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OPTIMIZATION OF MEANS OF DISTRIBUTED GENERATION
IN THE STRUCTURE OF LOCAL ELECTROTECHNICAL COMPLEXES

Summary. The problem of optimization of distributed generation parameters at the stage of design of the
power supply system (PSS) for heterogeneous problems of different degree of complexity and multiplicity of
the set goals is considered. The technique of parametric optimization of PSS with DG, which lies in the defi-
nition of physically substantiated characteristics of power units and consists of three stages: formation of in-
itial data; determination of the maximum power of a power unit; direct selection (optimization), is developed.
The proposed formation of initial parametric base, as well as the use of flexible criteria for options selection
allows dynamic adjustment of the task and application both for the design of objects under construction and for
the modernization of existing systems.
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YeprachbKkuil JeprKaBHUN TEXHOJIOIMYHUY YHIBEPCUTET

OINITUMIBAIIII 3ACOBIB PO3IIOJIIEHOI TEHEPAIIIL
V CKJIAZI IOKAJIbHUX EJJEKTPOTEXHIYHUX KOMILJIEKCIB

Awnorauia. Briposamxenus posmogiibaol redeparrii (PI') #a cropoHi crioskmBaviB eJIeKTPOeHePTil Y CKJIA] eJIeK-
Tporexuiunoro xomiuiekcy (ETK) mae pang mosutusHnx edeKTiB, ajle OJd JOCATHEHHS MAKCAMAJBHHUX IIOKA3-
HUKIB epeKTUBHOCTI IIIKIIOYEHHS JIOKAJILHOIO JKepesia sKUBJIeHHA HOTPiOHe PIIIeHHsS KOMILJIEKCHOI OIITHMI-
3aIlHOoL sanaqi 110 BPaXOBY€ SIK YCTAHOBJIIOBAJIBHI IapaMeTPH eHeproOJIOKIB (ani,uHi IaHi), TaK 1 ILIBOBI
[IOKA3HUKHN 1 00MEKEeHHs CUCTEMU EJIEKTPONIOCTAYAHHST (CEH) Anaunia HayKO-TeXHIYHHX [sKepeJsI [0Ka3as, 1o
OLIBIIICTE CyIaCHHX JIOC/L/PKeHb IIOB'A3aH] 3 ONTUMI3alielo TakuxX napameTpis PI', sk: mOBrocTpokose miamy-
BaHHs POSBHUTKY; 3MEHIIEHHs BTPAT IPH Ilepefadi 1 POSHOALIL eIeKTPOeHEePrii MUISXOM PalllOHAIBHOL JIOKA-
misanil; parioHasJbHe IUIAHYBAHHS POSMINIEHHs FeHepamil y By3JaX eHeprocUCTeMY; ILJBHUINEHHS CTIHKOCT,
30epesKeHHs 1 IOJIIIIIIeHHS [IapaMeTpiB SKOCTL esleKTpoeHepril. Takuil X1/ 3aCTOCOBYETBCS, AK IPABUIIO, IIPH
POSTJIAl ONMTHUMI3AINl 3 TOYKH 30PYy 30BHIIIHIX PO3MOILIBHUX MEPEeKHWX KoMIiraHii. Pasom 3 Tum, ImpaxTud-
HO BIJCYTHIM HAYKOBO OOIPYHTOBAHUH IIIAXIJ 10 BU3HAYEHHS (PI3UYIHO OOIPYHTOBAHUX XaPAKTEPUCTUK €Hepro-
OJIOKIB y CKJIAl €JIeKTPOTEXHIYHOI0 KOMILIEKCY 3 PO3IOILICHOI IeHepallieio. ¥ CTATTl PO3IJIAHYTO HpodsIeMy
onTHUMi3alli mapaMeTpiB PO3IOMLIIEHOI TeHeparil Ha eTall MPOeKTYBAHHS CUCTEMU €JIEKTPOIIOCTAYAHHS JIJIS
HEOQHOPIOHUX 3a1a4 PI3HOT0 CTYIIEHS CKJIAIHOCTI 1 KOMIIJIEKCHOCTI II0CTABJIEHUX IIijIeil. PospobiieHo MeToguKy
napamerpuunoi ornrumisarii CEIl 3 PI', axka monarae y BusHaveHH] (pi3MYHO OOIPYHTOBAHMX XAPAKTEPUCTUK
€HEepPro0JIOKIB 1 CKJIAIAETHCS 3 TPHOX €TAIB: (DOPMYBAHHS BUXITHUX JAHNX; BUSHAYEHHS 'PAHUYHHUX [IOTYKHOC-
Tel eHeprobJIoKy; beamocepeaHii BiaOip (onTuMisalis). 3aIpolIoHOBAHe (POPMYBAHHS BUXIIHOI IIapaMeTPHUIHOL
0as3u, a TAKOK BUKOPHCTAHHS I'HYYKHX KPUTEPIiB mig00py BapiaHTIB IOIyCKAE JUHAMIYHE HACTPOIBAHHS 3aB-
JAHHSA 1 3aCTOCYBAHHS AK JIJIS IIPOEKTYBAHHSI 00'€KTIB, 110 OYIyIOTHCS, TAK 1 /I MOJePHI3aIli ICHYIOUYHX CHCTEM.
Ha ocHoBi 3amesxHOCTel, 110 XapaKTePU3YIOTh BILIUB IIAPAMETPIB 1 CTPYKTYPH €JIeKTPOTEXHIYHUX KOMILJIEKCIB
3 POSIIOMIJIEHUMH JKepesIaMy eHeprii Ha MOKa3HUKU PEesKUMY POOOTH PO3IIOMIIBHOI MepesKl, IIpeICTaBIeHa IIi-
JIHOBA PYHKITIS OIITUMI3AIT IUX ITAPAMETPIB 1 CTPYKTYPH.

