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1. Introduction

Most of the problems related to the large-scale introduc-
tion of renewable energy sources (RES) are related to the 
uneven regime of their generation. When integrating powerful 
wind power plants (WPP) and solar power plants (SPP) in a 
general net, their impact is mitigated due to the total capacity 
of the power system. At the same time, it would be appropriate 
to consider independent use of scattered RES and those situ-
ated close to final consumers in combination with convention-
al sources. In this case, a group of WPP or SPP together with 
consumers can be considered as a local energy system (LES). 
It can be defined as a set of generating electrical equipment 
of limited power, converters, and consumers of electricity 

connected in a distribution net where overall electromagnetic 
processes take place [1]. In this case, it is necessary to consider 
the interchangeable power generation by wind and solar pow-
er plants and energy consumption as a united random process. 
The share of energy consumed from a united power system de-
creases, however, requirements to balance the local net grow.

The growing share of wind and solar generation and the 
formation of local systems have caused a number of new 
problems because of non-guaranteed generation. A need 
to develop mathematical approaches that will adequately 
describe random processes in hybrid power systems has 
appeared. There are various solutions for concrete systems, 
however, the development of more unified probabilistic mod-
els remains relevant.
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The combination of several non-guaranteed random 
energy sources (RES), conventional sources, and non-
constant consumer loads in a local system leads to sto-
chastic power imbalances. This study objective consists 
in determining the possibilities of ensuring the power 
balance in a hybrid power generation system with a 
standby generator and a search for the methods of cal-
culating the optimal parameters to achieve energy bal-
ance. This objective is achieved by simulating the pro-
cesses inherent in wind and solar power engineering 
and the regimes of energy consumption through a com-
bination of random functions with a standard probabil-
ity distribution. Aggregated data on weather factors for 
several years in a region with a high renewable energy 
potential which can be used to describe the behavior of 
wind and solar energy over time were used as experi-
mental data. The use of multiple simulations of random 
processes with calculated parameters has made it pos-
sible to draw conclusions about the presence of certain 
ratios of power and the generator control modes. These 
ratios can determine minimum energy and consumption 
losses, reduce the likelihood of energy imbalance, more 
efficiently use the reserved power. Specific features of 
the stochastic nature of RES related to the presence of 
trends and random fluctuations at short hourly inter-
vals were additionally taken into account. Possibilities 
of varying the conditions of and switching on and off of 
the standby generator were provided. The existence of 
some ranges was established for the installed power of 
the generator outside which its use becomes inefficient. 
The proposed approach makes it possible to find the 
probability of various system states, assess the reliabil-
ity of energy supply, and minimize unproductive losses
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An example of the use of wind and solar energy as a sup-
plement to conventional energy sources is given in [10]. Die-
sel generators have been added to ensure uninterrupted sup-
ply because of the intermittent nature of renewable energy 
sources. For isolated consumers powered from autonomous 
hybrid systems based on solar and wind generation [11], pos-
sibilities of ensuring the reliability of supply with a support 
of a diesel generator have been investigated. Various types of 
power generation are considered and it is shown that the sys-
tem efficiency is higher at simultaneous use of various types 
of renewable sources and considerably reduced loading of the 
diesel generator. There is a need to find such a combination 
of different sources that would more fully meet the require-
ments of such a system. There are different computational 
methods for estimating the behavior of RES power systems 
depending on conditions at the object of study. For example, 
optimization of the diesel generator operation in real time 
is considered in [12]. Some studies use computation means, 
such as HOMER and MATLAB [13], to find optimal system 
configuration using various target functions. It was noted 
in [14] that hybrid systems have a better potential for use 
compared to the use of a single source, e. g. a diesel generator. 
A diesel generator is sometimes considered as an emergency 
standby power supply [15] in cases of low levels of renewable 
energy or action of unplanned loads. To solve this problem, 
appropriate mathematical models of a concrete hybrid sys-
tem are required, e. g. the model considered in [16] concerns 
balancing by a hydroelectric station. Therefore, the method 
of optimization of the energy supply structure should be 
based on the chosen mathematical model which would meet 
specific conditions of the optimization problem.

