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Application of a genetic algorithm to solve the problem of scaling hydrogen

systems

The work aims to develop a robust tool for scaling hydrogen systems and their energy consumption using a genetic algorithm.
Relevance. The most common method of hydrogen production is water electrolysis, which requires a sufficient amount of
electricity. If electricity sources are insufficient, this can put additional strain on the power grid, especially during peak
consumption periods. Since 87% of hydrogen plants currently use hydrogen on-site (instead of generating it and then transporting
it for use), there is a need for optimization in this area to improve energy efficiency and sustainability.

Current research analyzes the improvement of hydrogen systems in terms of the cost-effectiveness of systems using renewable
energy sources and the reduction of hydrogen logistics costs by applying linear programming and particle swarm optimization
methods.

However, these works are mainly focused on hydrogen production systems based on a single electrolyzer and do not aim to
assess the feasibility of using multiple units. As a result, the topic of cost optimization and maintenance strategies for multi-
electrolyzer systems remains less explored, as well as the related problem of their dispatching.

Research methods. Stochastic methods were used to solve the problem of finding the best startup queue for electrolysis units,
and the effectiveness of the genetic algorithm for solving this problem was tested.

Results. A model for optimizing the peak power consumption of an electrolysis system was built, and the configuration
evaluation function and objective function for system optimization were determined. The choice of a stochastic optimization
method is justified by checking the objective function for the properties necessary for the effectiveness of traditional optimization
methods, namely, continuity, differentiability, smoothness, and convexity. The effectiveness of the genetic method was tested in
comparison with the gradient descent method on examples with different configurations of electrolyzers (similar and different
types).

Conclusions. These calculations have confirmed that the genetic algorithm has stable results and is effective in finding the global
optimum, while the gradient descent may stop at local minima and require additional adjustments to achieve the optimal solution.
Using the genetic algorithm method, we obtain results that give an approximate optimal result for a fixed number of steps. This
approximate result, as shown in the problem with the placement of 10 electrolyzers, gives significant results — the peak
electricity consumption has decreased by almost 40%.

Further research can be aimed at improving the parameters of the algorithm, in particular, adaptive tuning of the mutation and
crossover operators to increase the convergence rate.

keywords: Optimization, Stochastic (non-deterministic) methods, Genetic Algorithm, power consumption, hydrogen systems,
electrolysis unit.
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1 Introduction

Green hydrogen is one of the most promising sources of clean energy. Growing demand for energy,
the need to reduce greenhouse gas emissions, and the desire for sustainable development are driving the
active implementation of hydrogen technologies. The most common method of hydrogen production is
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the electrolysis of water, which requires sufficient electricity [1]. If electricity sources are not enough,
this can cause an additional load on the power system, especially during peak consumption periods.

The simultaneous use of several appliances creates a large electrical and mechanical load on the power
system. Unevenly distributed power consumption can lead to an increase in peak power and the
occurrence of shock mechanical loads on the power system (which in turn can cause an impact on the
turbines of the generating unit and cause their failure).

To avoid such scenarios, installations need to have a controlling entity (controller) that will manage
the startup queue in such a way as to minimize the amount of power used simultaneously and avoid shocks
during the completion of the installation's cycles. This controller performs the task of finding the best
possible startup queue.

2 Problem formulation and literature review

Optimization techniques are crucial in engineering, business, and science because they help improve
efficiency, reduce costs, and enhance performance. Optimization techniques ensure better performance,
lower costs, and smarter decision-making across industries.

As 87% of existing hydrogen-generating plants currently use hydrogen on-site (instead of generating
and then transporting and selling it)[1], there is a need for optimization in this area to improve energy
efficiency and sustainability.

The most common method of hydrogen production is the electrolysis of water, which requires
sufficient electricity [2]. If electricity sources are scarce, this can put additional strain on the power grid,
especially during peak consumption periods.

Optimization helps to reduce energy consumption and carbon footprint.

