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The paper offers a method for developing a universal system of automated design of an optimal structure of au-
tonomous distributed hybrid energy complexes (ADHEC) and a means of regulation of the energy balance therein, 
i.e. control of the power flows circulating in the said system. In general, the design of the optimal structure of AD-
HEC includes the following stages (subtasks): data research and creation of a statistical database of electric loads of 
consumers, of the wind speed in the region under consideration, of the hydroelectric potential of mountain and low-
land rivers, and of the solar energy, as well as research and development of a database of converters of wind and wa-
ter energy into electrical energy. The paper dwells on the task of designing the optimal structure of the distributed 
hybrid generation system that will ensure the desired level of power generation at a minimal cost and with necessary 
functional reliability.
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Introduction 

With the development of society, the deficit of elec-
trical energy (generated, as a rule, in the traditional way), 
increases, which leads to a decrease of functional relia-
bility in its transmission and distribution to consumers in 
the required amounts. To resolve this problem, i.e. to 
decrease the load of the existing energy systems, in-
creased attention has been given worldwide to the devel-
opment and use of renewable (non-traditional) sources of 

energy (renewable energy sources, RES) [1-15] which 
are geographically dispersed and are volatile by nature.  

In consideration of the above, this paper is devoted to 
the development of a theoretical and methodological 
basis for the design of autonomous energy complexes, 
including the following main tasks:  

- Research and creation of a database of statistical da-
ta on electrical loads of consumers;  

- study of RES in various regions, and the creation of 
a statistical database thereof; 
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- development of efficient converters of RSE into 
electrical energy from the standpoint of efficiency factor, 
reliability, and cost, and creation of a knowledge data-
base thereof based on the existing and newly developed 
converters [1-17]; 

- development of a theoretical and methodological 
basis for the design of autonomous distributed hybrid 
energy complexes (ADHEC) that would be efficient in 
terms of structural and functional reliability and cost 
(self-sufficiency); 

- development of effective ADHEC energy balance 
management systems; 

- development of computer-aided automated design 
systems for ADHEC. 

The paper makes a primary attempt to formalize the 
abovementioned tasks with a view to further in-depth 
detailing and development of universal computer-aided 
design (CAD) system for the design of the optimal struc-
ture of ADHEC. The main mathematical apparatus used 
for the development of ADHEC CAD system is the theo-
ry of computational Petri nets (CPN) [18, 19], which is 
an extension of the classical theory of Petri nets [20, 21]. 

List of symbols 

ADHEC autonomous distributed hybrid energy 
complexes  

CAD computer-aided design 

CPN computational Petri nets 

WG wind generators 

HG hydraulic generators 

SC solar cell system 

ES electrical power consumers 

SB storage batteries 

LPS local power system 

DG diesel generator 

GN global (national) network 

CC control center 

N1, N2 nodes for connecting power lines 

1. General scheme of an autonomous distributed
hybrid energy complex and the method of control 

of the energy balance therein. 

The ADHEC scheme is shown in Fig. 1 in the form 
of a directed graph.  

 It consists of the following elements: 
- WG – a distributed system of wind generators that 

generates power ( ) ( )WG WGW t W t+ ∆ , where

( )WGW t∆  - auxiliary power used for own needs, and 

( )WGW t  - power supplied to the ADHEC system. 
- HG – a distributed system of hydraulic generators 

generating power ( ) ( )HG HGW t W t+ ∆ , where 

( )HGW t∆  - auxiliary power used for own needs and 

( )HGW t  - power supplied to the ADHEC system. 

Fig. 1. General scheme of an autonomous distributed 
hybrid energy complex (ADHEC) 

- SC – distributed solar cell system that generates 
power ( ) ( )SC SCW t W t+ ∆ , где ( )SCW t∆  - auxiliary 

power used for own needs and ( )SCW t  - power sup-
plied to the ADHEC system. 
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- {WG, HG, SC} – distributed hybrid generation sys-
tem (DHGS), with the total power of  

( ) ( ) ( ) ( )G WG HG SCW t W t W t W t= + + ;  (1) 

- { }|i ECEC EC i N= ∈  – an aggregate of electri-
cal power consumers with the consumed powers 