Thus, a general range of issues to be considered when 
planning a local power system was outlined: choice of re-
newable energy sources, means of regulating the power bal-
ance, taking into account climatic conditions, forecasting, 
application of methods of system modeling, and assessment 
of results. However, the studies considered concern mainly 
the economic component and sometimes the environmental 
component which requires integrated assessments. Instead, 
the reliability of power supply should be assessed based on 
probabilistic assessment of processes that are random in 
their nature and relatively rapidly (within a few minutes) 
change their parameters. Ignoring such properties reduces 
the reliability of the results obtained. Obtaining an appro-
priate estimate of the efficiency of the chosen energy supply 
system requires a special mathematical model that takes into 
account specifics of the stochastic nature of the processes 
occurring in power generation and consumption. It is im-
portant to take into account both local climatic conditions 
and characteristics of energy demand.

This study features taking into account specific behavior 
in time of wind and solar energy sources and the possibility 
of obtaining probabilistic estimates with an admissible error.

3. The aim and objectives of the study

The study objective is to determine the possibilities for 
ensuring the energy balance in a hybrid power system with a 
standby generator and to search for methods to calculate the 
optimal parameters in order to achieve the energy balance. 
This will make it possible (as early as at the stage of design-
ing the local power system and organizing its operation) to 
select a configuration of generating capacity and operating 

2. Literature review and problem statement

The problem of optimal organization of limited pow-
er systems with a significant RES share has been widely 
reflected in studies. The number of studies has grown, 
especially when the cost of the technologies based on renew-
able energy sources (especially photovoltaics) has reduced 
significantly and the existing problems still required their 
solution in conventional energy arousing interest in the 
construction of autonomous and hybrid power systems. An 
overview of studies on the stability of autonomous power 
systems using RES depending on their configuration is 
given in [2]. An extensive overview of hybrid system con-
figurations, methods of mathematical modeling, and control 
strategies are considered in [3]. It is shown that the com-
bined use of different renewable energy sources as an alter-
native to extracted fuels is increasing. Such energy systems 
are considered hybrid systems. It is noted that hybrid energy 
systems can be a viable alternative to electric nets or the use 
of conventional fuels in remote areas around the world. It is 
shown in [4] that systems with multiple energy sources such 
as sun and wind and centralized nets have the best results in 
terms of reliability and cost. It is noted that a preliminary 
review and forecast of both local climatic conditions and 
features of energy demand are of high importance. There-
fore, the use of wind and solar energy in hybrid systems is 
recognized as a promising and urgent task. It is important to 
take into account local conditions to achieve reliable supply. 
This requires studies on how such reliability can be ensured. 
A significant place among the studies is occupied by the 
topic of energy supply to remote or isolated objects, objects 
with difficult access to electric nets [5]. The importance of 
forecasting loading regimes in such systems is emphasized. 
There are issues of forecast quality for individual objects 
that need studies. Generators with internal combustion en-
gines (for example, diesel generators) are mostly considered 
as conventional energy sources. It is often noted that their 
use creates a number of problems including environmental 
ones. It is shown in [6] that wind or solar power engineering 
helps solve them partially. This is an international trend 
towards the promotion of renewable energy sources as a part 
of energy safety and reduction of greenhouse gas emissions. 
Therefore, there is a problem of optimizing the modes of fuel 
use to reduce the negative impact which lessens the RES 
benefits. Attention is focused in [7] on the current fore-
casting of short-term changes inherent in renewable energy 
which requires special methods for both actual forecast and 
study of its impact on the reliability of power supply. The 
available studies also address regional specificities. For 
example, various hybrid configurations of wind, solar, and 
diesel systems for remote settlements are presented in [8]. 
Various configurations are considered on an example of the 
Arabian region rich in RES: only diesel fuel, wind-diesel 
generation, solar energy and diesel fuel, and a combination 
of the mentioned sources. Local wind velocity, solar radia-
tion intensity, and hourly averaged loads were used as input 
data. In [9], the analyzed object is located far away from the 
net, so, the use of renewable energy sources predominates. 
Technical and economic analysis of the system has shown 
that the system has a renewable energy utilization rate of 
65 % and low power generation costs. However, such results 
are specific to the studied regions and it is desirable to have 
a common method or mathematical model for their applica-
tion in different locations.
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conditions of standby generators in which load drops and/or 
excess electricity will be minimal. It will also enable deter-
mining the probability of undesirable states of the system to 
assess the risk of energy supply.