The most promising method for this is the integration of a smart grid-based control system that
optimizes the distribution of electricity. [3, p.1]

Various optimization and computational intelligence techniques has already been incorporated into
large-scale grids; for example using artificial intelligence, heuristic, and evolutional optimization to
analyze optimal power flow, power flow, SE, stability, and unit commitment.

In his guide to smart grids, James Momoh notes that: The classical optimization tools currently used
cannot handle the adaptability and stochasticity of smart grid functions. Thus, the computational tools
and techniques required are defined as a platform for assessment, coordination, control, operation, and
planning of the smart grid under different uncertainties. [3, p.100]

In modern studies, improvements in hydrogen systems are analyzed from the perspective of cost
efficiency in systems utilizing renewable energy sources [4,5] and the reduction of hydrogen logistics
costs [6,7] through the application of linear programming and PSO methods.

However, it is important to note that these works primarily focus on hydrogen production systems
based on a single electrolyzer and do not aim to assess the feasibility of using multiple units. As a result,
the topic of cost optimization and maintenance strategies for multi-electrolyzer systems remains less
explored, along with the associated challenge of their dispatching.

If we abstract from the hydrogen-specific context and focus on dispatching as an optimization
objective, insights can be drawn from dispatching methodologies applied in power systems [8,9,10],
emergency management [11], and construction [12]. These fields offer a well-established foundation for
the practical application of stochastic optimization algorithms such as Lyapunov optimization, PSO, and
GA in solving complex optimization problems.

3 The research aim and problem statement
The purpose of this study is to develop a mathematical and software tool to minimize the amount of
power consumed by a hydrogen-generating system.

An optimization problem is a mathematical task in which it is necessary to find the best (optimal)
solution among all possible options, taking into account certain constraints and the optimality criterion
(objective function).

The optimality criterion in determining the best start-up shift for electrolysis units is the lowest peak
power consumption by the hydrogen generating system.
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Task variables:

e n-number of units.

e t-time

e Af(t) - function that describes the voltage change for the electrolysis unit

e Af -avector of functions that describe the voltage change for each unit in the system

e [-avector describing the number of amperes used by each unit to produce hydrogen

e 7w - start time offset vector of each unit
Equation (3.1) is a function that characterizes the system costs (power) at a point in time, further Sf.
0f (3.2) - an estimation function of a specific system configuration.

Sf (LAf,L@,n) = T [(Af; (t + @) 1) (3.1)

Of (Af,1®,n) = maxepomSf (t, Af,1,@,n) (3.2)
Sf is a function that estimates a specific system configuration at a specific shift. The configuration
consists of three main components. First, a set of functions Af describes the voltage change for each unit.

Second, a vector I represents the number of amperes each unit uses to produce hydrogen. Finally, a vector
@ defines the start time offset for each unit.

The functions describing the voltage change Af and the vector describing the number of amperes 1
are defined as the input conditions of the problem, and the start time offset vector @ is a parameter
generated from the optimal solution space.

e M - a matrix of start time offset vectors of each unit or a function that generates a start time
offset vector
o K -isthe number of shift vectors.

F(Af,I,M,n,k) (3.3) - is the estimation function by which the optimization is performed,
min F(Af,1,M,n, k) - objective function.
F(Af,I,M,n, k) = miniepoq Of (Af,1,M;,n) (3.3)

When minimizing, we are interested in the amount of power consumed, since it is this amount that
determines the restrictions on the grid, so we use the modulo power consumption in the following. Next,
we need to define an estimating function that measures the amount of consumption.

The estimation function for this task is the maximum power value during the operation of the
electrolysis system - the peak amount of power consumed. Accordingly, the objective function of
optimization is the smallest peak power consumption.

4 The research aim and problem statement

The task of choosing an optimization method is to determine the most efficient approach for a
particular class of problems, taking into account their mathematical properties and computing resources.
Since different optimization methods have their limitations and peculiarities, choosing the right method
depends on the characteristics of the objective function and constraints. In general, optimization methods
can be classified into the following two types: Traditional (deterministic) methods and Stochastic (non-
deterministic) methods.

