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Optimal management of fuel supply system boils down to choosing an energy development strategy which
provides consumers with the most efficient and reliable fuel and energy supply. As a part of the program on
switching the heat supply distributed management system of the Udmurt Republic to renewable energy sources,
an “Information-analytical system of regional alternative fuel supply management” was developed. The paper
presents the mathematical model of optimal management of fuel supply logistic system consisting of three inter-
connected levels: raw material accumulation points, fuel preparation points and fuel consumption points, which
are heat sources. In order to increase effective the performance of regional fuel supply system a modification of
information-analytical system and extension of its set of functions using the methods of quick responding when
emergency occurs are required. Emergencies which occur on any one of these levels demand the management
of the whole system to reconfigure. The paper demonstrates models and algorithms of optimal management in
case of emergency involving break down of such production links of logistic system as raw material accumula-
tion points and fuel preparation points. In mathematical models, the target criterion is minimization of costs as-
sociated with the functioning of logistic system in case of emergency. The implementation of the developed al-
gorithms is based on the usage of genetic optimization algorithms, which made it possible to obtain a more accu-
rate solution in less time. The developed models and algorithms are integrated into the information-analytical
system that enables to provide effective management of alternative fuel supply of the Udmurt Republic in case of
emergency.
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1. Introduction

The development of fuel and energy complex (FEC) and its inner industry systems is a complex
multistage process that covers decision-making issues along all production stages: from the extraction
of raw materials to their processing, transportation and final consumption. Optimal management of
fuel supply system boils down to choosing an energy development strategy which provides consumers
with the most efficient and reliable fuel and energy supply.

Overall energy situation in our country impacts the choice of energy-saving technologies and pri-
orities among energy-efficient methods which are to be introduced.

In the context of housing and utilities reform efficiency and reliability of heat sources as well as heat
supply of local utility consumers are particularly relevant. The upward trend of the amount of deteriorated
equipment and pipelines in the main components of heat supply systems demands to use modern man-
agement approaches along with information technologies and mathematical and simulation modeling.

The aims, objectives and main directions of the country’s energy policy are determined in ac-
cordance with Energy Strategy of Russia for the period up to 2020 by Federal Law on energy efficien-
cy and the President of the Udmurt Republic’s decree.

Because of FEC being one of the major infrastructural industries in the country its possible de-
velopment strategies will also determine the possibilities of further economic growth in every region.
Thus, the priorities of energy development strategy can be distinguished as follows:

» complete and sound energy supply of the population and national economy, energy supply risk

and emergency management;

» energy supply of the population with moderate pricing that stimulates energy efficiency;

* the reduction of unit production costs and energy resources utilization by means of rationaliza-
tion of their consumption, employment of energy-saving technologies and equipment, loss re-
duction within the course of extracting, processing, transporting and delivering of FEC products.

Theory and methodology of modern energy research and strategic planning are established and
developed in the works by L. S. Belyaev, N. 1. Voropai, A. A. Makarov et al. [Belyaev, Podkoval-
nikov, 2004; Voropai, 2004; Makarov, Melentyev, 1973]. Systematic approach to solving strategic
issues of heat supply development is based on the research by A. G. Granberg, V. I. Ishaev, V. V. Ku-
leshov [Granberg, 2004; Ishaev, 1998; Kuleshov et al., 1986].

Modern research in the field of mathematical modeling of emergency situations is given in the
works of G. Wu, X. Li, V. Orlov and others. For instance, the paper [Wu et al., 2013] proposes a novel
coordinate scheme of emergency control, which is based on technology of Multi-agent, and an algo-
rithm to identify the minimum control area, which is based on the principle of Run the Horse Stable
Place. The paper [Li et al., 2011] describes covering models and optimization techniques for emergen-
cy response facility location and planning, from the perspective of mathematical models and opera-
tions research. The paper discusses various optimization techniques used to solve the above proposed
models, including exact methods, simulation and heuristics, among which the most popular are Genet-
ic Algorithms and Tabu Search. Mathematical modeling of emergency situations is considered on the
example of power system [Wu et al., 2013], objects of production and gas transportation [Orlov et al.,
2018], emergency transportation [Tlili et al., 2018], wind power [Huang et al., 2011].

In 2010 the program on switching the heat supply distributed management system to renewable
energy sources has launched in the Udmurt Republic [Rusyak et al., 2010]. This paper observes a de-
veloped program “Information-analytical system of regional alternative fuel supply management”
[Rusyak et al., 2013].

Information-analytical system is designed to dealing with problems of optimal management of
regional distributed fuel supply system of the Udmurt Republic. The structure of information-
analytical fuel supply management system comprises three main blocks:

* information subsystem,

* analytical subsystem,

» geoinformation subsystem.

2019, T. 11, Ne 3, C. 533-556
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Functioning of the regional distributed fuel supply system involves operational risks which may
depend primarily on the malfunctioning of logistic system components. The disruption of technologi-
cal fuel preparation operations poses a threat for the security of the given region’s energy resources
and may cause not only significant financial losses, but also serious social implications. High-quality
risk analysis and management enables prompt responding to failures in fuel supply system operation
and, hence, raising the level of energy security, while optimal management of emergencies minimizes
negative effects of disruption. In order to increase effective the performance of regional fuel supply
system a modification of information-analytical system and extension of its set of functions using the
methods of quick responding when emergency occurs are required.