To achieve this objective, the following tasks were set:
‒ to formulate a problem of stochastic optimization of 

structure and modes of operation of a hybrid power system 
containing non-guaranteed and controlled power generating 
sources;

‒ to offer actuation conditions and operating modes of a 
standby power supply source (electric generator);

‒ to choose a method of modeling random processes of 
power generation and consumption;

‒ to analyze features of ensuring power balance depend-
ing on parameters of standby power generation and identify 
possibilities of ensuring the required power balance.

4. The study materials and methods

The wind-diesel power stations that supply energy (heat 
and electricity) to free-standing facilities can be considered 
well-studied examples of hybrid LES with a fuel com-
ponent. Most often, such wind-diesel systems contain 
the following components: one or more wind turbines, 
one or more diesel plants, and a consumer load. In a 
more general case, ballast (damping) loads or a sec-
ondary consumer, an energy accumulating system, 
and consumption control elements can also be used. 
Such options can be described in the framework of 
the proposed model and their impact is the subject of 
further studies. In this case, energy can be distributed 
among consumers during a day according to a spec-
ified program but can also be random. As a rule, it is 
an agreed graph with current deviations (fluctuations) 
of different volatility. In conventional systems of this 
type, the main task of RES consisted in reducing 
the consumption of fuel and engine life, i. e. mainly 
a supporting role. In modern RES-diesel hybrid systems, 
a diesel generator can act as an auxiliary source which 
makes it possible to avoid significant power imbalances.

Estimation of parameters of the power supply system 
operation by means of a mathematical model should give the 
chance to choose the best configuration, i. e. structure of 
generating supply capacities and regimes of their operation. 
In the most general case, to optimize the system operation 
which depends on random weather factors, it is necessary 
to formulate a convex problem of parameter optimization or 
optimal control using controlled power generation. Next, it 
is necessary to find a solution for each individual instantia-
tion of a random process as a deterministic function (direct 
method) and then perform statistical processing of the re-
sults of multiple process simulations. Another way consists 
in constructing the distribution density functions of the 
desired objective function with the use of a set of random 
instantiations of the process followed by estimation of ex-
pected values and their confidence intervals. A parametric 
approach is possible in this case: estimation of distribution 
indicators by the Monte Carlo method or direct processing 
of possible results.

Most problems of optimizing the composition and re-
gimes of operation of the power generating system cannot 
be described by the criterion of optimality alone. A heuristic 

approach is appropriate in this case, for example, assess-
ment of various indicators and choice of an optimal value 
depending on the conditions and requirements of the power 
generating system. Parameters of RES generation in the pro-
posed model are calculated based on actual long-term data 
on weather factors (wind velocity and solar radiation level). 
With regard to energy consumption, it was assumed that the 
schedule of energy consumption can be predicted with some 
accuracy. To do this, a forecast of the expected RES capaci-
ty is used: this can be daily forecasts or long-term averaged 
data for a particular period of a year (usually for a month). 
The difference between the RES capacity and the expected 
load is compensated by the planned operation of convention-
al sources, such as the electric net (Fig. 1). Such a hybrid 
system can contain solar and wind power plants as a source 
of unguaranteed power and an additional controlled electric 
generator. This system has to be able to connect to the net 
according to a pre-declared schedule of energy consumption. 
A local system of this type usually includes a consumer of 
limited capacity (up to 1 MW) and the total RES capacity 
should be commensurate to the load capacity taking into 
account the efficiency of the installed RES capacity.