Traditional (deterministic) methods are not always able to solve optimization problems efficiently.
They are usually based on such properties as continuity, differentiability, smoothness, and convexity of
the objective function and constraints (if any). The absence of at least one of these properties makes it
difficult to apply traditional optimization methods [13]. Therefore, to further search for a solution to this
problem, we checked these properties.

Continuity. The functions that describe the power consumed by the electrolyzer are periodic and
without discontinuities. They are represented as the sum of sinusoidal functions (sines and cosines) with
different frequencies and amplitudes. Since sines and cosines are continuous functions, their sum also
retains this property. In addition, the set of possible values for the maximum of the approximation
functions is compact (closed and bounded), which confirms the continuity of the corresponding function.
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Differentiability. The minimum function of the target function is not differentiable since it may have
a fracture at the minimum point. For example, if a pure sinusoidal signal models the behavior of an
electrolyzer, then when the startup is shifted by 90 degrees, the problem equivalent to max(sin(x), cos(x))
arises. At the points where these functions are equal, a sharp transition occurs, making it undifferentiable.

Because of this, traditional optimization methods cannot be applied to this problem.

Using a direct search of possible shift operations is also inefficient because it generates humerous
variants to be checked. To solve the problem in this way, it is necessary to check all possible combinations
of startup time shifts of n units with k number of shifts. Accordingly, the number of such combinations
is the number of placements with repetitions of n elements by k elements [14 p.14]. Ak = n*.

Therefore, for 3 units and 21 offset options (from 0 to 60 minutes in increments of 3), the number of
combinations will be ., for 4 units 194481, and for 5 units 4084101. When the quality and number of
units change, the complexity of the execution time increases significantly. In this case, the complexity is
0(¢) = n* - t (where t is the number of steps required to calculate the estimation function).

Therefore, one of the stochastic algorithms should be chosen instead. The choice of a stochastic
optimization method depends on the characteristics of the problem, such as the dimensionality of the
solution space, the differentiability of the function, the constraints, and the required accuracy.

It is worth noting that due to the ability to work with complex, multidimensional or discrete
optimization problems with many local optima, evolutionary algorithms are often used to solve
scheduling problems. [15, p.4 Table 1].

That is why it was decided to select a genetic algorithm to solve this problem.

5 Genetic algorithm

A genetic algorithm is an evolutionary search algorithm used to solve optimization and modeling
problems by sequentially selecting, combining, and varying the desired parameters using mechanisms
that resemble biological evolution. The specific feature of the genetic algorithm is the emphasis on the
use of the “crossover” operator, which performs the recombination of candidate solutions, the role of
which is similar to the role of crossing in living nature [16].

population = INIT() //Initialize the population using.
best solution = None
best fitness = negative infinity.
FOR Number of generations:
// the fitness of each individual in the population
fitnesses = [FITNESS (population) ]
if max(fitnesses) > best fitness:
best solution, best fitness = max(fitnesses)
new population = []

FOR population size / 2:
parentl, parent2 = SELECT (population)
childl, child2 = CROSSOVER (parentl, parent2)
childl, child2 =MUTATE (childl, child2)
new population.add[ childl, child2]
// Replace the old population with the new population.
population = new population
// Return the best solution and its fitness.
return best solution, best fitness

Scheme of the genetic algorithm in the form of pseudo-code
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The main stages of the genetic algorithm:

Creation of the initial population. The first step is to create an initial set of solutions (chromosomes)
that can be generated randomly or based on certain assumptions. In our case, it is assumed that the values
are generated randomly in the range from 0 to 60 minutes (from 0 to 2). The number of chromosomes in
each group corresponds to the number of electrolysis units, and the total number of solution groups is set
manually and can be increased to improve search efficiency.

Performing iterations until the stop criterion is reached. The process is repeated until the
algorithm's stopping criterion is met (in this case, reaching a certain number of generations or steps).

Evaluating the suitability of solutions (fitness function). For each element of the population, a
fitness function value is calculated that reflects the quality of the solution in the context of the problem.

