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DEVELOPMENT OF MODEL OF OPTIMAL CONTROL
OF WATER SUPPLY SYSTEM

Abstracts: This paper considers the problem of optimal control of branched water supply systems. To control the sys-
tem, the problem of optimal distribution of products is developed whereas non-linear programming problems are applied.
We consider a system for providing products, consisting of magistral and distribution pipelines, taking products from the
magistral pipeline. Each distribution line has many warehouses. Products are taken into the system using the main intake
facility and transferred between the warehouses using intermediate distribution facilities. To eliminate the deficiencies in
management, tasks are set to determine the necessary intensities of product supply in the facilities, allowing timely provision
of consumers with the necessary volume of products, to minimize losses, product discharges of facilities in the system during
a certain control period.
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Introduction

The introduction of modern management
systems in the water management provides en-
terprises with an unprecedented opportunity to
control and manage all aspects of water intake,
transportation, and distribution from a central-
ized management system. A new method for
optimizing this system in real time is proposed,
formulated as an integer quadratic programming
problem. The proposed method for solving this
problem is very successful in achieving an almost
optimal solution. Modern water management en-
terprises should be a single system, operating
with information-computing system [1]. Benefits
resulting from these actions can include improv-
ing the quality of water supply by reducing wa-
ter loss, minimizing energy costs, and increasing
system performance without compromising op-
erational reliability. The real-time demand man-
agement strategy is applied to water supply en-
terprises to reduce the target cost function as low
as possible [2].

Characteristics of the object

In this work, we consider a product supply
system, which consists of a madistral line (ML)
and K the number of distribution lines (DL)
taking products from the ML. In each DL there
are Ji number of warehouses (QW). Products
are taken into the system with the help of the
main fence (C-00) and transferred between the
warehouses with the help of intermediate distri-
bution structures (C-kj, k=0,K j=1,J,).

Excessive products can be removed from the
system using emergency facilities (C-kJk) at
the end of each line. On each j-t section of the q
line there are ij the number of consumers (T).
To control such systems, the necessary intensi-
ties of product supply at each structure are cal-
culated, which are supported by an automated
control system [3]. But the incorrect calculation
of these intensities causes large losses, product
discharges, excessive switching of equipment
and untimely provision of consumers. As a re-
sult of this, the system management efficiency
is reduced.

Statement of the problem

To eliminate the above disadvantages, the fol-
lowing statement of the problem of determining
the necessary intensities is given:

It is required to find such intensities of sup-
ply of products in structures that can provide con-
sumers with the necessary volume of products in
a certain manner, minimize losses, product dis-
charges and the number of changes in the operat-
ing modes of structures in the system during the
control period (ty, T] [4].

We divide the period (t,, T] into Z the number
of intervals (t,_;, t,], on each of whzich the intensi-

ties are almost constant, (¢, T]= U(Z‘H,tz]. We

use the following notation:zleij.’k =0,K
Jj=1,J, —reserves of products in warehouses
during the interval (¢, f]; O .k=0,K,
J =0,J, — intensities of supply of products in
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line facilities; q,fﬁ,k =0,K,j=LJ,.,i= l,ij -
intensities of consumption of products at points of
consumption; Ck, ,k=0,K—- penaltles for dum-
ping a unit volume of production; C — penalties
for losses of a unit volume (iﬁoductlon in sec-
tions; Cp, k=0,K, j=0,J,, (k)#(00)-
penalties for supplying products in intermediate
structures with a changed intensity. C k/ for sup-
plying products with an intensity different from,
qsz Product losses in the areas taken proportion-
al to_stock products in which Q" =LV,
k=0,K, Jj=0,J, ,where L, - proportionality
factor.

As the objective function, the sum of the costs
associated with the discharge of products from the
automation system (), , with consumption, loss-
es in the areas L]ij and with the squares of the
ﬂow rate change in C-kj(Qy; - Q] ) and

K

> .C, 00 AL+
k=0
Jy

Jp Iy
IYSYe o[ @5, —af)ar ] — min.
z=1 k=0 j=1 i=l
Denote

Coo = CooAL,,Cf, =C,, AL,
Cl* = CyLyAt,,Cp = CuAtL?,
Ci, =C,At..

ki — ki
Then, the objective function is transformed to

the form:

7 K 7 K
f:Z;kZ;C;/kQ/ﬁ]k_FZI:kZ(;ZCk] ”Z
Z K J-l
22 2GG-g") O
z=1 k=0 j=0
K Jp Iy
+ZZZZ Cii(q4 = qy)” —> min.

z=1 k=0 j=1 i=I
The following restrictions apply:
The relationship between the change in stock
of products and the balance of consumption in the
sections of lines:

For DL: I
Vi=Vi'=AL O™ zq"” A
—OSL,g(ijZ V,;l)
k=K1, j=J 1,z=12;
For TL: I,
O 9o O~
ViVt =ar| z‘” Z “l e
_QOj OSLO]( I/()Zj_l)
J 1, z=

Here K is the set of DL numbers taking prod-
ucts from ML.