The Law of Ukraine on Electricity Market provides 
for market participants using the RES the availability of 
forecast daily and hourly schedules of expected generation 
and deviation from the stated schedule are considered an 
imbalance having economic consequences. In the case of an 
autonomous system, consumption restrictions will be the 
natural result of imbalance. The study subject is the random 
component of the power balance which can be defined as 
the difference between the planned and actual schedules of 
generation and consumption. It is assumed that the system 
operation modes are controlled with a certain step using av-
eraged values in a unit time interval Δt. This component can 
be described by the following equation:

( ) ( ) ( ),ij ij i ij i ij ip w w s s u u = − + − − −  		   (1)

where ux is the level of electricity consumption (load);
wx and sx are powers of WPP and SPP, respectively;
i is time index (step number or ti);
j is the day number.
Here, pij is the deviation from the load schedule and 

uij is the level of electricity consumption on a given day and 
time. Indicators with one index are averages over a certain 
time of day (daily course), in particular, ui should correspond 
to the planned schedule of consumption. Then pi=(wi+si)–ui 
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Fig. 1. A hybrid system with renewable energy sources and a 
controlled generator
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corresponds to the planned generation, i. e. it is provided 
from the net or other sources. It is more convenient to nor-
malize all values as a normalizing factor considering, e. g. 
the maximum loading. Then all facilities are taken into ac-
count as relative values. Expression (1) describes the current 
power imbalance with positive values indicating the excess 
generation.

The following problem was considered. Let the consump-
tion be considered deterministic, equal to the average daily 
wind and solar generation, i. e. ui=wi+si.

This condition corresponds to the planned schedule for 
the forecast RES generation in the current day. Then the 
power imbalance is determined by random deviations of 
WPP and SPP from the average daily run and by similar 
deviations of the consumption level. The daily course of the 
power balance under such conditions can be considered an 
ergodic process. Since solar generation has a large variabil-
ity during the day and power consumption is designed for 
averaged generation, it is during the day that most unbal-
anced states occur with a significant share of SPP while the 
WPP impact is more uniform. In the event that the balance 
becomes negative (insufficient generation), an additional 
source (a standby generator) playing the role of a control 
function can be connected to reduce the imbalance. The goal 
consists in reducing the load 
loss to a certain allowable level. 
It is assumed that the generator 
operation is subject to certain 
rules: it is actuated when gener-
ation is insufficient indeed and 
switched off when the negative 
imbalance is reliably eliminated, 
i. e. it has a certain time delay. 
Another condition: the genera-
tor operates with a certain fixed 
power, i. e. the schedule of its op-
eration regime is a function that 
looks like a sequence of rect-
angles of the same height (for a 
noncontrolled generator). Then 
the generator operation can be 
considered as a flow of events of 
various durations.

Obviously, the extra opera-
tion of the generator is unprof-
itable, therefore, the task of op-
timizing the mode of additional 
generation consists in ensuring 
the minimum (or specified) 
level of allowable consumption 
losses (some insensitivity zone 
is usually allowed). Under such 
conditions, optimization of the 
power system is the problem of 
optimal control with phase con-
straints with a discontinuous 
control function. Optimal con-
trol in this case consists in select-
ing and implementing the best 
program of the generator opera-
tion to achieve the desired state 
of the controlled object (the 
power generating system). 

In this problem statement, the equation of power imbal-
ance can be represented as:

( ) ( ) ( ) ( ) ( ),W S G UV t P t P t P t P t= + + − 		   (2)

where PG(t) is a piecewise continuous control function of 
stepwise form; PU(t) is a known load function (planned con-
sumption schedule plus random deviations); PW(t) and PS(t) are 
current capacities of the WPP and SPP; V(t) is the function of 
the system state. The mathematical model of the RES genera-
tion process is described in [17] and the nature of the distribu-
tion of the random component is described in [17]. An energy 
accumulator is a desirable option; however, it is not considered 
in this problem as the generator operation is the study subject.

Simulation modeling of daily instantiation of a random 
process (2) with a large (up to a thousand) number of instanti-
ations was sufficient for the stability of statistical parameters. 
The algorithm of the simulation model is shown in Fig. 2.