2. Mathematical model of optimal management of fuel supply system

Logistic scheme of supply of heat sources with fuel consists of three levels [Rusyak et al., 2017].
In logging and woodworking enterprises as well as timber harvesting zones wood raw materials are
produced and then are transported to the raw material accumulation points (RMAP) — it is the first lev-
el. At RMAP primary processing of wood raw materials is executed. The collection of raw materials at

RMAP begins at the time gy, and uniformly runs until the time fgyenq- The outflow of raw materials

to fuel preparation points starts at the time gy, and runs until the time fgy.,q. Basic technological

operations related to fuel preparation emerge at the second level. The second level comprises fuel prep-
aration points (FPP) where primary processed wood raw materials are sorted, cut into small pieces,
heat-treated and packed. After that finished fuel is delivered to heat sources in the region — it is the
third level of logistic system. The time required to supply fuel to heat sources is determined by the in-

terval [t;rst, t;fend]. Fuel consumption at heat sources occurs during the heating season [t;st, t}?end].
Fuel consumption at heat sources is determined by their loading and change of temperature during the
heating season. Every level of logistic system includes warehouses for raw material storage.

The diagram of raw material movement on different levels of logistic system is demonstrated
in Figure 1 [Ketova, Trushkova, 2012a].

q(t) , t. of n.f./day
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Fig. 1. The scheme of changes in stocks of raw materials and fuel during the year at different levels of logistics
system: raw material accumulation points, fuel preparation points and heat sources
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The solving of fuel supply logistic system design problem consists of four stages each of which
boils down to dealing with certain tasks: routing [Revelle et al., 1991; Bramel, Simchi-Levi, 1995;
Ketova, Trushkova, 2012], clustering [Ketova et al., 2010], optimal distribution of resources [Daskin,
2008] and stock control [Trushkova, 2011, 2013; Shen et al., 2003]. As a result of consistent execution
of all design stages a fuel supply logistic system with defined locations for all objects, their links as
well as volumes and performances of raw material and fuel preparation and consumption at every ob-
ject of the system is developed [Rusyak et al., 2011].

The given logistic system contains M raw accumulation points, N fuel preparation points and
L heat sources.

ARMAP SFPP SFPP AH . - th
Let Ormi > Orwmik> Ori » O denote current volumes of wood raw materials at i"" RMAP

(i=1,M), current volumes of wood raw materials and fuel at £ ™ FPP (k = 1,_N) and current volumes

of fuel at ;™ heat source (j = I,_L) respectively, t. of n. f.; q{f,yAP , q;jH are speeds of wood raw mate-

rial replenishing at i ™ RMAP and refueling at j ™ heat source, t. of n. f./day; qif,ﬁ/lAP , qng are speeds

of wood raw material consuming at i ™ RMAP and fuel consuming at ;™ heat source, t. of n. f./day;

qiﬂip , qg,f PP are speeds of wood raw material consuming and refueling at k& FPP, t. of n. f./day. The

speed of raw material replenishing at k& ™ FPP is defined as a sum of speeds of wood raw material con-

suming q[_{f,lMAP at RMAP that supplies that given FPP.

Fuel preparation line launches at the time fg1. when wood raw material is delivered to FPP

warehouse. Therefore, speeds of wood raw material consuming and refueling at & " FPP are equal and
are defined by the performance of equipment py (¢), t. of n. f./day:

i ()=qri" ()= pi (1), k=LN.

Fuel preparation line works under normal conditions. The performance of equipment at FPP can
be increased, if needed, by 7, %. Raw material and fuel warehouses have capacity reserve:

P () =(1+7)pi 1), k=LN,

The lack of capacity in case of emergency can be mitigated by increasing the capacity of working
equipment.

Speeds of wood raw material replenishing at RMAP depend upon the amount of deforestation
approved by the forest plan.

The amount of fuel consumed by heat sources during the heating season is not constant. The dy-
namics of fuel consumption are defined depending on the seasonality function s(z):

i) () =qry s(t), j=1L;

where qgé}' is specific fuel consumption at j ™ heat source with uniform consumption during the heat-

ing season, t. of n. f./day.
Seasonality function is based on the results of temperature measurements during the heating sea-
son according to the formula:

ein _6out (t) .

s(t)=so 6 -6

where 6, is an indoor air temperature of heated buildings, °C; 6, is a calculated temperature of out-
door air (the average temperature of five coldest consecutive days), °C; 6,,(¢) is a outdoor air tem-
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perature at the time ¢, °C; s, is a that can be found from the following equation:

S0 J’ in out (T) dr = QJ

- >
6. -6 -H
try m c qFOj

where QJTH is the volume of fuel consumed at ;"™ heat source during the heating season (t. of n. f).

The system of equations describing stock change on different levels of fuel supply logistic system
is as follows:

dQ}lzillx\/r/[zAP +RMAP —RMAP .
7 drmi - D —qrvi - (@), i=1,M, (D)
~FPP

S dQRMj _ < —RMAP —-FPP
> = arr (O =Y qrugy s )
o dt j=1 =1
J = j=

N dQFPP N

Z _Z FFPP Zq+FPP(t)’ 3)
Jj=1 Jj=1
Oy B} —

szj =¢i"" ()~ g5 (1), j=LL. )

Suppose that in the end of each period all fuel resources at FPP warehouses and heat sources as
well as wood raw material supplies at RMAP are consumed without remainder. This implies following
balance equations:

fRMend {RMend
| i wdi="| g @war, i=1M, 5)
TRt IRMst
M RMend L fend
> [ aw@d=Y [ ¢l @0y, (6)
= g k=1 gt
fend Tend -
g O di= | qii (0 dt, k=1L, (7

t Fst [Fst

where Aty , Aty , Aty , Aty are periods of wood raw material and fuel replenishing and consuming
respectively, hence:

trutse + Algas = Raten» (3)
rutse + Dlyg = T Rigena )
Uyt + Atp = g (10)
lpg + Alp =lppy. (11)