( ){ }| ;ECi ECW t i N∈ , respectively; the total consumed 

power is as follows: 
 ( ) ( )

EC
EC ECii N

W t W t
∈

=∑ , 

{ }1,2,...,ECN p= ;                (2) 
- SB - a system of storage batteries, with the accumu-

lated amount of electrical energy ( )SBх t  varying within 
the following: 

max
SBSBmin

SBх ;   (3)
The purpose of the storage battery is to store the ex-

cessive power ( ) ( )SBW t− eventually generated in the 

ADHEC system and to release the power ( ) ( )SBW t+  back 
into the ADHEC system when the power deficiency oc-
curs. 

 - LPS – local power system of the ADHEC sys-
tem, intended for transportation and distribution of the 
required power ( )CNW t  to consumers: 

( ) ( ) ( )CN EC LPSW t W t W t= + ∆ ; (4) 

where ( )LSW t∆  - power losses in the LS network. 
- DG, GN – respectively, the diesel generator and the 

global (national) network to which ADHEC connects in 
exceptional situations, such as a) situation of shortage of 
power ( ) ( )W t+  in the ADHEC system, with the simul-
taneous discharge of the storage battery system, i.e. 

( ) min
SB SBx t х= ; b) situation of an excess of power ( )

GNW −

in the ADHEC system, with the storage battery system 
being charged to its maximum, i.e.  ( ) max

SB SBx t х= . 
- N1, N2 – nodes for connecting power lines. 
- CC – the control center of the ADHEC system, de-

signed to manage the energy balance therein, i.e. to man-
age the flows of power circulating in the ADHEC sys-
tem. 

2. The general outline of the method for the design of
the optimal structure of ADHEC. 

The design of the optimal structure of ADHEC in-
cludes the following stages and steps. 

Stage 1. Research and creation of a database of statis-
tical data on electrical loads of consumers 

{ | }i ECEC EC i N= ∈ . 
Step 1. Form a time series of power consump-

tion based on observations (2) ( ){ }ECW t t Т∈ , 

where { }0 1, ,...,Т t t t= t ; t – discrete time; τ  - discrete
time number. 

Step 2. Calculate the average power consump-
tion ECW τ  and its standard deviation ECD : 

( )1
EC ECt T

W W t
∈

= ∑t t
;  (5) 

( )
1
221 ( )EC EC ECt T

D W t W
∈

 = − 
 
∑ tt

;     (6) 

Stage 2. Research and creation of a statistical data-
base of wind speed in the region under consideration 
(Fig. 2). 

Step 3. Form a time series of wind speed based on 

observations ( ){ }0hv t t Т∈   for a given height (lev-

el) h0 (for meteorological stations, it is assumed that h0 = 
10 m) [22,23]. 

Fig. 2. The design of distributed systems of wind-powered generators (WPG) 
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Step 4. Calculate the average value of the wind speed 

0hv τ  for the level h0 and its standard deviation
0hD :

( )
0 0

1
h ht T

v v t
∈

= ∑t t
; (7) 

( )
0 0 0

1/2
21 ( )h h ht T

D v t v
∈

 = − 
 
∑ tt

;     (8) 

Step 5. Calculate the average wind speed 
ihv τ  for 

each level { }, 1, 2,...,i ур урh i N n∈ =  based on the 

calculated average speed 
0hv τ  (7) [22,23]: 

0
0

i

k

i
h h

hv v
h

 
= ⋅ 

 
ττ  ;      (9) 

where k – is an empirical indicator of the roughness 
of the underlying surface of the earth. 

Stage 3. Research and creation of a statistical data-
base of hydropower resources of mountain and lowland 
rivers. 

The graph of a mountain river has a tree-like struc-
ture, the end nodes (river flows) of which are dispersed 
in the mountains at different heights (levels), and the 
root of the graph corresponds to the lowland part of the 
river (Fig. 3). 

Step 6. In the graph, indicate the prospective sections 
of the rivers where hydroelectric units (HU) will be in-
stalled. Based on the observations, form a time series of 
water discharge ( ){ },i HGQ t t Т i N∈ ∀ ∈ , air tem-

perature ( ){ },i HGT t t Т i N∈ ∀ ∈ , as well as a data-

base of river fall for these sections. ,i HGJ i N∀ ∈ . 