Statistical processing of simulation results makes it 
possible to calculate parameters of the distribution of the 
process values as random variables, in particular, mean val-
ues and mean square deviations. A number of estimates were 
obtained by direct calculation with a sufficient number of 
instantiations.
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   Fig. 2. Formation of energy balance with a standby generator
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5. The results obtained in the studies of energy  
balance parameters

5. 1. Statement of the problem of stochastic optimiza-
tion of a hybrid power system

To set the problem of optimal control, it is necessary to 
establish phase coordinates and equations of state. Current 
values of power imbalance can act as state variables (phase 
coordinates) and energy characteristics of WPP and SPP as 
state equations, i.e. the dependence of their power on wind 
velocity or solar radiation level, respectively.

In the classical problem of optimal control, we are talking 
about smooth functions. In this study, both generation and 
consumption (in the general case) are random functions, i.e. 
by definition, they are considered a discontinuous function 
at each point which makes it impossible to make a correct 
analytical decision. However, some estimates can be made 
for integrated indicators, in particular, the generated and 
consumed energy as cumulative power sums are described 
by continuous functions although their derivatives will be 
discontinuous. Therefore, it is advisable to consider the en-
ergy indicators of the power system which are also random 
processes but more predictable than the current powers. At 
this approach, the problem of optimal control can be ex-
pressed as follows:

( ) ( )
( ) ( )
, , ,

, , min,

V x RES W S

G G U U

E T E T

E T E T

α = α α +

+ α − α → 	 (3)

where
 

( ) ( )
0

, , d
T

x x x xE T P t tα = α∫  
is energy as cumulative pow-

er; αx are weight coefficients proportional to the correspond-
ing rated powers; ERES(t)=EW(t)+ES(t) is the RES energy.

The existence of the integral is ensured by the limited 
nature of the subintegral function which follows from phys-
ical conditions.

The dependences for the current power can be considered 
as equations of state:

( ) ( ), , ,x x x xE t P tt
∂ α = α∂  ( ), , ,x W S U=

with the following restrictions:

( ){ } ( ) ( ), | 0, ..., 0, , 0,V x V x V xT
M E t E E Tα = α = α =   	  (4)

where T is the cycle duration (usually a day or a month, de-
pending on the forecasting possibility).

Terminal constraints (4) are determined by the as-
sumption of a complete overall balance and daily cyclicity. 
Additional restrictions on individual components will be 
determined by their physical properties (rate of change, 
achievable capacity, etc.).

In formulation (3), (4) this is a Mayer problem with sev-
eral phase parameters and fixed limits. Unlike the classical 
problem, the functions are not smooth here but at least con-
tinuous (energy as an integral, does not change abruptly in 
contrast to the current values of RES power).

Weight coefficients of the power balance components can 
be the parameters of optimization of LES operation (power 
selection and generator control settings). The behavior of 
individual components as random functions corresponds to 
the type of equipment, climatic conditions or season, geo-
graphical location, etc. The parts of renewable energy gener-

ation (or wind and solar separately) act as phase coordinates 
and the power of the generator power as control.

Other possible optimization criteria: minimum of imbal-
ance dispersion D{EV(t)}, probability of getting in a certain 
interval Prob{Emin<EV(t)<Emax, minimum of positive imbal-
ance (lost energy), negative imbalance (loss of consumption), 
minimum of the generator on-off cycles at admissible losses. 
The mathematical model assumes the possibility of finding 
these indicators.

The generator operation mode (time and duration of the 
switched-on state is determined by a random component, 
namely the current RES power and consumption. The state 
of the controlled system is also random and the change in 
its state caused by the generator impact can be considered 
a reaction to such influence. Thus, we have a dynamic sys-
tem with random input data (WPP and SPP capacity and 
random consumption component), regulating external influ-
ence (generator on-off) and system response (change of the 
studied parameters). Direct study of random functions by 
analytical methods is difficult or impossible, so the indirect 
study methods, like simulation, seem to be appropriate to 
establish an implicit link between external influences and 
reaction.

Let us consider the following expressions as criteria for 
optimizing the LES control mode:

 ( )min
1

0

max min d ,
T

G tL V t t
−= ∫

or

( )min
2

0

min d ,
T

GL V t t
−= ∫ 				    (5)

where ( ) 0,V t
− <  ( ) ( ) ( )V t V t V t

− += +  are components of 
power balance (2) with different signs.