Let us introduce the restrictions on the amount of stock at warehouses taking into account raw
material humidity:

t t
0< [ Bawn™ (2)dr— | PBogray™ (r)dr<Vi™, i=LM, (12)
t;{Mst tT;Mend
RMAP ; FPP VFPP
03 [ ali (2)ar- | gl (r)dr=, (13)
i= ltRMst IRMst 2
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t L VFFP
0< [ g™ (2)dz=Y [ a5/ (r)dr <Lt —, (14)
TRMst J= ﬁz
t VF .
off < j g/ (7)dr— quj r)dr<—L 5 j=1L, (15)
trst Igt 2

where f,, S, are ratios that define the number of bulk cubic meters of wood raw material per ton of

standard fuel, bulk cub. m./t. of n. f.; Ve~ is the volume of wood raw material warehouse in i ™

RMAP, bulk cub. m.; Vay ,Ve' @ are volumes of wood raw material and fuel warehouses at FPP,
bulk cub. m; Q}Fl; is the size of reserve fuel supply in j™ heat source, t. of n. f; V}fj is the volume of

fuel warehouse in j ™ heat source, bulk cub. m.

Thus, equations (1)—(15) describe fuel supply logistic system.

Operational risks in regional fuel supply system may depend primarily on the malfunctioning of
logistic system components. So three types of risks can be distinguished: emergencies occurred due to
RMAP breakdown; emergencies occurred due to FPP breakdown; emergencies occurred due to heat
sources breakdown.

This paper does not take into account the problem of optimal management of fuel supply system
in case of emergency related to heat sources breakdown because heat sources are consumers of the
fuel supply system’s end product. The problem of increasing the level of energy security must be dealt
with prevention measures aimed at reducing the likelihood of risk occurrence.

2.1. Optimal management in case of emergency related to RMAP breakdown

Let us assume at the time #,, m RMAPs broke down and these accumulation points supplied raw

materials to n FPPs.
To be specific, suppose that broken RMAPs have indexes 1,2, 3,..., m, and corresponding FPP

indexes are 1,2,3,...,n

Optimal management boils down to the supply redistribution of raw materials from M —m
RMAPs left to all FPPs, so that total expenditures in the system over the period of RMAP recovery

frec Are minimum.
During the period ¢, the volume of raw materials that must be delivered from m broken

RMAPs to corresponding FPPs can be calculated as follows:

m tbr +l‘rec

rec —RMAP
drMk

Tt

As long as all wood raw materials at RMAP are consumed without remainder after each period,
then, when broken RMAPs are recovered, raw materials need to be distributed in the volume of QOgj;
from their warehouses between FPP that received less resources than expected because of emergen-
cies. Moreover, raw materials are successfully transported from one of M —m working RMAPs to
one of n FPPs which needs raw materials only if raw materials volume in this RMAP warehouse ex-
ceeds the amount needed during the period ... Thus, the amount of raw materials which can be

transported from i ™ working RMAP to FPP in need of raw materials can be calculated as follows:

for oo for e
h _ ARMAP RMAP —RMAP . _ T ar
O =0rw; I Grmi At = I qrvi At i=m+l, M.

tbr tbr
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The essence of optimal management of fuel supply in case of emergency related to RMAP
breakdown is to minimize total expenditures during the recovery period of RMAP:

~RMAP _ ~RMAP ~RMAP -
F(gg o TRV >+ GRM,, ) — min, (16)

where qR 4P (t) are control functions.
Additional expenses on fuel supply related to RMAP breakdown consist of two parts:
F=F"+F".

1. The costs of raw material transportation from working RMAPs to FPPs in need of the mate-
rials:

- > Tl
i=m+1 j=1
. th
where SRM are specific transportation costs on wood raw material delivery from i" RMAP

to j ™ FPP, rub./ t. of n. f.

2. The costs of raw material transportation from recovered RMAPs to FPP received less raw ma-
terials than expected:

s g
o,

f i

|I MZ

2.2. Optimal management in case of emergency related to FPP breakdown

Let us assume that at the time #,. fuel preparation stopped at n FPPs. These production points

were provided with raw materials from m RMAPs and supplied fuel to / heat sources.
To be specific, suppose that broken FPPs have indexes 1,2, 3,..., n, corresponding RMAPs have

indexes 1,2, 3, ..., n, and heat sources have indexes 1,2,3,..., /.

The objective of optimal management is to redistribute the supply of raw materials from m
RMAPs to N —n working FPPs, and redistribute fuel supply to / heat sources, so that total expendi-

tures in the system during the period of FPP recovery ¢, are minimum.

At the time £, the volume of fuel located at FPP is equal to:

n
_ ) +
(tbr — IRmist )ij’ if t, Stpy,
Z AFPP _ J=1
n

n
- + -H . +
(tbr _tRMst) z P _(tbr _tRMst) 2 qy; (Z), if lor > Trst
J=1 J=1

and the volume of fuel at corresponding heat sources is defined as follows:

0, ift, <try,

!
[ + - —
3 oM = (tbr _[Fst)zpk’ if ty <ty

Fk — k=1
pa

! !
+ - —H , -
(tbr _tht)Zpk _(tbr _[Fst)Zqu (), if ty >t
k=1

k=1
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Then the volume of fuel needed to power heat sources during FPP recovery time ¢

! 1
ZQrec = reczpk _ZQ}S(
k=1 k=1

The essence of optimal management of fuel supply in case of emergency related to FPP break-
down is to minimize total expenditures during FPP recovery period:

e 18 equal to:

—RMAP _~RMAP —RMAP _+H _+H +H :
F(qrmi - »9rm2 s+-s9RMm 2951 »9F2 »+--qF ) —> Min, a7)
where gra” (¢), gpr (¢) are control functions.