In this case, the estimation function Of (Af,1 @, n) is used.

Selecting individuals for the next generation (“selection™)

The chromosomes that will be used to create the next generation are selected. Tournament selection
is used in this process: several chromosomes are selected, and the best one moves on.

Crossover and/or mutation

In this implementation, both mechanisms are used.

e Crossover: new chromosomes are formed by combining pairs of initial solutions. Universal
crossing is used (5.1), in which each gene (the offset of a particular unit i) is inherited from the parents in
proportion to a random value within [0;1]:

Wy = a-wy + (1-a) oy (5.1)

e Mutation: a random introduction of minor changes to the genes of a chromosome. In this case,
a Gaussian mutation is used, which involves changing the value of a gene within the permissible range.

Formation of a new population. A new population is created, consisting of the resulting descendants
(the results of crossing and mutation) that replace the previous population.

6 Numerical results

To validate the proposed method, we will test the proposed solution to the problem of producing
354.538m3 of hydrogen per hour. The function Af(t) describing the voltage change for the electrolysis
unit is given in Table 1, and the approximation based on this table Af (t) (6.1).

Af(t) = —O'Zﬁ — 0.46 cos(t) + 1.63 sin(t) + 0.19 cos(2t) — 0.15sin(2t) + 0.44sin(3t) (6.1)

+4cos(4t) + 0.03six(4t) + 0.06cos(5t) + 0.2 * sin(5t)

Table 1. time series of voltage changes of the full cycle of hydrogen and oxygen production during
electrolysis using the Fe electrode assembly (sponge). Current density: | = 0.015 A/cm?
Tabauys 1. 3mina nanpyeu nO6HO20 YUKTY GUOLIEHHS B0OHIO i KUCHIO NI0 YAC eleKmpoi3y 3

BUKOPUCMAHHAM enekmpoonoi 36ipku Fe (2ybuacme). Iinonicmo cmpymy: I = 0,015 A/cm?

T 0 1,5 3 4,5 6 7,5 9 10.5 12 13,5 13,5 15 16,5
U 0 0.31 0.37 | 041 | 047 [0.51 | 0.61 | 0.68 0.77 0.88 0.88 1.01 1.2
T 18 19,5 21 22,5 | 24 255 | 27 28,5 30 31,5 33 34,5 36
U 1.31 1.42 151 | 157 | 171 | 14 0 -0.43 -0.78 -1.13 -1.43 -1.62 -1.71
T 37,5 39 40,5 | 42 43,5 | 45 46,5 | 48 49,5 51 52,5 54

U -1.76 -1.8 -18 | -18 [-18 [-18 |-18 |-1.8 -1.8 -1.8 -1.8 0

To produce 1m3 of hydrogen, our electrolyzer consumes 4.24 kW of electricity [17]. Therefore, to
produce 354.538m3 of hydrogen, we need to spend 1503.244 kW of electricity.

In order to verify the suitability of the genetic algorithm, the first exercise compares its results with
the results that can be obtained using the gradient descent algorithm. Consider a situation in which 10
identical electrolyzers produce the required amount of hydrogen, each of which has a plate area of
75162.2cm? . The use of the direct search method is not advisable since 601° possible combinations need
to be checked to calculate qualitative results (with a time step of at least 1 minute). The results of the
calculations are shown in Table 2.
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Table 2: Comparison of the peak power obtained by 5 rounds of optimization using the genetic algorithm
and the gradient descent method.

Tabnuysa 2: Iopiguannsa niko8oi nNOmys*CHOCMI, OMPUMAHOi 3a 5 payHOie onmumizayii 3 6UKOPUCTNAHHAM
2EHEMUYUHO20 AJI20PUMMY Mda Memo0y ePAOIEHMHO20 CRYCKY.

genetic algorithm gradient descent method

915.43 1011.83

903.64 953.05

918.53 952.18

913.32 1000.05

924.14 984.40

The best result obtained with gradient descent in this configuration has a maximum peak power of 952
KW (startup queue: 46.69 min, 7.09 min, 37.81 min, 32.92 min, 53.29 min, 22.43 min, 20.36 min, -0.26
min, 11.62 min, 39.56 min). The genetic algorithm provided the best result with a peak power of 903 kW
(start-up queue: 15.26 min, 27.31 min, 6.55 min, 18.07 min, 30.72 min, 51.77 min, 2.54 min, 42.52 min,
53.78 min, 38.82 min).