Krouogi ciosa: poamomisieHa reHepairis, MoJIe/Ib, ONTUMI3AIls, Fpadiki eTeKTPUIYHNX HAaBAHTAKEHb, €EHePro0JIOK.

ntroduction. Implementation of distributed
generation (DG) on the side of power consum-
ers in electrotechnical complex (ETC) has a number
of positive effects described earlier, for example, in
works [1—4]. In order to achieve the maximum indices
of the efficiency of connecting a local power source,
a solution of complex optimization task, which takes
into account both the adjusting parameters of the
power unit (initial data) and the targets and limits of
the power supply system (PSS), is required.
Analysis of recent researches and publi-
cations. The problem of the study of DG and PSS
mutual influence is considered in a number of scien-
tific works. The authors [1] have proposed measures
to prevent possible negative effect on the modes of
power networks of DG means placed in them. In [2],
the method of formation of a prospective plan for
the development of power networks with a step-by-
step definition of optimal places of DG connection
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is proposed. In [3], the rise of DG efficiency due to
the use of storage batteries is considered. In [4],
the peculiarities of the use of cogeneration units,
the placement and application strategy of which
should be solved taking into account the possibility
of efficient use of both thermal and electric power
simultaneously, as distributed generation sources
are studied. As the criteria for the optimal choice
of independent generating units, cost and reliability
indices are taken. For parallel operation with pow-
er system, the advantages of DG use for compen-
sation of peak loads in terms of economic efficiency
and increase of installation readiness coefficient are
considered. The comparison of options for independ-
ent power supply and parallel DG operation with
the network has shown the advantage of the sec-
ond option in terms of payback: the application of
such a concept can improve PSS reliability with less
investment and early recoupment, while the above
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facts also have a positive effect on operating costs,
including smaller wear and tear of equipment.

Previously unsettled problem constitu-
ent. The analysis of works [1-4] has shown that
most studies are related to the optimization of the
following DG parameters: long-term development
planning; reduction of losses in the transmission
and distribution of electric power through ration-
al localization; rational planning of the location of
generation in power system nodes; increase of sta-
bility, preservation and improvement of parameters
of electric power quality. Such approach is used, as
a rule, when considering optimization from the point
of view of external distributive network companies.

At the same time, there is no scientifically
grounded approach to the definition of physically
substantiated characteristics of power units in elec-
trotechnical complex with distributed generation.

In future, we will be guided by the concept of
"internal" approach to DG implementation in con-
sumer power economy. Thus, the processes and pa-
rameters that are observed in the system of inter-
nal power supply to consumers will be a starting
point for constructing the decision principles.

The aim of the article. To develop a technique
of parametric optimization of means of distributed
generation in the structure of local electrotechnical
complexes.

Results. The main task of developing algorithms
for DG parameters optimization at the stage of sys-
tem design consists in the possibility of its practical
implementation for heterogeneous problems of dif-
ferent degree of complexity and multiplicity of the
set goals. In this regard, it is proposed to structure
the technique in stages, each of which can be adapt-
ed to the conditions of a specific task.

When constructing the technique, we divide the
solution algorithm into three stages: formation of
initial data; determination of the maximum power
of a power unit; direct selection (optimization).

The first stage is aimed at collecting primary
information about the object of research and tech-
nological capabilities of the task, thus, it forms the
pre-project stage of the work. Then an immediate
solution of the problem, intentionally divided into
three successive stages, occurs. Considering DG op-
timization as a complex process, it is advisable to
allocate algorithms for structural and parametric
optimization in separate stages.