Total expenditures (17) consist of four parts: stock costs, organizational costs related to stock
registration, its loading, discharging etc., storage costs and costs of shipping FPP raw materials and
fuel to a certain heat source:

F=F'+F"+F"+F"
1. Stock costs:

ty

rec

F! :chk I (t) dt,

Tor

where ¢y, is the cost of fuel deliver from FPP to k ™ heat source, rub./ t. of n. .
2. Organizational costs:

/

m_
= Z Zrmilrmi T Z ZE e >
i=1 k=1

where zg,;; is organizational costs of one raw material shipment from i"™ RMAP, rub./shipment;
. . . . th . .
zp, 1s organizational costs of one fuel shipment to & ™ heat source, rub./shipment; ng,;, 7y, are num-

bers of wood raw material shipments from ;™ RMAP and fuel shipments to k ™ heat source during
FPP recovery time.

Let us introduce the functions 77 (¢), 1= L_m, and 77g, (1), k= 1,_1, so that:

L if gre P (0)>0, | —
nRMi (Z)_ RMAP l:1’ ;
0,if grg ¥ (6)=0,

1, if qm A()>0, —

Olfq (t) 0,

Then

rmi = ZURMZ' @, i=1,

t

rec

gy =Z77Fk(t)’ kzlal'

¢

rec

3. Bulk storage costs:

[N 8 tom Tt tomctt

oTK ' “pem OTK ' “peMm oTK ' “pem
F = j OMIT (1) dt + by j HHT([)dHZth j O (1) dt,

toTK tOTK tOTK
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where /gy, hp are unit costs of wood raw material and fuel storage at FPP, rub./(t. of n. f.-day); A, is

unit costs of fuel storage in & ™ heat source, rub./(t. of n. f.-day). Unit costs include warchouse lease
costs, amortization costs during the storage etc.
4. Costs of raw material and fuel shipping:

N
3 [ZQM\P 5M+zQF,ks k}zzggff zb,

J=n+1\li=l a=1b=1

m
RM

ZQ@‘/‘ < }/pjtrec’

i=

y F
ij _qk t
Jj=l1

3. Algorithm for solving the problem of optimal management
of fuel supply system

Often, when solving optimization problems, the use of exact methods is very difficult due to the
large number of variables and constraints, and therefore various heuristic methods are used to solve
them, in particular, genetic algorithms that allow to obtain close to optimal solutions in a reasonable
time [Tenenev, Yakimovich, 2010].

To solve the problem of optimal management of regional fuel supply system in case of emergen-
cy related to breakdown of the logistic system’s objects genetic optimization algorithms adjusted to
the current problems are used [Ruszczynski, 2006; Bozkaya et al., 2006; Huang et al., 2011].

Let us take a look at the algorithm for solving the problem in case of RMAP breakdown.

The volumes of wood raw material shipping from RMAP to FPP are assumed to be constant and
must meet the conditions of continuous fuel preparation process taking into account the performance

of equipment p7™*(¢) (t. of n. f./day) in j " Fpp:

~FPP *
~RMAP %> 1 O (6) < Ory-» P

drvy ()= . i=1,M,
0,if Oy () > Oy
—RMAP

where gy~ 1s a speed of wood raw material shipping from i " RMAP to j™ FPP, t. of n. f./day;

Q]?;,E- is the current volume of wood raw material in ;™ FPP, tons of standard fuel; Q;Mj is the vol-

ume of wood raw material replenishing in ;™ FPP (tons of standard fuel) during the period of ship-

FPP

ment Zy,;, (days) which is defined by formula:

* FPP c_1 A
QRMj = pj (l) tship ’ = 1’

Let X = (xH, X pseeX s Xjseees xMN) be the vector of volumes of wood raw material shipments

from RMAP to FPP which are the parameters of the problem of optimal management of fuel supply in
case of RMAP breakdown. Then the target function of the optimal management problem (16) intro-
duced in the problem statement will be as follows:

F(X)— min. (18)

The problem of fuel supply optimal management in case of RMAP breakdown boils down to the

search of optimization parameters X :(x“,xZI,...le,xlz,..., xMN) that meet the conditions (12)-
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(15), (18). The process of problem solving consists of two stages. At the first stage the parameter val-

UES X 1)1> X212+ > XM defining raw material shipment from working RMAPs to all FPPs are de-

termined. At the second stage the parameters X, X,,..., X,y defining raw material shipment from
recovered RMAPs to FPPs received less resources than expected due to emergency. The given prob-
lem belongs to the class of mathematical programming problems and its solution is based on using
genetic optimization algorithms at every stage of its solving process. The operation of genetic algo-
rithms at both stages is identical.

When using genetic algorithms optimization parameters are represented as encoded values
(genes). The set of genes is organized into a chromosome. The set of chromosome forms a population.
At the first stage a chromosome represents a set of N (M —m) numbers that determine what RMAP

raw materials are transported and to what FPP they are transported as well as their shipping volumes.
First M —m numbers describe the relationship between the first FPP and working RMAPs,
next M —m numbers relate to the second FPP etc. An example of the chromosome for the given prob-
lem is shown in Figure 2.

Xm)l X(m2)1 XMl X2 X(m+2)2 Xm2 Xm1)3 X(m+2)3 Xmn
D W S R N N A A A
|3.27 14| .. |5.75 850 [21.10] ... |34.50 8.55 35.60| .. |20.10
~ — ~ ~
FFP 1 FFP 2

Fig. 2. An example of a vector of controlled variables in a genetic algorithm to solve an optimal control problem
in case of RMAP breakdown

To assess the quality of solution described by each individual in the population each chromosome
is assigned a value of a fitness function which describes how close a given problem’s solution is to the
optimal one. In our case the fitness function is the target function (18). The evolution of initial popula-
tion, i.e. the improvement of the fitness function value, is caused by using genetic operators that
change information in chromosomes.

