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Abstract

They consider a controlled system with distributed and lumped parameters, the perturbed state of which is described
by linear differential equations in partial and ordinary derivatives. The system consists of one distributed link with
finite-dimensional links at its both ends (for example, the systems containing electrical circuits, sufficiently long
elastic shafts, the pipelines in which it is necessary to take into account the distributed nature of the fluid flow, etc.).
The paper studies the problem of a lumped optimal control development applied to finite-dimensional links and/or to
the end of a distributed link that ensures the stable system operation. Two tasks are solved to develop such control.
First, the method of Lyapunov functions is used to determine the set of controls that ensure the asymptotic stability of
the closed-loop system; then, the Lagrange multiplier method is used on this set to develop an optimal control with
the smallest value of the norm at each moment of time. At that, the original equations in private higher-order partial
differential equations are represented as a system of evolutionary equations and first-order partial differential
equations by introducing additional variables. The constraint equations are the equations without time derivatives. A
modified method of Lagrange multipliers is used to take such equations into account when calculating the derivative
of the Lyapunov function in view of the system under consideration. The transition to partial differential equations of
the first order, together with the development of ordinary differential equations in the standard Cauchy form, allows
to construct the Lyapunov function as the sum of integral and ordinary quadratic forms constructively using specific
equations, the sign-definiteness of which is checked by the Sylvester criterion, to ensure the stability of the closed-
loop system and obtain simpler control laws as the linear functions of phase coordinates. In the case of one-
dimensional distributed systems, these controls can be quite simply implemented in the form of lumped boundary
controls that require measuring the system state only at the boundary points, which is of great practical importance.
The results obtained in this work significantly expand the possibilities of Lyapunov functions method use when they
solve applied problems of control synthesis in engineering objects with distributed and lumped parameters. As an
example, we consider the problem of determining the minimum boost pressure of the fuel tank, which ensures stable
operation of the heating furnace.
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Introduction

The method of Lyapunov functions is widely used to study the stability and solve the problems of control synthesis in
the systems with distributed parameters. There are fairly complete reviews of the problems in this area [8; 10; 4].
Along with theoretical studies by the method of Lyapunov functions, they performed the studies of specific objects
with distributed parameters, for example, elastic and aeroelastic objects [4; 7; 9; 1; 2; 3], liquid-propellant rocket
engines [8; 10; 4], and others [8; 4; 5]. In applications, the main difficulty is the development of the corresponding
Lyapunov functionals, which were usually constructed intuitively during the study of specific objects, proceeding
from the total energy, first integrals, and other considerations. In the problems of control synthesis within the systems
with distributed parameters, Lyapunov functions are often constructed in the form of double integral forms. Such
forms are quite universal, but at present, there are no methods for their sign-definiteness check. This makes it
challenging to ensure closed system stability. In this regard, when they solve the problems of stability and synthesis
of controls in the systems with distributed and lumped parameters, it is proposed to transform the initial high-order
differential equations into a system of first-order equations in time and spatial coordinates and construct the Lyapunov
functions as the sum of ordinary and single integral forms, whose sign-definiteness can be checked by Sylvester’s
criterion application. This approach significantly expands the possibilities of Lyapunov functions method use when
they solve the problems of stability and synthesis of controls in engineering systems with distributed and lumped

156 © 2020 The Author (s); Helix E-ISSN: 2319-5592; P-ISSN: 2277-3495



Helix (2020) 10 (5): 156-162

parameters.

Methods

The work uses mathematically rigorous and accurate research methods: the methods of higher-order differential
equation transformation into a system of first-order equations, the method of Lyapunov functions, the process of
Lagrange multipliers, and matrix theory.

During the calculation of the Lyapunov function derivative (2.1) by virtue of equations (1.1) - (1.3), to take into
account the second equations (1.1), (1.3) without time derivatives, an approach is used, which is similar in its
procedure to the Lagrange multiplier method.

The stability conditions are written based on well-known classical results from the theory of stability of finite-
dimensional and distributed systems. The Sylvester criterion checks the sign-definiteness of standard and integral
quadratic forms.