Parametric optimization is to determine nom-
inal parameters of system elements. The purpose
of parametric optimization in our task will consist
in the determination of physically substantiated
characteristics of power units, which is related to
solving the tasks of the possibility and feasibility
of the planned options implementation. Structur-
al optimization is directed, on the one hand, to the
choice of the optimal topology and mode of systems
operation, on the other — to the achievement of the
maximum technical and economic effect.

Next, we describe the optimization algorithm in
stages.

Stage I — Formation of primary initial data. The
first step is to record the initial database for opti-
mization of power unit and load parameters. From
a mathematical point of view, matrices are a con-
venient form of writing for further solution. On the
basis of initial data processing, design performanc-
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es, which are further used at the following stages
(both for conditional selection and for calculation of
optimization criteria), are calculated.

I-T Arrays of load parameters are determined by
consumer power consumption in the maximum and
minimum state (for example, for operation days)
and in general are written as follows:

P .. P
0 .. 0

MP = " 1

min/ max Sl S ( )

t
COS @, ... COS @,

where t — a number of averaging periods.

Each column of the matrix displays the param-
eters of power supply modes during the averaging
period, thus consumer load diagrams are described.
On the basis of further calculation of graph charac-
teristics, an MC matrix, in the rows of which the re-
sults in the form of coefficients and quantities char-
acterizing the graphs of active and reactive loading
P, Q are recorded, is formed.

K Kf.d,P KC.d.P

max . P PRMCP
Kf.d.Q Kc.d.Q

MCmin/max = K ’ (2)

max .Q

PRMCQ

where K, , (K. o) — factor of active (reactive)
maximum load;

K, 4 p (K; 4 o) — factor of the form of active (reac-
tive) load diagram;

K., » (K, 4 o) — factor of the completion of active
(reactive) load diagram,;

Prvc » (Pric o) —RMS power of active (reactive) load.

I-II The array of generation parameters is a ma-
trix similar to MP, but the columns of the matrix
characterize the initial parameters of units

Peor oo Prga
RG = Orai Oran ) 3)
Srar - Skan

COS Qpg --- COS Ppa,

Thus, RG matrix is a complete basis of units
considered in the task. When considering several
manufacturers or types of units, it is possible to di-
vide the base into subarrays, which does not pre-
clude the integration at subsequent stages for the
convenience of solving global and local tasks.

Stage II — Determination of the maximum power
of a power unit. The main task of this action is to set
the limits of choice that determine the minimum and
maximum power of the unit. The minimum power is
the lower limit of produced power, the power of a sin-
gle unit. The maximum power determines the fulfill-
ment of requirements for the necessary and sufficient
provision of the object's calculated load. The deter-
mination of the maximum capacities of the power
unit depends on the purpose of optimization and the
planned profile of power supply operation: parallel or
isolated work; full or partial compensation of external
consumption. For tasks with full compensation, the
minimum level of produced power is determined by
the minimum values of load diagram

P — PMP min , (4)

DG min ,/I;

where P, .., — the minimum power value chosen
from the MP,,, array;
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f, =0,7+0,8 — corrective factor that is condition-
ally a stock factor and is taken in accordance with
the maximum value of the efficiency for a single unit.

To ensure consumer assumed loads, necessary
and sufficient limits of the power unit are deter-
mined by the following system:

PZDG max 2 @
J 5
B 5)

P MP max

<
DG =
max f; ‘fs

where Pypm — the maximum power value, se-
lected from the MP,, array;

[, — stock factor adopted in accordance with the
values given in [4], taking into account the num-
ber of aggregates available by the requirements of
technological reserve.

It is practically impossible to form consumers
load diagram unchanged in time. At the same time,
due to coordinated use of external power sources
and DG means, it is possible to achieve a certain
increase in the uniformity of load diagrams gener-
ated in power networks. In this case, the degree of
uniformity will be characterized by the form factor
of the corresponding load diagram. Theoretically, it
is possible to implement such a policy by applying
differentiated tariffs for electricity, for example, in
the same way as the payment for the consumed re-
active power for consumers, involved in its regula-
tion together with the power system, is formed.

For tasks with incomplete compensation (aimed
at cutting the maximum loads during parallel op-
eration with the power system), the limits, deter-
mined by the shape of load diagram, are imposed

Prip mi
= min s 6
DG min ,fc . Kf_d_p ( )
P,
P — MP max , 7
£DG max f; 'Kf‘.d_p ( )

where Pypmin — the minimum power value, select-
ed from the MP,,, array;

K; , p — form factor of the consumer load dia-
gram.