We also investigated the algorithm's effectiveness in two more cases. The first is a configuration of
three identical electrolyzers, each with a plate area of 125270.3cm?, and the first electrolyzer with a plate
area of 375811cm?. The second half of the production is covered by two identical electrolyzers, given by
Table 1 and Equation 1, and two PEM electrolyzers, given in Equation below (6.2).

Af(t) = 813—2 + 1.00 *cos(1 * t) + 0.34 *sin(1 * t) —4.61 *cos(2 * t)

—4.37 xsin(2 * t) —0.94 *cos(3 * t) — 1.70 *sin(3 = t) + 0.27 *cos(4 * t)
+ 2.73 *sin(4 * t) + 0.13 xcos(5 * t) + 0.85 *sin(5 * t) + 0.01 * cos(6 * t)
—0.33 *sin(6 * t) — 1.04 *cos(7 * t) — 0.23 *sin(7 * t) + 0.17 *cos(8 * t)
+ 0.02 *sin(8 * t) + 0.90 *cos(9 * t) + 1.01 *sin(9 * t) + 0.01 * cos(10 = t)
+ 0.34 *sin(10 = t) + 0.21 *cos(11 * t) — 0.64 *sin(11 * t)
+0.35 * cos(12 * t) —0.35 * sin(12 * t) (6.2)
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Figure 1. Optimization of a configuration of 3 identical electrolyzers, each with a plate area of 125270.3cm?
and an electrolyzer with a plate area of 375811cm? using a genetic algorithm.

Pucynox 1. Onmumizayia konghicypayii 3 00HAK0BUX eeKMPONI3epi, KOJICEH 3 AKUX MAE NAOWY NAACTUHU
125270,3 fem) 72, ma enexkmponizepa 3 nioujero naacmunu 375811 fem] 2 3a donomozoro 2enemuunozo

anzopummy.
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Figure 2. Optimization of a configuration of 2 identical membrane-less electrolyzers and 2 PEM electrolyzers

using a genetic algorithm.
Pucynok 2. Onmumizayis kongicypayii 2 ioenmuunux 6esmembpannux enekmponizepie ma 2 PEM

e/1eKmpONizepi6 3a 00NOMO2010 2EHEMUUHO20 ANOPUMMY.

Table 3: Numerical results of optimization of the startup queue for configurations of systems with several

electrolyzers using the genetic algorithm and the gradient descent method.
Tabnuys 3: Yucnosi pesyniomamu onmumizayii uepeu 3anycky 0as Kongicypayii cucmem 3 0eKibKoMa

e/1eKMpOoNi3epami 3 BUKOPUCMAHHAM 2eHEMUUHO20 AN2OPUMMY Ma Memo0y epadicHMHO20 CHYCKY.

Configuration Genetic algorithm Gradient descent

3 identical electrolyzers, 903.64 926.81
each with a plate area of
125270.3 cm?, and 1
electrolyzer with a plate area of
375811 cm®

2 identical membrane-less 3256.94 3315.41
electrolyzers and 2 PEM
electrolyzers

The analysis of the numerical results (presented in Table 3 and Figures 1 and 2) confirms that the
genetic algorithm demonstrates higher efficiency than the gradient descent method. This is observed

regardless of the number of electrolysis units in the configuration and the type of units used.
In particular, the genetic algorithm consistently provides the best values of optimized parameters,

which indicates its ability to effectively find global optimal solutions, even in cases with high
dimensionality of the search space and complex dependence of input parameters.