Results and Discussion
1. Problem statement. Let’s consider a control system with one distributed and other finite-dimensional links, the
perturbed state of which is described by the following equations:

% _ A(x)a—(p+B(x)aa—i/cj+A0(x)(o+Bo(X)l//,

ot ox
(1.1)
C(x)22 4+ D(x) Y 4 Cy(x) g+ Dy (x)pr =0
ox ox 0 ’
xe(0,1),
%zFlz+Fz(p(O,t)+F3(p(l,t)+Gul, (1.2)
tel=(0,0),

Where ¢ = go(x,t ) — N — vector of the phase functions of the distributed link, Y/ =/ (x,t ) — 0 — the
dimensional vector of the phase functions of this link, the time derivatives of which are not included in the system

1.1, z=z (t ) — M — the dimensional vector of the phase functions of the finite-dimensional links, #; = U (t )
— I — the dimensional control vector applied to the finite-dimensional links, u € L2 (] ), A(x ), B (x ),
C(x) , D (x) , AO (X), BO (x), CO (x) , DO (x) — the matrices whose elements are bounded continuous

functions, F s F. s F, s (G - the matrices of constants, L2 (] ) — the space of functions summable with a square

attel.
Let the values of the first 7 < 7 of the functions @; at X = 0 are used as boundary controls, and the following

boundary conditions are given:

where [ — nxXn-— the matrix with the elements 51 = 1, 51]- (i * ] ), I s I 2 — the matrices of constants,

Uy — Ny — dimensional vector of boundary control, U, € LZ (I )

r . . . :
Let’s denote U = (ul sUy ) (T — the transposition symbol). Any control U € L2 (I ) is considered valid.

From the mathematical point of view, the problem (1.1) - (1.3) is a boundary value problem for partial differential
equations with complex boundary conditions. The equations (1.1) represent the general form of any linear partial
differential equation of arbitrary order in the form of the first order partial differential equations [4; 1]. To transform
higher-order equations to the form (1.1), one should take the lowest derivatives as additional variables and write down
the original equation and the integrability condition in these variables.
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The equations (1.3) are simple boundary conditions containing the control#, . The equation of dynamics (1.2) of

finite-dimensional links located at both ends of the distributed link contains boundary values (0()6 , ) and represents

a complex boundary condition in the form of a differential equation.

The equations of the type (1.1) - (1.3) describe the systems that have transmission shafts of considerable length, for
example, between the engine and the working machine (generator, pump, compressor, etc.); the systems containing
electrical circuits or pipelines (lines), in which it is necessary to take into account the distributed nature of liquid or
gas flow, etc.

The following problem is posed. The following is required:

T
a) Select the set of {2 controls # = (ul,uz) inadmissible controls, that ensure the asymptotic stability of
1
T
the system (1.1) - (1.3) with respect to the variables Z, O = I(D ng)C , where O — the measure characterizing

0
the disturbed state of the distributed link.

T
b) Find the optimal control U, = (ulO,uZO) by the set of Q) with the smallest value of the norm square,

2 2 2
i.e. the measure O, ZHMH :HuIH +H1/l2H at each moment.

1. Solution of the problem a. Let’s consider the Lyapunov function
1
V=V+V,= JwT (x,t)v(x)p(x,1)dx+ zr (1)0z(1), (2.1)
0

where v(x ), Q — symmetric matrices: the elements Q are constants, and the elements v(x ) are continuous

bounded functions.
A feature of the system (1.1) - (1.3) is that the second equation (1.1) and the equations (1.3) do not contain time ¢
derivatives. This does not allow to calculate the derivative V directly due to the entire system. First, we calculate the

derivative d V/ dt due to the first equation in (1.1) and the equation (1.2):

1 T T
d_V:J.I:(DTV[Aa_qo_FBa_V/)_'_ GLAT_{_aLBT V¢+
dt 0 ox ox ox ox

+(pT (vAO + A()Tv)(p + (DTVBOI// + l//T B()Tvqudx +

+ZT(QF1 +F1TQ)Z +2¢" (0,6)FT 0z +2¢" (1) T Q2 +227 QG

Following the Lagrange multiplier method, we add to this derivative the following expression to take into account the
second equations (1.1) and (1.3):

1
j[((pTPl +y'p) (Cai” DY+ DO;//] +
0 Ox ox

T T
+ aLCT+aLDT+¢)TCOT+V/TDOT (PlT(p+Psz)}dx=0,
Ox Ox

(0" (LR +2"R, [ Tp(10) oz ]+ | @ (L) I 2717 |

0,

x| R p(1.t)+ R}z |
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where Pl = Pl (x), Pz = Pz(x), while Rl’ R2 are arbitrary matrices: P s P2 — continuous, Rl’ R2 -

constant. The  brackets ((DTPl + l//TPz) , (PlT§0 + Ple//) ) |:¢T (l,t)Rl + ZTR2:| >

T T
|:R1 ¢(1, t ) + R2 z :| play the role of Lagrange multipliers.

