations for Lagrange's multipliers (11) too form of the integro-
differential equations.
tl A
We enter new variable d)x(tl) + J.yf(s)ds = 7»7; (2), either yf(t) = —XZ (0, kﬂ (i = d)x(tl) , and change
t
ot A4
an order of integrating in double integral inside of triangular area [9]: j j A(t,s)ds dt= IIA(s,t) dsdt . Then
1 to ty t
conjugate equations (11) are noted as (13) and SF (see (12)) are calculated under the formula (14).
Conjugate equations have the form

7 T, 0f(t) 1, 9K (', 1) afo(t) &ﬂ(f) OK (s, f) Iy AT 1y 1
=X () =21,(0) ()+q> 3 (t h () 6n(t) ox() { y() 2x(0) s, telty,t), A ([t )=D(),
: f T aK 9
y(t) AL(0) gf Et; ®y(t1)ag;;’)t)+%{;)((tt)) Z;‘Eg + I Y, (s)—ay(é)t) ds 1y <t<t'. (13)

Here @ (i) = 21) an (e on(e) L @,()= all(tll) 8n(ti).
an(e"y ox(t")’ (') oy(th)

SF are calculated under the formula:

61



~ 0fo(0) (@)  0/o(®) . o) AGMN
8l = samus 11+5 15 850 _J.{&n(t) aa(t) 50 y()a ® x()a () (14)

O] s -
) {alla)an(t) Lo )M+w(t)af<r)d”® (t)ara) IaK(t oy ]
@) oa oo aa ‘0 i 0
j[af"((f))a;“) 200, ya)a“)w 1 (5) K0 ”d]dr{ﬂ(t) % o )J
+O,( )[a’”‘” —K( )] foao)my(t)(a’”“) ~KG, to))dr]jt_‘)

A 1
oL, (") on(') @
+[q> ) F(E)+ 0, (1 )[a r(t O k(i )+£%ds]+ aﬁ(‘;)) g(tt) I(;(f) 1ot )} }

The obtained form of representation of the conjugate equations and SF allows easily to write out out-
comes with reviewing separately of differential and integrated models or their various combinations.

3. SF with use of variants of an integro-differential models

Variant 3.1. In initial statement of the task (1)—(2) the equations of a model of object and measuring de-
vice vary:
3(0) = fEHO8(0,00, tg <t <1, x(tg) = x0(@1g) s 1y =1o(@), 1 =1'(@),
t
y(t) =r(a(r),a,ty,t) + fK(t, x(5), y(5),a(s), 0, 5) ds, ty<t<t'; (15)
0

n(0) = (), &0, 1), t €[tg,1'].
The scheme of interaction between variables of a object model, measuring device and quality functional
is shown in fig. 2.

X y n /! 1
[ DE F’ IE 0 [AOd+160) s

Fig. 2. The scheme of interaction between variables in (15), (3)

\4

In total results (13), (14) it is necessary to take into account that on/ox=0, @ =0, o (H)/ov(t)=0.
Variant 3.2. The equations of a object model and measuring device look like:

X(6) = f((0),0(0), qt), to<t<t', x(ty) =xp(tp)

V() = r(BU(t), T, 1) + }K(r,x(s), Y($),0(s), 0, 5)ds, tg <t <t',ty =ty (), t' =t'(a),  (16)
0]

N0 =), a(0), 1), t €t 1'].
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The scheme of interaction between variables of a object model, measuring device and quality functional
is represented in fig. 3.

I3 1
’—> DE fi IE > nC) n> j f,Odt+1,() >

Fig. 3. The scheme of interaction between variables in (16), (3)

In total results (13), (14) it is necessary to take into account that on/ox=0, @, (tH=0, of (¢)/ox(t)=0.
Variant 3.3. The equations of a object model and measuring device look like:

() = f(x(0), y(0),8(0),00), 1 <1<t x(ty) = x,(@sty),

y(t) = r(@(t), o, 1y, 1) + }K(r,s, y(s),a(s),a)ds, ty<t<t', ty=ty(q), ¢ =1 (@), (17)
10

N(0) = n(x(0), 8(0), 1), 1 [t,1'].
x 1s a basic variable. It satisfies to the differential equation. The variable y represents itself as input for a basic

differential model and ) satisfies to an independent integral equation. The scheme of interaction between vari-

ables is shown in fig. 4.
X M !
IE > DE M 0 [£,Odi+1,0) |
y '

Fig. 4. The scheme of interaction between variables in (17), (3)

~

\4

In total results (13), (14) it is necessary to take into account that on/dy=0, CDy(tl)=0,
OK (s,1)/0x(t)=0.

Variant 3.4. The equations of a object model have the form:

)C(t) = f(x(t)ay(t)aa(t)aa’t)a tO << tl s x(tO) = xO(a’tO) 5

Y(t) = r(0Ut), 0tg,t) + [K(8,x(5),0(5),00,8)ds, tg<t<t', ty=to(@), t' =t (@), (18)
0
n(t) = n(x(2),8(), L, 1), £ €[tg,1'].

The variable y is auxiliary. It reflects rather simple integrated connection from a basic variable x. The exit of
a measuring device also depends only on a basic variable.

The scheme of interaction between variables is represented in fig. 5.

— L] ,
IE » DE

M 10 | [AOd+LO
y g

Fig. 5. The scheme of interaction between variables in (18), (3)

In total results for conjugate equations (13) and SC (14) it is necessary to take into account that
m/ay=0, ®,(t")=0, oK (s,1)/y(t) =0.

This article continues research in [7-9].
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Conclusion

In this paper the variational method of calculation SF and SC for the multivariate nonlinear dynamic systems
described by general continuous vectorial Volterra’s of the second-kind integro-differential equations is developed.

Novelty and generality of results consists in a generality of dynamic object model , of the measuring de-
vice model and of quality functional (in the Bolts problem). In models both variables and constant parameters
are present. In a basis of calculation of sensitivity indexes the decision of the integro-differential equations of
object model in a forward direction of time and obtained integro-differential equations for Lagrange's multipli-
ers in the opposite direction of time lays.

Received in paper SF are more general in comparison with known in the scientific literature.

It is shown, that by consideration of more simple dynamic systems it is enough to put in the received re-
sults to zero corresponding additives — look section 3.

Examples of reception from final result sensitivity functionals for the objects described by ordinary integral
equations, by ordinary differential equations and by 4-th variants of an integro-differential models are resulted.

Variational method of calculation of SC and SF allows to do a generalization on more complex dynamic
system classes, described by: integral and integro-differential equations with additional some time lag and dif-
ferent classes of discontinuous dynamic equations.

Results are applicable at the decision of problems of identification, adaptive optimal control and optimi-
zation of dynamic systems, i.e. they allow to create precision systems and devices.
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