7 Conclusion
The study substantiated the feasibility of using a genetic algorithm to solve the optimization problem

of calculating the effective start queue of electrolyzers in a hydrogen production system. The analysis of
its effectiveness in comparison with the gradient descent showed that the genetic algorithm demonstrated

better quality of the obtained solutions, especially in conditions when the function is non-uniform, has
local minima, or is not differentiable.
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These calculations have confirmed that the genetic algorithm has stable results and is effective in
finding the global optimum, while the gradient descent may stop at local minima and require additional
adjustments to achieve the optimal solution. The results confirm the feasibility of using a genetic
algorithm to solve similar optimization problems, where traditional gradient methods may be less
effective due to their sensitivity to local minima.

The results confirm that the genetic algorithm is a promising approach to solving optimization
problems in cases where traditional methods have limitations.

By using the genetic algorithm method, we obtain results that give an approximate optimal result for
a fixed number of steps. This approximate result, as shown in the problem with the placement of 10
electrolyzers, gives significant results — the peak power consumption decreased by almost 40%.

Further research can be aimed at improving the parameters of the algorithm, in particular, adaptive
tuning of the mutation and crossover operators to increase the convergence rate.
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3acToCcyBaHHSI TEHETHYHOI0 AJTOPUTMY JJIsl PO3B'AA3aHHA 3a1a4i
MaclITA0yBAHHS BOJHEBUX CHCTEM

Mertoro poboTH € po3poOIeHHS HAIIHOTO iHCTPYMEHTY Ui MacIuTaOyBaHHS BOJHEBHX CHUCTEM Ta iX €HEPrOCIOKHBAHHS 3a
JIOTIOMOT'0}0 TEHETHYHOTO aITOPHTMY.

AKTYyaJbHICTh

Haiinommpenimmm MeTo0oM BUPOOHUITBA BOJHIO € €JIEKTPOJIi3 BOAHM, KUl BUMAarae JOCTaTHbOI KiJIBKOCTI €JIeKTPOSHEeprii.
SIkmio pKepena eIeKTpoeHepril € HeJOCTaTHIMH, 11 MO)Ke CTBOPHUTH J0AAaTKOBE HABAaHTA)KCHHS Ha €HEPrOCUCTEMY, OCOOJIMBO B
MePioU MIKOBOTO crioxkuBaHH. Ockibki 87% BOJHEBUX CTaHIN Hapa3i BUKOPUCTOBYIOTH BOJCHB Ha MicCIli (3aMiCTh TOTO,
1100 reHepyBaTH Horo, a MOTiM TPAHCTIOPTYBATH JJIsl BAKOPHUCTAHHS ), iCHY€E MOTpeOa B ONTHMI3AITiT B il ramy3i s i IBUIICHHS
€HEeproe()eKTUBHOCTI Ta CTAJOTO PO3BUTKY. Y CyYaCHUX OCHIIPKEHHAX BIOCKOHAJICHHS BOJHEBHX CHCTEM aHAJI3yIOTHCS 3
MOTJIIAY €KOHOMIYHOI €(peKTUBHOCTI CHCTEM, IO BUKOPHCTOBYIOTH BiIHOBIIOBaHI JDKepea €Heprii, Ta 3HIKEHHS BUTpPAT Ha
BOJIHEBY JIOT1CTHKY IIUIIXOM 3aCTOCYBAaHHS METOIB JIIHIHHOTO MPOrpaMyBaHHs Ta ONTUMI3alii poro 4acTUHOK. OTHAK BaKIHBO
3a3HAYNTH, IO I pOOOTH B OCHOBHOMY 30CEpE/IKCHI Ha CHCTEMax BUPOOHHIITBA BOJHIO HA OCHOBI OJTHOTO €NIEKTpOJIi3epa i He
CTaBJISITH 32 METY OLIHUTH JIOIIbHICT BAKOPUCTAHHSI IEKIJIbKOX YCTaHOBOK. SIK HAacIiIOK, TeMa ONTUMI3allii BUTpaT i CTpaTerii
TEXHIYHOTO OOCITYyrOBYBaHHS 0araToCJICKTPONI3ePHUX CHUCTEM 3aIHIIAETHCS MEHII JOCTIHKCHOK, 8 TAKOX IMOB'sI3aHa 3 IIUM
npobisieMa iX aucrieTdyepu3artii.