Let us perform integration by parts and require that the matrices Vv, P, Pz, Q , Rl’ R2 satisfy the following

conditions:
vA+PC=4"v+C"R", pD=D"P,
vB+BD=C"P/, PD,+DjP/ :‘”;21) , 2.2)
X
vBO+P1D0+C§1>2T=@, xe(0,1).
X
v(1) A1)+ B(1)C())+ R+ IR} =0, (23)

OF, + R,I",—~ T3 R =0,

1 1
(PD)| =(vB+RD)| =0.

Then, taking into account the first equation (1.3), we obtain the following:

1
ciz_I: - I @' Nodx+z" Mz +22" QGu, +u3 Qu, +0(0,t)0,0(0,¢) +
0
+2u3 0,0(0,t), 2.4)
d(vA+ PC
Where N=—¥+VAO +Ajv+BCy+CJ P, M = QF +F1TQ+R2F2 +F2TR§»
X

492((0n1+1,... ,(OH)T, Qj(sz_3) - xXny, (n —I’ll)x(}’l —I’ll), n x(n —I’ll) — the matrices that
divide the matrix —I:v(O) A(O) + A (O) C(O)] into blocks as follows: _Ql_i_Qi )

1

Let us introduce the functional W/ = J‘(pT (x,t)w(x)(p(x,t)dx 1zl wz , where w(x), @ are symmetric
0

matrices; (@ — constant, and the elements w(x) are continuous bounded functions.

Within the framework of the method of Lyapunov functions, the solution of the problem a gives the following

T
statement 1: any control Y = (ul 5 uz) eQ, ensuring the fulfilment of the inequality
L 2.5)
dt
where d V/ dt is determined by the expression (2.4), guarantees the asymptotic stability of the solution
Q=Y =z= 0 of the system (1.1) — (1.3) by variables Z, 0, ecnu unTerpanbHas KBajpaTnuHas Gopma Vl

(2.1) if the integral quadratic form (2.1) is continuous and definitely positive in the measure O, the quadratic form

159 © 2020 The Author (s); Helix E-ISSN: 2319-5592; P-ISSN: 2277-3495



Helix (2020) 10 (5): 156-162

V2 (2.1) is definitely positive, and the derivative d V/ dt (2.4) is definitely negative in variables Z, O [8; 6].
The continuity of the integral form Vl in measure O directly follows from the boundedness of the matrix elements
v(x ) . The remaining conditions of this statement will be satisfied if the matrices Q and @ are definitely positive,
and v(x) and w(x) are definitely positive at X € [0,1] , T.C.

0>0, ©>0; v(x)>0, w(x)>0, xe[0,1]. (2.6)
2. Solution of the problem b. Let’s denote the set of controls via S)i cQ satisfying the following equality:

dv
- =W (3.1)
dt
and, therefore, ensuring the asymptotic stability of the solution @ =/ = Z = 0 by the variables Z, 0.
T
On the set of Q let’s find the optimal control U, = (ul 0> uzo) , that minimizes the value 0,, at each moment
oftime € [ .

Let’s compose the functional L = uTu + ﬂ.(d V/ dt + W), where A is the Lagrange multiplier. From the

condition of reaching min L by U , i.e. from the conditions OL=0u O 2L > O, we find the optimal control
o =—~AG" 0z,
(3.2)
-1

where E is the identity matrix. Substituting these controls into (2.4) from the equality (3.1), we obtain the following
equations:

N+w=0, xe[O,l],
M -20GGT0+w=0, (3.3)
0, - /1Q3T (E + /1Q1)_1 (2E + in)(E + A0, )_1 0;=0,

which together with (2.2), (2.3) are used to develop the matrices V, Q . The matrices P, , Pz, Rl’ R2 are also
determined from the equations (2.2), (2.3).
The value l, entering into the controls (3.2) and the equations (3.3) must satisfy the condition A>0.1t A< 0,

then we obtain (dV/dt)u—O < (dV/dt) from (2.4) taking into account (3.2), i.e. at A <0 the control
- 0

u=u
Uy does not help to ensure the asymptotic stability of the solution @ =W = Z = 0.