As each chromosome contains not only information about the required parameter values, but also
the information about the links between the system’s elements, initial population of individuals can’t
be formed by filling chromosome genes with arbitrary structures because it may cause the appearance
of infeasible individuals. When solving the problem of fuel supply optimal management in case of
RMAP breakdown new population is generated as follows: a raw material accumulation point is ran-
domly chosen and linked to the nearest fuel preparation point providing the former with the highest
possible amount of raw materials, then next RMAP is chosen and the iteration repeats. RMAPs with
no resources and FPPs received enough raw materials are excluded from consideration. The individu-
al’s generation process ends when the need for raw materials at all FPPs is met. After that the fitness
function value is calculated for each chromosome.

Then, as every individual is assigned the fitness function value (18), selection operator is applied
to the population. Selection operator selects chromosomes based on their fitness function values so
that they can participate in the generation of new population. Tournament selection was chosen as
a selection operator with tournament size m,.

After the generation of parent population genetic crossover and mutation operators are applied
to 1t.

Crossover operator leads to the generation of child individuals based on the gene values of parent
individuals. As a parametric structural optimization problem is being solved, links and relations be-
tween the value of genes in the chromosome must be taken into consideration. Therefore, using of
standard crossover and operators is unacceptable for this problem solving because in this case the
problems related to the generation of infeasible chromosomes emerge.
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Let us take a look at the method of how crossover operator adjusted to the given problem works.
Crossover operator should be applied if the sums of values of chromosome genes that determine

a state of some FPP are equal. Suppose we have two individuals X' = (x(lm a1 x(] m +2)2,...,x}w) and

X2 = ( x(2m+1)1’ x(zm 12)20 .,xfm), and suppose this condition holds true:

M M J—
D ox;= Y xi, j=LAN. (19)

i=m+1 i=m+1

In this case these chromosomes exchange a set of genes that meet the condition (19). As a result,
following chromosomes are obtained:

1_ (.1 1 2 2 1

X —(x(m+l)1,...,xM],...,x(mH)l.,...,le-,...,xMN),
2_(.2 2 1 1 2

X —(x(m+l)l,...,le,...,x(mH)i,...,xMi,...,xMN).

After we get new chromosomes the feasibility of obtained solutions must be verified. If there is
an unfeasible chromosome, its gene values that don’t meet the condition (19) are redistributed. The
gene values redistribution method is identical to the chromosome generation method. Then best indi-
viduals are chosen among parent and child ones to join the population.

Mutation operator is designed to produce arbitrary changes in information in a chromosome. In
this case mutation operator can be applied with a certain probability to a set of numbers defining the
state of some FPP. The operator redistributes gene values while keeping the same amount of their sum
and satisfying the constrains.

Aforementioned crossover and mutation operators are of probabilistic nature. When genetic oper-
ators are used in practice a certain fixed number p, is set. Then a random number p from the inter-

val [0;1] is generated. If p<p r» then the operator is executed. In case of crossover operator
p,€[0.5;1], in case of mutation operator p, € [0;0.1].
After the parameter values X(mat)1s X(ma2)toe+ - Xpn aTe defined, the volumes of raw materials con-

sumed by working RMAPs are calculated as well as what FPP will not receive enough raw materials
and in what quantities. After that the second stage begins and its result is the parameter values
X 1> Xopseevs Xy -

After all the parameters in question are determined, total expenditures in the fuel supply system
for RMAP recovery period are calculated.

Thus, a general algorithm for solving the problem of optimal management of fuel supply system
in case of emergency related to RMAP breakdown can be described as a flow chart in the Figure 3.

Let us take a look at the algorithm for the same problem solving in case of FPP breakdown.

The volumes of wood raw material shipping from RMAP to FPP are assumed to be constant and
must meet the conditions of continuous fuel preparation process taking into account the highest per-

formance of equipment p7*(¢) (t. of n. f./day) in j " FPP:

. AFPP *

_ X, i Opyy (DS Oy . — | —

CIRII\?/IAI;(AP(I): .~ SFPP . i=LLM, j=LN,
0, if Oryy; (1) > Orwy>

where qﬁf\%AP is a speed of wood raw material shipping from i ™ RMAP to j™ FPP, t. of n. f./day;

EK,}; is a current volume of wood raw materials in ;™ FPP, tons of standard fuel; Q;Mj is a volume
of wood raw material processing in j™ FPP (tons of standard fuel) during the shipment period tthlzlf
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Fig. 3. The flow chart of an algorithm for solving the problem of optimal management of fuel supply system in
case of emergency related to RMAP breakdown

(days) defined by the formula:
Orwy = P () 1> J=LN.
The volumes of the fuel batch delivered to heat sources during the heating season are constant
and determined based on reserve fuel supplies Er (tons of standard fuel) in warehouses at heat
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sSources:

(2) .0 AF Fr
x/, if 1)< R
Jk O (1) < Oy j=LN, k=1L,

aie (=1 """ -
0, if Oy, (1) > Oy

where q;;‘ is a speed of fuel shipping from ;™ FPP to k ™ heat source (t. of n. f./day); ng is a cur-

rent volume of fuel in & ™ heat source (t. of n. f.).