MeToau AOCTiNKEeHHS

Jiis po3B’A3aHHA 3aa4i MOIIYKY HAHKPAIOi YeprH 3alyCKy AJ €IeKTPOJIi3HUX YCTaHOBOK BUKOPUCTAH1 CTOXaCTHYHI METOMH,
Ta MepeBipeHO e(EKTUBHICTh TEHETHYHOTO aJrOPUTMY IS PO3B’S3KY i€l 3amadi.

PesyabTatn

IToOynoBana Monens onTUMi3alii MIKOBOTO CIIOKUBAHHS EJIEKTPOCHEPTii eNEKTPOJi3HOI CHCTEMOIO, BU3HAYEHO OLIHOYHY
¢yHKuito koHQIrypamii Ta IiIbOBY (YHKLiIO A onTUMizamii cucreMu. Bubip cTOXacTUYHOro MeTOxy oONTHMi3amii
apryMEHTOBAHO 3a JIOTIOMOTOI0 MEePEeBIPKH LiIb0BOT (GyHKIIT Ha BIACTUBOCTI sIKi HEOOXiqHI A e(EeKTHBHOCTI TpaIuLiiHNX
METOJIiB ONTHMI3alii, a caMe — HelepepBHICTb, TU(epeHIIIHOBAHICTh, TTaKICTh Ta OMYKIiCTh. E(EeKTHBHICTD T€HETHYHOTO
METO/Iy MepeBipeHo y MOPIBHIHHI 3 METOOM I'PaJi€HTHOTO CIYCKY Ha NMPHKIaAax 3 pi3HUMH KOHQITyparisiMi eJIeKTpoJIi3epiB
(OIHOTHUITHHX Ta PI3ZHOTHITHUX ).

BucHoBku

1i po3paxyHKH MiATBEpAMIH, IO TEHETUIHUI AITOPUTM Ma€ CTAOUIBHI pe3yibTaTh i € ePEKTUBHIM IS MTOIIYKY TII00aTEHOTO
OIITUMYMY, B TOH Yac, K IPafieHTHHI CITyCK MOJKe 3YITHHATHUCS HA IOKAIbHUX MiHIMyMax i BAMaraTy JI0JJaTKOBHX HaJIAIITyBaHb
JUISL TOCSITHEHHST ONITUMAJIBHOTO PO3B'3Ky. BHKOPHCTOBYIOUM METO/] FTEHETUYHOTO AJITOPUTMY, MH OTPUMYEMO PE3yJIbTaTH, SIKi
JIal0Th HAONVDKEHWH ONTHMANbHUI pe3ynbTaT 3a (iKcoBaHy KUIBKICTh KpOKiB. Lleit HaOmmkeHuit pe3ynbraT, K MOKa3aHO B
3amadi 3 po3minieHHsM 10 eIeKkTposti3epiB, Aa€ 3HAUHI pe3yIbTaTH — MKOBE CIIOXKHUBAHHS CIEKTPOCHEPTil 3MEHIITHIIOCS Maiike
Ha 40%. Ilomanmpon MOCIIDKEHHS MOXKYTh OyTH CIPSMOBaHI Ha HMOKpAILEHHs MapaMeTpiB alrOpUTMY, 30KpeMa, aJalTHBHE
HaJIAIITYBaHHs ONEpaTopiB MyTallil Ta KpocoBepa Julsl 301LIbIIEHHS IBUAKOCTI 301KHOCTI.

Knrouogi cnoea: onmumizayis, cmoxacmuyni (HeOemepMiHO8AHI) MemOOu, 2eHemUYHULl aneOPUMM, eHepeOCHOICUBANHSL,
600He8I cucmemil, eleKmpoizep.
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