Here, min
1L  determines the lower limit of imbalance, and 

min
2L  determines the total loss of consumption. Under the 

conditions of forecasting, the condition of equality of average 
capacities of generation and loading is fulfilled:

( ) ( ) ( )
0 0

1 1
d d ,

T T
av av

U U RES W SP P t t P P t P t t
T T

 = = = + ∫ ∫ 	  (6)

where T=24 hours at daily forecasting or 1 month when using 
long-term data (at least a year).

5. 2. Operating conditions of the standby generator
Let us assume that maintaining a negative balance at a 

certain level for a specified time is the condition of actua-
tion (operation) of the generator in the system:

( )

( ) ( )
( ) ( )
( ) ( )

1

2

,

,

0, other …

g RES U g

RES RES

G
U U g

P P t P t k P

P t P t t
P t

P t P t t k P

  − > ∧ 
  + − Δ −= ∧  

− − − Δ >   



		  (7)

Here, the coefficients k1, k2 play the role of settings for 
controlling the generator operation mode when a certain 
level of imbalance of renewable power is the condition of its 
actuation compared to the generator power for the last few 
time intervals. If technical conditions of the generator oper-
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ation require a significant time delay, the control algorithm 
may provide for varying the duration of the interval Δt in 
expression (7).

A condition of a simultaneously set level of imbalance 
in the current and previous time intervals can be another 
option of settings for the generator actuation:

( )
( )

( )
( ) ( )

1 2

.
RES RES

G g
U g U g

P t P t t
P t P

P t k P P t t k P

   − − Δ −
∧ ⇒ =   

− > − − Δ >      
	 (8)

In contrast to (7), this condition implies a mandatory 
condition of imbalance in the previous moment. When 
regulating the sum of adjacent values, the condition can 
be provided by a significant excess of the permissible lim-
it at the current time with a slight previous imbalance. 
However, in conditions of real variability of renewable 
sources, such significant imbalance jumps are un-
likely. The dominance of solar energy in condi-
tions of variable cloudiness may be an exception.

5. 3. Modeling the random processes of pow-
er generation and consumption

To describe the variability of power generation 
and consumption processes, observational data 
from real processes interpreted in terms of stochas-
tic modeling were used [18]. Wind conditions are 
determined by the parameters of wind velocity distribution: 
mathematical expectation and dispersion (namely these 
indicators are recorded by the present-day meteorological 
instruments of the WPP). Parameters of Weibull distribu-
tion are often used as secondary indicators. According to 
them and the indicators of stability of wind velocities (in 
particular, duration of deviations of one sign can be consid-
ered with autocorrelation of the measurement time series), 
the probability of successive values of WPP power can be 
calculated [19, 20]:

( ) ( ) 2
1 1 ,

2
t t

k kX t X t e e−βΔ − βΔ
−

σ
= + ε −

β
	     (9)

similarly, the SPP power can be described:

( ) ( )( ) ( ) ( )= + ε + − ≤1 0.5 ,j i j i v i iz t z t C b x Z t 	 (10)

where β and σ are the parameters of drift and volatility of 
the process of changing the current WPP power; Cv and b 
describe the current variability of insolation; z(t) and Z(t) 
are the average and maximum achievable level for a given 
area and season. The complete idea of the current generation 
or consumption capacity is determined by the expression:

( ) ( ) ( ),i DP t t U t= ω + σ ε + 			    (11)

where ω is the trend curve according to the data of long-term 
observations (daily graph); σD is the standard deviation of 
daily average values, as the forecast accuracy; ε is the stan-
dard normally distributed random variable. The current 
fluctuations U(t) are determined by expressions of type (9).

Due to the predefined parameters of these processes, 
properties of the input independent random process of pow-
er balancing can be described. The load level is previously 
defined as deterministic but without limiting the generality, 
it can have a random component distributed according to 

the normal law and with a variance characteristic of certain 
consumers. The process of regulating PG(t) as an external 
influence depends on the input process. With a given control 
algorithm, this process will be a deterministic function of a 
random variable, i.e. the results are also random variables. 
In the future, the processes of form (8) and (9) can be mod-
eled using a generator of random numbers by forming daily 
instantiations.