Fig. 3. The design of distributed systems of hydraulic generators (HG) 

Step 7. Calculate the average value for each i-th sec-
tion of the river iQ τ . Based on the aggregate (time se-

ries) ( ){ }i winT t t Т T∈ ⊂ , where Twin corresponds 

to the winter season, calculate the powers 

( ){ }HU
i winW t t Т∆ ∈ and distribute them over the 

time periodτ : 

 
1 ( )

win

HU HU
i it Т

W W t
∈

∆ = ∆∑t t
; (10) 

where ( ){ }HU
i winW t t Т∆ ∈ - power used for 

heating a lightweight construction to protect hydraulic 
units from freezing and preserve its operability during 
the winter season winТ Т⊂ .

Stage 4. Research and creation of a database of statis-
tics on solar energy. 

Step 8. Based on the observations, form a time series 
of power generated by one solar panel 

( ){ }1
SCW t t Т∈ . 

Step 9. Calculate the average value  of the generated 
power 1

SCW τ and its standard deviation: 1
SCD : 
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( )1 11
SC SCt T

W W t
∈

= ∑t t
; (11) 

( )
1
21 1 1 21 ( )SC SC SCt T

D W t W
∈

 = − 
 
∑ tt

. 

Stage  5. Research and development of a database of 
converters of wind and water energy into electrical ener-
gy (Fig.2). 

Step 10. Form a set of wind turbines 
 { }j WTWT WT j N= ∈ , where each j-th unit jWT
represents a set composed of structurally compatible 
single converters of wind energy into electricity; 

{ }1,2,...,WT WTN n=  - an aggregate of numbers of

units; WTn  - the number of units. Note that a set can 
consist of one converter or a group of converters of the 
same or different types. 

Step 11. Form a set of calculation formulas with one-
to-one correspondence of each j-th formula to each j-th 
element of the set of wind turbine (WT) units: 

( ){ , , , | }
j

WT
j j hi WT WTW k v S j N∈τh ;       (12) 

where ( ), , ,
j

WT
j j hi WTW k v Sτh  - the power of the j-th 

unit jWT ; jk  - unit efficiency; η  - air density (under 

normal conditions 1,225=η  kg / m3); hiv τ  - the aver-

age value of the wind speed for the level ih , calculated 

using formulas (7)-(9); 
jWTS  - the area of the wind flow 

of the unit jWT . 
According to [24], the formula from (12) is as fol-

lows:  

( ) ( )3

, , ,
2

j

j

j hi WTWT
j j hi WT

k v S
W k v S

⋅ ⋅ ⋅
=

τ
τ

h
h  [W];  (13) 

Stage 6. Research and development of a database of 
converters of water energy into electrical energy (Fig. 3).  

Step 12. To form a set of hydraulic units 
{ | }j HUHU HU j N= ∈ , where each j-th unit jHU

is a set made up of structurally compatible single con-
verters of water energy into electricity; 

{ }1,2,...,HU HUN n=  - an aggregate of the numbers of 

units; HUn  - the number of units. A set can consist of 
one converter or a group of converters of the same or 
different types. 

Step 13. Form a set of calculation formulas with one-
to-one correspondence of each j-th formula to each j-th 
element of the set of HU units: 

( ){ , , | }HU
j j j j HUW k Q H j N∈ ;      (14) 

where ( ), ,HU
j j j jW k Q H  - the power of the j-th unit 

jHU ; jk  - unit efficiency; jQ  -  water discharge of 
water flowing through the turbine; Н - turbine head pres-
sure. 

According to [24], the formula from (14) is as fol-
lows:  

( ), , 9810HU
j j j j j j jW k Q H Q H k= ⋅ ⋅ ⋅   [W];   (15) 

Stage 7. Development of efficient, from the point of 
view of structural and functional reliability and cost 
(self-sufficiency), autonomous distributed hybrid energy 
complexes and energy balance management systems. 