Limitations on volumes and expenses of prod-
ucts on the sections of lines:

VSV SV k=0,K, j=1,J,,z=1Z; (4)
OSQ/;SQmaX k:O_K jZO:Jng:LZ; (5)
OSijz<qlgax k OK.]_LJ](,Z:LZa (6)

Problem (1) — (6) is a quadratic programming
problem [5]. The constraint (2) and (3) are given
in implicit form, and (4), (5) and (6) in explicit
form. To determine the possibility of solving this
problem, we estimate the number of parameters
and limitations. For this purpose, we use the
notation:

K
E=2)J,
k=0
K
E,=E+Z) (J,+1),
k=0
K Ji
E,=E=E,+Z) > 1,
k=0 j=1

or E= ZZJ +ZZ(J +1)+ZZZ

k=0 j=1
K
R=73,.p

k=1

K K
P+Z) J,.P,=P +ZZJk,
k=0

B+7J,,
P =

P, = P+Z§(J +1),P, = P+ZZ(J +1), (7)

Jy
P = P+Zi21,gp P= P+ZZZ[,q

kOjl k0/1
or P= SZZJ +2Z(K+1)+2ZZZI,U
k=0 j=1
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In view of (7), we denote b(3> ym = P,+1,P;
Y= (x(l) @ (3)) { LE}' . ) 135

Here: b,”=0,p=F+1,E; o
X =V e=1E ; by =05, p=P+1,P;

_— b("’) 0,p=P+1, P;
x? =0}, e=E+L E,; 8) P= 6

b =g, p=P+1, P;

x =q-e=E,+1, E N
The restrictions can be written as follows: bp =0,p=P +1, P.
b= (b(3) b(4) b(5) b(6) b(7) b(S)) )

p *%p 2% 2 Yp >

The restrictions can be written as follows:

Ly
D g v A (Q;‘,_l —Zq,;i ~Q; —0.5L, (V] + VI;I)J -0,

k=K, j=J,1, z=1,Z, p=(z-1) ZJ +ZJ +1-j,p=1 P ;

n=K

]0/
2) g(z) V()Zj_V()Z1 At QO/I ZQ(U! QO/ ZQI‘O LO/VOZ/]Z()’

keKj

j=JulLz=1,Z, p=P+(z=1)J,+J,+1—j, p=B+1, P;
3) gV =V;<bY, k=0,K, j=1J,z=12,

p=P +(z- 1)2.1 +Z J +j, (J,=0), p=P+1,P;

4)g(4) ._b(4) k—O K, j=LJ,z=1,72,

_ (10)
p=P+(z— 1)ZJ +Z J  +j,(J,=0), p=P+1,P;

n=0

5) g,) = Qk,<b<5> k=0,K, j=0,J,,z=12Z,

p=P+(z- 1)Z(J +1)+Z(J +)+1+j, (J,=0), p=P+1; P;

6) gV =-0; < b“) kOK] 0,J.,z=1,2,

k>

p:PS+(z—1)Z(Jk+1)+Z(Jn_l+l)+1+j, (J,=0), p=P,+1, P;
k=0 n=0
7) g;7)—q,gl<b(7) k=0,K, j=1,J,,i=11,z=1,2,

k=1 Jy J -
p=P+(z— 1)221@+221m DL i, p=P+1, P;
k=0 j=1 n=0 m=1 m=1
8) g(g) qkﬂ <b(8) k=0,K, j=1,J,z=1,Z,
p=P+(z— 1)ZZ1W+Z1M +i, (1,,=0), p=P +1, P,
n=0 j=1 =
Given the notation (7), the total number of
control parameters and restrictions will be as
follows:
E= ZZJ +ZZ(J +1)+ZZsz : SZZJ +2Z(K+1)+2221,g :
k=0 j=1 k=0 j=I
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Suppose that on each line there are J number
of sections and each section has I number of points
of consumption. Then the number of parameters
and restrictions will be as follows:

Based on the latest formulas, we obtain the
values indicated in table 1.

E=Z(K+1))J+Z(K+1)(J+1)+Z(K+1)JI] =
=Z(K+1)Q2J +1+JI),
=5Z(K+1)J+2Z(K+D)+Z(K+1)JI =
=Z(K+1)(5J +2+JI).

From the table 1 it is seen that when using
problem (1) — (6) to support systems, the number
of control parameters and restrictions is obtained
too much. With this in mind, it is necessary
to choose or develop as simple and effective
a solution to the problem as possible [6].