5. 4. Features of ensuring the power balance
The results of simulation at different values of generator 

power and in the presence of daily forecasting of the system 
are given in Table 1 (assuming that k1=1, k2=2) and shown 
in Fig. 3. As analysis of the system operation at different 
values of the rated generator power Pg shows, a small power 
may not provide reliable elimination of imbalance and too 
high power leads to a decrease in the switch-on cases.

Where:

( )2
0

1
d ,

T
avL V t t

T
−= ∫  ( )σ =2 2 1000| ,avCKB L 	  (12)

where 2
avL is the average value of negative imbalance; σ2 is 

MSD of a random sampling of 2 ,avL values; Pg is the nominal 
power of the generator in relative units (r. u.).

Absolute values are given (in fact, the loss of load is con-
sidered a negative value), dimensionality is given in relative 
units (r. u.) as a fraction of average consumption.

Fig. 3. Negative power imbalance, daily forecast

The following nominal power values were taken for RES: 
PW=PS=Р0=1. Pg varies and the generation regime corre-
sponds to April weather conditions, i.e. close to the average 
annual values. The mean value was calculated and, based on 
the results, the mean square deviation of negative imbalance 
was at least a thousand daily instantiations of the process.

It should be noted that even with a large (more than a hun-
dred) number of instantiations, there is a significant scatter of 
results relative to the average values. The presence of optimal 
value of the generator power at which consumption losses are 

Table 1

Average value and MSD of negative balance at k1=1, k2=2, 	
daily forecast (in relative units)

Рg 0 0.03 0.04 0.05 0.06 0.07 0.1 0.12 0.15 0.2

2
avL 0.074 0.061 0.058 0.055 0.053 0.05 0.047 0.046 0.048 0.055

σ2 0.105 0.092 0.089 0.089 0.086 0.083 0.075 0.071 0.069 0.074
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minimal was noticeable at Pg≈0.12 (r. u.). Values of Pg<0.15 
can be considered small and Pg>0.5 are large in this system.

In absence of daily forecasts, i. e. the second compo-
nent in expression (10), the average level of consumption is 
assumed to be constant and equal to the average monthly 
capacity of RES without adjustment for daily deviations. 
Under such conditions, the balancing process will no longer 
be ergodic during the day requiring more instantiations to 
achieve a statistically stable result. The need for the regulat-
ing power of the generator is much higher but the behavior of 
the imbalance is qualitatively similar indicating the presence 
of an optimal value, almost twice as large (Table 2, Fig. 4).

Table 2

Average value and MSD of negative imbalance at k1=1, 
k2=2, monthly forecast (r. u.)

Рg 0.0 0.05 0.1 0.15 0.2 0.25 0.3 035 0.4 0.45

2
avL 0.140 0.117 0.094 0.084 0.077 0.074 0.082 0.099 0.117 0.124

σ2 0.165 0.149 0.124 0.108 0.098 0.094 0.107 0.122 0.138 0.144

Fig. 4. Negative power imbalance, monthly forecast

As can be seen from Fig. 4, the minimum of the average 
imbalance coincides with the minimum scatter of σ val-
ues (optimal value of Pg≈0.24 r. u.).

Fig. 5 shows an example of one of the daily instantiations 
of the random process of capacity balancing (bal RES). The 
total daily balance is zero but there are significant values of 
negative balance during the day (from the 51st to the 95th 
10-minute interval). Partial imbalance compensation oc-
curs due to the generator (gen) and as a result, the share of 
load loss (L2) decreases. The average power of the generator 
close to the optimal in terms of losses was considered. The 
selected control algorithm (7) allows the facts of short-term 
generator actuation which negatively affects its operation.

Changing the quantitative constraints in algorithm (7) 
leads to other values of average load loss and optimal power 
of the generator (Table 3).