Let us show that if 4 > 0, then the control U (3.2) minimizes the value O, on the set of controls that ensure the
fulfilment of not only the equality (3.1), but also the inequality (2.5). For this control, we represent in the form
U =upt Aul , Uy =Uyp + Au2 . Substituting them into (2.4) and using (3.2), (3.3), we find that the
inequality (2.5) is satisfied if

Z(AulT o + Auj uzo) > AAul O/ Au,. (3.4)
Now, taking into account the inequalities (3.4) and (3.2), we obtain the following by direct calculation:

Ap, =u"u—ubuy=Au" Au+ 2(Auginyg + Auyity ) =

> Auj Auy + Auj (E + A0, ) Au, >0,

i.e. indeed, U() minimizes the quantity of 0, on the set of controls that ensure the inequality (2.5).
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Thus, the following statement 2 holds: the control ¥ (3.2) is the solution to the problem b if A >0 and the

conditions (2.6) are satisfied.

3. Example. Let’s consider the system consisting of a heating furnace and a pipeline for fuel supply from the tank
to the furnace. The pipeline has a considerable length, and it is necessary to take into account the distributed nature of
the flow parameters. The fuel flow in the pipeline is described by the equations [1].

8¢1:_b5¢’2, 8¢2:_d8_¢1, xe(0,1), (4.1)
ot ox ot ox

Y P(x,t)-P, x,t)—g. a’g, PF

g (x , ) — the pressure and fuel consumption in the pipeline, ) — the coordinate of the pipeline cross-sections,
measured from the tank, @ — the speed of sound in the liquid, F, { — the cross-sectional area and the pipeline
length, the sign (*) indicates the values of the quantities in the design operating mode of the system.
The boundary conditions at X = 0 and x=1:

A(0.0)=1, p3(L0)=g. @2)
where & is the fuel consumption in the furnace, U, — the relative pressure in the tank created by the pressurization

system. We will take this pressure for control.
The change of temperature in the furnace can be described by the equation of the inertial link:

dz
0—+z=kg, (4.3)
1
dt
where 7z = -1 , T — the furnace temperature, @ - the furnace time constant, kl > 0 — the constant gain.

*
T
Introducing the vector (0 = (gl)l 5 ¢2) let’s put down the equations (4.1) — (4.3) in the form of the system (1.1) —

(1.3), where [ =—%, F =%, I'y=I=I,=1 4=

a

b , and the matrices B, AO’ BO’ C,
—d

D, Co, Do, Fz, G are zCro.
For such a system, let’s consider the problem b, i.e. we find the control U, (3.2), that ensures the asymptotic stability

of the solution Z =@ = 0 with respect to the variables Z, P with the smallest value of the quantity O, = u% .

An isochoric process takes place in the heating furnace, in which the furnace pressure is proportional to the
temperature, i.e.

o (1,t)=kyz, (4.4)
where kz > () — the constant gain.
In this example, the matricesPl and P2 are absent. By equations (2.2), (2.3), (3.3) taking into account (4.4) the
matrices V(X ), Q , W, @ are developed with the following elements:

1+4 b 1 Obk
V= ——— Vp="Wp» Vp=—(l-x). ¢=—7H2

wp =1,
bdA(2+ 1) d d k

1
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2q
o

The conditions (2.6) on stability are satisfied. Therefore, the control U5 (3.2), which in this case will be written in

the following form:
bA
Uy = — |——2—, (0,2
7 d(A+2) 2(0.4)
Is the solution to the problem b for the system (3.1) - (3.3).

Conclusions

- Using the method of Lyapunov functions, a set of controls is determined that ensure the asymptotic stability of the
considered system with distributed and lumped parameters.

- On this set, using the Lagrange multiplier method, optimal control is developed with the smallest norm value at each
moment of time.

- The work has theoretical and practical value.

- The developed control laws are lumped controls applied to finite-dimensional links and (or) to the boundaries of the
distributed link and can be implemented quite simply and accurately in practice.

Summary

When they solve the problems of control synthesis in the systems with distributed and lumped parameters, described
by linear equations in partial and ordinary derivatives, a new approach is being developed related to the idea of the
original higher-order equation transformation into a system of first-order equations by time and spatial coordinates.
The transition to the first-order equations allows to develop the Lyapunov function constructively in the form of a sum
of integral and ordinary quadratic forms, to obtain simpler control laws as the functions of phase coordinates, and
ensure the stability of a closed system. The results of the work expand the class of engineering objects for which the
control synthesis problem can be solved successfully.
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