The solution of the problem

Problem (1) —(6) has been solved for a system
consisting of ML and two DL powered by ML.
Each line consists of two sections, one consumer
in each (Fig. 1).

The control period is divided into three
consecutive intervals and the mathematical
formulation of the problem is obtained in the
following form:

7-011 7-021
c- Q C-02
- VY- R
C-
T-211
C_
T-221
Cc-12

Fig 1.Distributed support system

2

Z szszt +

Mw

il g
M- L

ijL,g.ij +

M- L

(11)

0, +

C (O — 0

\.
oo
(=)

z=1 k=0

z Tz\2 .
C,g, (94 = 4i;)” —> min.

T Mw OM“

Table 1. Number of parameters and restrictions

Number of time intervals, Number of lines, Number of warehouses | Number of consumers Number of parameters, | Number of restrictions

VA K in one line J in one line, [ E P

1 1 1 1 8 16
1 2 2 2 27 48
1 3 3 1 40 80
1 3 3 2 52 92
2 1 1 1 16 32
2 2 2 2 54 96
2 2 3 1 60 120
2 2 3 2 78 138
2 3 3 2 104 184
3 1 1 1 24 48
3 2 2 2 81 144
3 2 3 2 117 207
3 3 3 2 156 276
4 1 1 1 32 64
4 2 2 2 108 192
4 2 3 2 156 276
4 3 3 2 208 368
5 1 1 1 40 80
5 2 2 2 135 240
5 2 3 2 195 345
5 3 3 2 260 460
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~0.5L, (Vi + Vi) (12)
k=21, j=21,z=1.3;

QO,j—l - qgjl - sz'o - ng -
—0.5L,,(Vy, +V5 ")

pelZ A [Q;,Jl _‘1/;1 _szj -
J

j=2,1,z=1.3 (13)
@iﬁﬁjﬂﬁt_ (14)

Hooke-Jeeves method [7], taking into account the
restrictions.

Conclusion

From the table 1. shows that when solving the
problem at large intervals, the values of some pa-
rameters go beyond the boundary values. There-
fore, when solving the problem, the intervals of
constancy of parameters should be chosen rel-
atively short. But in this case, when solving the
problem for all intervals at the same time, the
number of parameters and constraints increas-
es significantly. As a result, the solution to the
problem is complicated. In order to simplify, the
problem can be solved sequentially for each in-
terval and relate the results obtained in real time.

0<qy <qy > k=0,2, j=12,2=13. (16) 1, ;s case, it is necessary to study the deviation
of the obtained solutions from their optimal val-
ues. Based on the analysis of the results, you can
choose the best option for determining the length

of time intervals.

From table 1 it can be seen that in problem
(11) — (16) the number of variables is 21 (taking
into account time intervals the total number of
variables is 63), and the number of restrictions
is 144. The problem is solved using the direct
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TAT'MEBA A.JI.

PASPABOTKA MOAEAU ONTUMAABHOIO YNPABAEHUA
CUCTEMbI BOAOOBECIEYEHUA

Annomayusa: B pabome paccmampusaemcs 3a0aud ONMUMATbHO2O YNPAGIEHUs PA36emeleHHbIMU  CUCTEMAMU
800000ecneyenus. [{ns ynpagieHus cucmemoll paspadamvleaemcs 3a0aia onmuMaibHO20 pacnpeodeneHus npooyKkmos, 0.
peuleruss Komopou NpUMEeHsAemcs: Memoobl pewleHus 3a0ay HeluHelHo2o npoepammuposanus. Cucmema cocmoum us
MA2UCPANbHOLL U PACHPe0enumenvHuIX JuHUl. B kaoscooil pacnpedenumenvHol AuUHUL UMEIOMCS MHOMCECMB0 CKIA008.
TIpooykyus nepedaemcs mexcoy CKAadamu ¢ NOMOUWbIO NPOMENCYMOUHBIX PACHPEOTUMENbHBIX COOpYICeHUll. [{iia ycmpaHeHus
He0OCmamKo8 pacnpeoeienus, cocmagiena 3a0aud OnpeoereHus HeoOXOOUMbIX UHMEHCUBHOCHel Nno0ayu NpoOVKyuu
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6 COOPYIICEHUSX, NO3BONAIOUUX CBOEBPEMEHHO 0becneuunmsb nompedumenel HeoOX0OUMbIM 06bEMOM NPOOYKYUU, MAKCUMATLHO
COKpamums nomepu 8 meuenue onpedeieHHo20 nepuooa.

Knruesvie crosa: Cucmema 600oobecneueHiist, 000NPOGOOHAsL TUHUS, NYHKI 6000NOMpPeOieHUs, ONMUMATbHOE YNPAe-
JIeHUe, pacxoo 600bl, KpUmepusi ONMUMU3AyUl.
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