Stage III — Direct selection — optimization. At
the stage of direct selection, structural optimization
is carried out. The target function (TF) f, which is
formed under the basic mathematical apparatus of
the task, is mathematical representation of the op-
timal criterion. As a rule [5; 6], both technical and
economic indices serve as the basis for the TF syn-
thesis. The criteria for payback and the assessment
of the effectiveness of investment in DG objects
construction are the most popular economic indi-
ces. Another way to determine the best value of the
solution is to calculate technical characteristics as
defining criteria: the minimum of electricity losses,
increased reliability of power supply and indicators
of electricity quality. But this is most often dictated
by the need to solve a particular task.

On the basis of dependencies, characterizing
the influence of parameters and the structure of
electrotechnical complexes with distributed energy
sources on the parameters of the operating mode
of distribution network, the target function of opti-
mization of these parameters and structure can be
presented.
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As the first criterion, the minimum of active
power losses in the ETC in the mode of the maxi-
mum load (P,m_ e foad ), which is the function of active

(Py;) and reactive (Q,;) power of the generator, as
well as the place of its installation (1, ), is taken:
fl = Poss. max oaa (PDG’ Ope> Ape ) (8)
As the second criterion, the minimum of active
power losses in the ETC in the mode of the min-
imum load (P, .inww)> Which is also a function of
active and reactive power of the generator and the
place of its installation, is taken:

fz = })[osx. min load (PDG9 QDG’ )‘DG)' (9)

The main limiting condition at the optimization
of operating mode of distribution network of an
industrial enterprise consists in the requirements
regarding the values of the continued permissible
current in ij line

I, <1,

ij ij max, (10)
where I, — operating value of the current in 7 line,
I; ..x — continued allowable current in ij line.

In addition, the voltage in i node should be with-

in the range of [0,9-U,,,; ,1-U,,,]:
0,9-U,,<U <L1.U

nom — (11)
where U, — operating value of the voltage of i node,
U,.. — nominal voltage of distribution network.
Obviously, the lower limit in this case also rep-

resents a set of Pareto-optimal solutions.

To determine the optimal structure of electro-
technical complex with local energy sources, it is
assumed to apply the target function obtained by
the scalarization method:

F=B/f+pBf,
where B, =

(’me 10, ) + (thm t1,, )

tor at the function of the minimum of active power
losses 1in hours of the maximum load;

1, +1,
Onmin
B, =

(’Pm 1o, ) + (th.“ + tQm.n)

the function of the minimum of active power losses
in hours of the minimum load;

t, —the duration of the maximum load of active
power;

ly,.. — the duration of the maximum load of reac-
tive power;

tp . —the duration of the minimum load of active
power;

fo... — the duration of the minimum load of reac-
tive power.

The application of restrictions to function (12) sig-
nificantly reduces the dimension of the set of permis-
sible values and, as a consequence, of solutions. In
this case, the target function has the minimum value
that corresponds to the optimal generator power.

Thus, in order to determine the optimal param-
eters of electrotechnical complex in the structure
of PSS and DG, it is expedient to use the minimum
of function (12) as an efficiency index, taking into
account the constraints (10) and (11).

As a result of the analysis of these dependen-
cies, the target function of the task of optimizing
the operation of distribution network of an indus-
trial enterprise containing local energy source, as
well as the constraints, is formulated.

nom?

12)

— weight fac-

— weight factor at
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As a numerical method for finalizing, a direct
comparison of options with economic indices of dis-
counted payback period or net discounted income is
possible. Henceforth, we have used the proposed in
[7] estimate of the project effectiveness by defining
the integral level of competitiveness (ILC)

ITL; ¢, +TCO, -¢, + DPP, - c; + NPV, - ¢, +
+1IRR; -c;+ DPI; - ¢, = ILC), (13)

where ¢, ¢, ¢,¢,,c5,¢, — coefficients of insignifi-

cance;
ITL; — integral technical level;

TCO, — total cost of ownership;
DPP, — discounted payback period;
NPV, — net discounted income;
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IRR; — internal rate of return;
DPI, — discounted profitability index.

Conclusions. The technique of parametric op-
timization of ETC with DG, which lies in the defi-
nition of physically substantiated characteristics of
power units and consists of three stages: formation
of initial data; determination of the maximum pow-
er of a power unit; direct selection (optimization),
1s developed.

The formation of initial parametric base, as well
as the use of flexible criteria for options selection
allows the dynamic adjustment of the task and ap-
plication both for the design of objects under con-
struction, and for the modernization of existing
systems.
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