—(( (1) 1) (1) (1)
Let Xy = (x](n+1)’ Xa(ne1) > Fm(ne1)> Mi(n2)>e 0 X N) and
X, = (x((flll)l, xgjlz)l,...,xﬁ{, x((jll) preees xg\fg) be the vectors denoting the volumes of wood raw mate-

rial shipping from unclaimed RMAPs to working FPPs and fuel shipping to heat sources in need of
shipping. These vectors are the parameters in the problem of fuel supply optimal management in case
of FPP breakdown. Hence, the target function of optimal management problem (17) introduced in the
problem statement can be rewritten as follows:

F(X,,X,)— min. (20)
The problem of fuel supply optimal management in case of FPP breakdown boils down to the
search of optimization parameters X, :(xl((lr)m),xgl()nﬂ),...,xfnl,)\,) and X, =(x((21)1,x((22)1,...,xg\?z)

that meet the conditions (12)—(15), (20).
The solving of this problem is also based on using genetic optimization algorithms. In this case

a chromosome is represented as a set of (N —n)(m+/) numbers that define the structure of fuel sup-

ply system in case of FPP breakdown and the volumes of raw material and fuel supply between the
system’s elements. Each m+/ numbers describe the state of one of N —n working FPPs with the
first m numbers from each set defining what RMAP a given fuel preparation point obtains resources
from and in what quantities, and next / numbers define what heat sources are provided with fuel from
the given FPP and in what quantities. An example of a chromosome for the problem in question is
shown in Figure 4.

MO STV RE) NEIRNIRN( NE)
1(n+1)*2(n+1) m(n+1) Mn+1)1 M(n+1)2 (n+1) M1(n+2) *2(n+2) NI
A — A A A A A D W
16.5 | 19.3 12.7 4.2 9.8| 136 | 174 | 11.1 12.0
~ ~ ~~
RMAP Heat sources
——
FFP

Fig. 4. An example of a vector of controlled variables in a genetic algorithm to solve an optimal control problem
in case of FPP breakdown

To assess the quality of solution described by each individual in the population each chromosome
is assigned a value of a fitness function. In our case the fitness function is the target function (20).

Initial population is generated given the structural features of fuel supply system. In order to
avoid infeasible individuals being generated in the population the algorithm takes into account the re-
strictions related to FPP work equipment capacity.

When solving the problem of fuel supply optimal management in case of FPP breakdown new
population is generated in two stages. At the first stage one of / heat sources is randomly chosen and
linked to the nearest fuel preparation point. Given that, a maximum amount of fuel is written into the
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chromosome cell corresponding to the connection between these objects. While the chromosome be-
ing filled, heat sources with resources depleted and FFPs with no reserved capacity are excluded from
consideration. The process runs until all needs of heat sources are met. After that, at the second stage,
the chromosome cells corresponding to the volumes of raw material shipping from RMAPs to FPPs
are filled. The process is analogous: one RAMP is randomly chosen and linked to the nearest fuel
preparation point with the volume of raw materials delivered from RMAP to FPP being determined
based on how loaded this FPP will be after the first stage of the chromosome formation. While the
chromosome being filled FPPs with resources depleted and RMAPs with no raw materials are exclud-
ed from consideration. The process runs until all needs of FPPs are met.

After that the fitness function values is calculated for each chromosome. The selection operator is
applied to population. When solving this problem tournament selection is applied as a selection opera-
tor. After parent population being generated crossover and mutation operators are applied to it.

Crossover operator is applied if the sums of values of chromosome genes that determine a state

of some FPP are equal. Suppose we have two individuals X' z(xll(ln H),x;(ln H),...,x}\%l) and
X2 = (x12(1q+1)= x§(1n+1), e x,z\,zl ), and suppose this condition holds true:
S e 2 o1, e T
2+ 2N =2+ 2w J=(n+l).N. 1)
i=1 k=1 i=1 k=1

In this case these chromosomes exchange a set of genes that meet the condition (21). As a result,
following chromosomes are obtained:

1_ (.11 11 21 21 21 .22 22 22 12
X —(xl(n+1),xz(nﬂ),...,xlj,xzj,...,xmj,le,sz,...,xﬂ,...,xNZ),
2 _ (.21 21 11 _11 1 12 12 12 22
X —(xl(n+1),x2(n+1),...,x]j,xzj,...,xmj,xj],sz,...,xﬂ,...,le).

After we get new chromosomes the feasibility of obtained solutions must be verified. If there is
an unfeasible chromosome, its gene values that don’t meet the condition (21) are redistributed. The
gene values redistribution method is identical to the chromosome generation method. Then the fitness
function of obtained chromosomes is calculated and best individuals are chosen among parent and
child ones to join the population.

Mutation operator, in this case, can be applied with a certain probability to a set of numbers de-
fining the state of some FPP. The operator redistributes gene values while keeping the same amount of
their sum and satisfying the constrains. The mutation method is identical to the chromosome genera-
tion method.

After all the parameters in question are determined, total expenditures in the fuel supply system
for FPP recovery period are calculated.

Thus, a general algorithm for solving the problem of optimal management of fuel supply system
in case of emergency related to FPP breakdown can be described as a flow chart in Figure 5.

3.1. Testing of the algorithm for solving the problem of optimal management
of fuel supply system

In order to adjust optimization parameters and check the accuracy of developed algorithms their
testing was conducted.

While testing the algorithm for solving the problem of optimal management of fuel supply in
case of emergency the characteristics such as the performance of an algorithm and the accuracy of so-
lution obtained were tested. The performance is defined as the time needed to obtain a solution 7" (se-
conds). The accuracy of obtained solution is defined based on the estimated deviation of the fitness

function value AF" from the reference value £, ,,.
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Fig. 5. The flow chart of an algorithm for solving the problem of optimal management of fuel supply
system in case of emergency related to FPP breakdown

When developing the algorithm for solving the optimal management problem three parameters
were distinguished: the number of individuals in the population N, the probability of crossing p, and

the probability of mutation p,,.
N is a prescribed number of individuals making up a population of genetic algorithm,
Ne[5;100], the parameter values varied by AN =5.