The list of tasks to be solved at this stage is as fol-
lows: 

- design of the optimal structure of the distributed 
hybrid generation system (DHGS) that ensures the re-
quired level of generated power GW  (1) at the minimal 
cost and with the required functional reliability; 

- determine the total capacity СSB of the SB system 
that will ensure the controllability of the energy balance 
in the AHDEC system at the minimal cost; 

- design of the optimal structure of the local electrical 
network that will ensure the required level of structural 
and functional reliability, minimal power losses (4) 

LSW∆  during its transportation and distribution to con-
sumers, at the minimal cost; 

- development of the ADHEC energy balance man-
agement system. 

Note. The first task from the above list, i.e. the design 
of the optimal structure of the distributed hybrid genera-
tion system (DHGS), is addressed below; the remaining 
tasks lie outside the scope of this work. 

3. Formal task definition for the design of a
distributed hybrid generation system (DHGS). 

Apparently, as the altitude increases, the wind speed 
increases, and so does the energy of the airflow. There-
fore, each wind station (WS) should be made in the form 
of a tower, divided into levels (lev) by height (Fig. 2). 
The numbers of levels form an aggregate 

{ }0,1,...,lev levN х= , where levх  is the number of lev-
els; number 0 corresponds to the level of measurement 
of wind speed 

0hv  at the meteorological station (7)-(9). 
For each i-th level of the WS  one single j-th unit 

jWT  is selected from the subset of alternative ones 
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( )WTF i , elseways nothing is selected (here: ;levi N∈

( )WT WTj F i N∈ ⊆ ). For the example shown in Fig. 2, 
we get: 

{ }1,2,...,lev WSi N x∈ = ; 

( ) { } { }1 2 3, , 1, 2,...,WT WT WTj F i j j j N n∈ = ⊆ = . 

For each i-th section of the river, one single j-th unit 

jHU   is selected from the subset of alternative ones

( )HUF i , elseways nothing is selected  (here: ;HGi N∈  

( )HU HUj F i N∈ ⊆ ). For the example shown in Fig. 
3, we get: 

{ }1,2,...,HG HGi N n∈ = ; 

( ) { } { }1 2 3, , 1, 2,...,HU HU HUj F i j j j N n∈ = ⊆ = . 

Based on the above formulas (1) - (15) and illustra-
tive figures 1, 2, 3, let us put down the formal definition 
of the task for the design of DHGS as follows: 

Target function J: 

WG HG SCJ J J J= + + ; (16)

where 
( )( ) ( )1

lev

levWT

x WT WT
WG j ij WS x S WSi j F i

J c x c h c x∆= ∈
 = ⋅ + + ⋅  ∑ ∑ ;           (17) 

( )HG HU

HU HU
HG j iji N j F i

J c x
∈ ∈

= ⋅∑ ∑ ;  (18) 

SC SC SCJ c x= ⋅ . 

System of limitations: 

WG HG SC ECW W W W+ + ≥ τ ;  (19) 

( ) ( )( )1
, , ,lev

WT

x WT WT WT WT
WG j j hi j j ij WSi j F i

W W k v S W x x
= ∈

 = − ∆ ⋅ ⋅  ∑ ∑ τh ;  (20) 

( ) ( )( ), ,
HG HU

HU HU HU
HG j j j j ij ii N j F i

W W k Q H x W
∈ ∈

 = ⋅ − ∆  ∑ ∑ τ ;  (21) 

1
SC SC SCW W x= ⋅τ ;  (22) 

( )( ) { } { }0,1 , 1,2,...,
WT

WT
ij lev levj F i

x i N x
∈

∈ ∀ ∈ =∑ ;  (23) 

( )( ) { } { }0,1 , 1,2,...,
HU

HU
ij HG HGj F i

x i N n
∈

∈ ∀ ∈ =∑ .  (24) 

{ }
{ }
{ }

{ } ( ) { }
{ } ( ) { }

1,2,... ,
1, 2,... ,
1, 2,... ,

0,1 , , 1, 2,..., ,
0,1 , , 1, 2,..., .

lev

WS

SC
WT
ij WT lev lev

HU
ij HU HG HG

x N
x N
x N

x j F i i N x
x j F i i N n

 ∈ =
 ∈ = ∈ =
 ∈ ∀ ∈ ∀ ∈ =

∈ ∀ ∈ ∀ ∈ =

  (25) 