The probability of crossing p, € [0.5;1], the parameter values varied by Ap, =0.05.

The probability of mutation p,, €[0.05;0,5], the parameter values varied by Ap,, =0.05.

The reference value of target function the results obtained with optimal management algorithm
compared with was determined with a number of individuals in the population N =300.

While testing the algorithms emergency modeling was conducted using the example of Igra region,
the Udmurt Republic. This region is located in the center of the Udmurt republic, so that if emergency
occurs, there are many ways to mitigate it by the neighboring regions. Seven RMAPs and two FPPs are
planned to be established in this region to supply overall 37 regional heat sources with fuel.

While testing the algorithm of optimal management of fuel supply in case of emergency related
to several FPPs breakdown a case of breakdown of all FPPs in Igra region was considered.

As mentioned earlier, the probability of finding a global extremum and the performance of the
algorithm were evaluated. Optimal parameters for the operation of the algorithm are adjusted during
the test.
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Comparative analysis over each parameter within its range (other parameter values considered to
be fixed) was conducted.

Figure 6 shows the results of the testing of fuel supply optimal management algorithm in case of
emergency related to FPP breakdown with different parameter values N. The diagrams below show
how the algorithm performance and accuracy of obtained solution depend on the parameter N.

AF/F,,, % T, sec.
7.50 l\K ‘ 150
6.75 B / 135
6.00 ( 120
5.25 105
4.50 2 90
3.75 75
3.00 ) 60
¥
2.25 45
1.50 30
0.75 "‘ 15
-
0
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
—+ Estimated time —#— Target function deviation

Fig. 6. Dependence of the algorithm performance 7' and accuracy of obtained solution AF'/F,  on the on the

number of individuals in the population N

y> %
300

250
200 A
. Limit Values‘\ A{\
W
SN
NSNS

Average value | @
50 N
0 2 4 6 8 10 12 14 n, units

N

N

Fig. 7. Average and limit values of FPPs reserve capacity ¥ in case of different number of FPPs break-down n

As the diagrams in Figure 7 show, the more the number of individuals in the population the high-
er the accuracy of obtained solution and the lower the performance of an algorithm. So the number of
individuals making up a population of genetic algorithm with the deviation of the target function value
from the reference value not more than 3 % is 40.

The study was conducted for the remaining parameters of the genetic algorithm. Optimal proba-
bility of crossover operator application for genetic algorithm adjusted to the given problem is 0.8.
Given that, the deviation of the target function value from the optimal value is 2 %. Optimal probabil-
ity of mutation was chosen to be p,, =0.3, the deviation of the target function from the optimal value

is not more than 2.5 %.
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Furthermore, to assess the limits of applicability of developed optimal management models a re-
search on the parameter ¥ which defines the reserve capacity of FPP equipment powering the fuel

supply system in case of emergency was conducted.
As the lack of capacity in case of some FPPs breakdown is mitigated by increasing the capacity
of working FPP, the following balance equation holds true:
np=(N-n)p(1+7),

where p is the average FPP performance, n is the number of broken FPPs, N is the overall number
of FPPs. So the parameter ¥ can be assessed according to the following formula:

_n
N-n

/4

As the capacity of FPPs are different, the deviation of real FPP capacity from the average value
must be taken into account as well as the cases of FPP breakdown with maximum or minimum capaci-
ty. The range of ¥ variation in case of different types of FPP breakdown is shown in Figure 7.

As the number of broken FPPs grows, the reserve capacity built in the system rises irregularly. In
order to make up for the next FPP breakdown a value of ¥ needs to be higher.

The number of FPPs which breakdown can be made up for by the system with different values
of y is shown in Figure 8.

n, units
16

AN

14

12 P\
" LR
: N

6 AN NN
) N>
, 9< Limit values

%777

&y Average vahre

0 10 20 30 40 50 60 70 8 90 100 y, %

Fig. 8. Average and limit values of number FPPs n which breakdown can be fixed by the system with different
value of FPPs reserve capacity ¥

As rising value of ¥ results in an increase of FPP equipment price, recommended value of ¥
should be within the range 0 <y <20%. 20 % capacity reservation will allow to balance simultaneous
breakdown of two to six FPPs.

3.2. Results of optimal management of regional fuel supply system
in case of emergency

Considering the case of emergency in the regional fuel supply system information-analytical sys-
tem redefines structural links between objects and calculates the parameters of changed system in ac-
cordance with mathematical models introduced in analytical subsystem of the program complex. The
results of calculations are plotted on the electronic map of the Udmurt Republic as new routes of raw
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material and fuel movement. Quantitative characteristics of changed system are depicted in the infor-
mation bar as well as in the control table of fuel supply system stock.