The unknowns: 
( ) ( ), , ,{ | , },{ | , }WT HU

lev WS SC ij WT lev ij HU HGx x x x j i i N x j F i i N∈G ∈ ∈ ∈ .  (26) 
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The task for the design of a distributed hybrid 
generation system (DHGS) 

The task is to find the values of the unknowns (26) 
that would comply with the system of limitations (19) - 
(25) and would ensure the minimal value of the target 
function (16), i.e. the following optimization task should 
be solved: 

( )

( ) ( )
 

26

{ |  19 25 }
by variables

from

min J with restrictions − ;   (27) 

The symbols here stand for the following: 
- J – target function - the cost of the designed distrib-

uted hybrid generation system (DHGS) ; 
- , ,WG HG SCJ J J  - the cost of a distributed system, 

namely the wind generators WG, hydraulic generators 
HG, solar cells SC, respectively (16) - (18); 

- WT
jc  - the cost of the ( )WTj F i∈  - th unit WTj

with the number j out of the subset of alternative num-
bers ( )WTF i  that corresponds to the levi N∈ -th module 
(level) of the WS (see Fig. 2); 

- { }0,1WT
ijx ∈  - defines: if 1WT

ijx = , then choose 
the unit WTj for the i-th module; otherwise (i.e., at 

0WT
ijx = ) – discard ( WT

ijx  - unknown entity); 

- ( )levWS xc h  - the cost of the WS station tower, de-

pending on the height of the 
levxh levi x= - th level (see 

Fig. 2);  
- Sc∆  - the cost of the area S∆  occupied by the WS

station (see Fig. 2); 
- WSх  - number of WS stations (unknown entity); 

- HU
jc  - the cost of the ( )HUj F i∈  -th unit jHU

with number j from the subset of alternative numbers 
( )HUF i , corresponding HGi N∈ - th section of the 

river (see Fig. 3); 
- { }0,1HU

ijx ∈  - defines: if 1HU
ijx = , then choose 

the unit HUj, for the i-th section of the river, otherwise 
(that is, at 0HU

ijx = ) – discard ( HU
ijx  - unknown entity); 

- SCc  - cost of one solar panel system SC; 

- SCх  - number of SC system panels (unknown enti-
ty); 

- statement (19) shows the requirements for the total 
generated power of the distributed hybrid system DHGS, 
consisting of WG, HG, SC (see (1) - (15) and Figures 1, 
2, 3); 

- statements (20) - (22) show the power generated by 
WG, HG, SC systems, respectively; ,WT HU

j iW W∆ ∆  - 

power for auxiliary needs of the ,j iWT HU  units, re-
spectively (see (1) - (15) and Figures 1, 2, 3); 

- statement 
( )( ) { }0,1

WT

WT
ijj F i

x
∈

∈∑ from (23) – 

defines if at least one unit WTj with number j from the 
subset of alternative numbers is installed in the i-th WS 
module ( )WTF i ; 

- statement
( )( ) { }0,1

HU

HU
ijj F i

x
∈

∈∑ from (24) – 

defines if at least one unit HUj with number j from the 
subset of alternative numbers is installed in the i-th sec-
tion of the river ( ).HUF i

Conclusion 

The paper covers the following issues: data research 
and creation of a statistical database of electric loads of 
consumers, of the wind speed in the region under con-
sideration, of the hydroelectric potential of mountain and 
lowland rivers, of the solar energy, as well as research 
and development of a database of converters of wind and 
water energy into electrical energy. The paper addresses 
the task of designing the optimal structure of the distrib-
uted hybrid generation system that will ensure the re-
quired power generation level at a minimal cost and with 
necessary functional reliability. 

The paper provides a general outline of the method 
for the design of the optimal structure of autonomous 
distributed hybrid energy complexes and control of the 
energy balance therein.  
The mathematical apparatus suggested for the henceforth 
development of the ADHEC CAD system is the mathe-
matical apparatus of computational Petri nets (CPN) 
[18,19], which is an extension of the classical theory of 
Petri nets [20, 21]. 
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