An example of visual representation of optimal management of regional fuel supply system in
case of FPP breakdown is shown in Figures 9—12. Figures 9, 10 demonstrate the initial map of fuel
supply in Vavozh region, the Udmurt Republic.
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Fig. 11. Raw material transportation routes in Vavozh region, the Udmurt Republic, in case of FPP breakdown in
Volipelga village

2019, T. 11, Ne 3, C. 533-556




552

A. S. Sairanov, E. V. Kasatkina, D. G. Nefedov, I. G. Rusyak

oz

Legend
Heat sources:
m Gas
®  Coal
®  Firewood
W Electric power
Enterprises of UR:
Poultry farms
® Pig farms

e @ Cattle farms
: a Woodworking
" h ’( : ) Bommmma l € RM accumulation points
" . - A Fuel preparation points
Homon 3 Mozhga e A Pellet plants
JEN X ~rregi o) Biogas plants
Kizner , e e e | I
yETacsen i "' Bommas Tyra el e —— Asphalt
E aé;gdgmn L .q\?ﬁ’ - 'zé’ ¥ o —_ P:i}:niig )
. S’m e . waui?»\xwﬁ(\wné', 9 ™ —— Fuel transportation routes
i R S “ . . . PR — RM transportation routes
WM 2VoprCerua a8 Py
Fig. 12. Fuel transportation routes in Vavozh region, the Udmurt Republic, in case of FPP breakdown in Volipel-
ga village
A FPP
v » toof . £,
700 ! !
1 1
1 1
600 'f,f .
500 - f' X
w0 AT
1 1
300 t t
},/ | i
200 + +
’"I 1 1
100 ! !
1 1
1 1
0 1 1
0 30 60 90 120 15a 180 210 240 270 300 330 360 ¢, days
~ 1 1
Pt of . f. " "
1 1
450 1 1
1 1
375 L .
1 1
1 1
300 - 1 1
AT,
225 T T S
1 1 L\'\\
1 1
150 ] 1
1 1
75 I I
1 1
0 T T -t 1 T T
0 30 60 90 120 15qI 180 21('9 240 270 300 330 360 ¢, days
oF, t.ofn. f. ! !
18 ! !
— ; I I
16— Volipelga M M
|4 1 — Staroe Zhue : :
1 — Tyloval-Pelga 1 LR
12
o : FLILTATATATAVLAATATAY
1
§ M
6 1
I
. RN N N \
5 AN AN N
PN NN NN Y
0 — rt .
0 3060 90 120 150 180 210 240 270 300 330 360 f, days
tbr tbr + trec
May July September November January  March May

FpPP

Fig. 13. Graphs of changes in stocks of wood raw materials Oy, and fuel

~FPP

. at FPP in Volipelga and

changes in fuel reserves at heat sources Q? supplied with this FPP, during the year under normal conditions and

in case of emergency at FPP in Volipelga

KOMIIBIOTEPHBIE UCCJIEJOBAHUSA U MOJAEJIMPOBAHUE




The application of genetic algorithms for organizational systems’ management... 553

It’s planned to establish two fuel preparation points in villages Volipelga and Novaya Biya in
Vavozh region, the Udmurt Republic. These FPPs will be provided with raw materials from six accu-
mulation points and they will supply fuel to about ten regional heat sources.

If a FPP in Volipelga village breaks down, raw material and fuel transportation routes in the sys-
tem will rearrange. The result of the calculation of links between fuel supply system’s objects in case
of emergency is shown in Figures 11, 12.

Figure 13 shows the diagrams depicting the change of wood raw material and fuel volumes at
FPP located in Volipelga village as well as at heat sources being powered by this FPP in case of fuel
supply system operating under normal conditions. In case of FPP breakdown raw materials are redis-
tributed to neighboring fuel preparation points which will supply fuel to heat sources for a FPP repair-
ing period providing the compliance with fuel delivery schedule.

Figure 14 shows the diagrams depicting the change of wood raw materials and fuel at FPP locat-
ed in Starye Kopki village in case of FPP breakdown in Volipelga village. Former FPP will supply
fuel to a part of heat sources of broken FPP.
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Fig. 14. Graphs of changes in stocks of wood raw materials Opy; and fuel Of'® at FPP in Starye

Kopki during the year under normal conditions and in case of emergency at FPP in Volipelga

4. Conclusion

The article presents a mathematical model of optimal management of logistic fuel supply system
with wood fuel, which consists of three interconnected levels: raw material accumulation points, fuel
preparation points and heat sources. This model is introduced in information-analytical system of re-
gional alternative fuel supply management, which is implemented in the Ministry of Industry and En-
ergy of the Udmurt Republic and is used for the operational management of region’s fuel and energy
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complex. The information-analytical system implements a logistic fuel supply system of the Udmurt
Republic, consisting of 94 raw material accumulation points and 24 fuel preparation points, as well as
of 297 heat sources located in remote settlements of the republic and which are planned to be supplied
with wood fuel.

For the operational management of logistic fuel supply system, mathematical models and algo-
rithms for the optimal control have been developed in case of emergency related to RMAP breakdown
and FPP breakdown. In mathematical models, the target criterion is minimization of costs associated
with the functioning of logistic system in case of emergency. The proposed optimal control algorithms
are based on the use of genetic algorithms adapted to solve problems. During the test of developed
algorithms optimal values of its parameters were found so that needed proportion between the algo-
rithm’s performance and accuracy of obtained solution is reached. The use of genetic algorithms al-
lows you to quickly respond to emergency situations, due to the high speed of the algorithm without
losing accuracy in the calculations. The application of genetic algorithms enables to respond quickly
to emergency situations due to high performance of the algorithm without accuracy losses.

The influence of the reserve capacity of FPP equipment on the conditions for the stable operation
of the regional fuel supply system has been investigated. So, 20 % capacity reservation will allow to
balance simultaneous breakdown of two to six FPPs. For various values of reserve capacity, computer
simulation of emergency in the fuel supply system of the Udmurt Republic was carried out: optimal
routes for wood raw material and fuel transportation between different levels of the logistic scheme
were built, optimal volumes and time of wood raw material and fuel deliveries were calculated.

Thus, the proposed mathematical models and algorithms for optimal fuel management in case of
emergency are a contribution to the mathematical tools of logistic control of multi-level organizational
systems. The developed information and analytical system allows to solve interactively the problems of
operational planning and control of fuel supply of a regional heat supply distributed management system.
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