Reduction of the threshold limits makes it possible 
to more accurately select conditions of the generator ac-
tuation and, respectively, reduce the negative imbalance. 
Reduction of load losses with additional actuation of 
the control generator must be accompanied by a certain 
increase in excess energy, i. e. generation losses. How-
ever, the generator effect on the level of energy loss 
is significantly less than on prevention of load loss-
es (Fig. 6). Numerical imbalances can vary with different 
generator control algorithms but the qualitative relation- 
ship remains.

Table 3

Average negative imbalance 2 ,avL  daily forecast (r. u.)

k1 k2
Pg

0.05 0.1 0.15 0.2 0.25 0.3

1
1.5 0.054 0.045 0.045 0.052 0.059 0.062

1 0.052 0.043 0.044 0.051 0.056 0.062

0.5
1 0.052 0.038 0.029 0.028 0.029 0.035

0.5 0.051 0.037 0.026 0.023 0.025 0.029

Fig. 6. Average values of power imbalances (k1=k2=0.5)

As the example of parity capacities of WPP and SPP 
shows (Tables 1–3), the distinctions at different algo-
rithms are within the variability of values and the dis-
tinction between average values of calculated parame-
ters is at the level of several percent. In particular, the 
energy loss index (positive power imbalance) under con-
dition (8) is practically independent of the unit power of  
the generator.
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In addition to such an indicator as load loss which is 
important for normal operation of the regulating genera-
tor, there are number and frequency of on-off cycles which 
significantly affects the quality of its operation. When con-
sidering the sequence of the generator power values PG(ti), 
we are talking about the number of series being a group of 
significant values equal to Pg or zero each. As the simulation 
shows, the number of changes ng in the generator operating 
mode decreases (Table 4) with an increase in the generator 
power or application of more stringent restrictions.

Table 4

Average number of generator actuations (ng), daily forecast

k1
       Pg 

k2
0.05 0.1 0.15 0.2 0.25 0.3

1
1 10.3 9.0 6.8 4.8 2.9 1.8

0.5 13.2 12.2 10.4 8.1 6.0 3.8

0.5 0.5 10.9 10.3 9.8 9.0 8.0 6.8

As can be seen from Table 4, the number of cycles de-
creases substantially faster with an increase in the generator 
power if more stringent restrictions are applied to its actu-
ation. At low values of the generator power, the number of 
actuations is less dependent on the limitations and is deter-
mined mainly by the behavior of renewable energy.

6. Discussion of the results obtained in modeling the 
process of power balancing

In contrast to [2–15], the algorithm of determining the 
imbalance (Fig. 2) makes it possible not only to obtain aver-
age or integrated values but also the probability distribution 
density. This is important for assessing the reliability of 
energy supply or associated risks.

Another advantage of the proposed approach consists 
in the ability to vary conditions of the generator on/off by 
changing the settings k1, k2 in (7) or (8) in contrast to previ-
ous studies. Besides, the general formulation of the optimi-
zation problem (3), (4) makes it possible to use the methods 
of optimal generator control to select the law of its control if 
its power is adjustable.

The presented results reflect qualitative dependences. 
Quantitative indicators can differ under other initial con-
ditions. The calculations were performed for the following 
conditions: 

‒ average loading level: 0.6 r.u.; 
‒ nominal capacities of WPP and SPP: 1 r.u.; 
‒ installed capacity utilization factors (ICUF) of RES (2): 

0.41 and 0.19, respectively. 
This corresponds to the high RES potential typical in 

particular for the Black Sea northern coast. Actual values 
of ICUF vary during the year in the range of 0.25–0.44 
for WPP and 0.07–0.24 for SPP. Obviously, estimates of 
the energy balance parameters will slightly differ in each 
season which limits the direct applicability of the obtained 
results. The same applies to the ratio of installed capacities. 
However, simulation of different situations (with other nu-
merical parameters) indicates the presence of analogies in 
the behavior of the energy balance in the system. Therefore, 
the proposed calculation method (algorithm in Fig. 2), in 
contrast to those used in other studies, has a greater uni-
fication.

Note that the data in Tables 1–4 were obtained by aver-
aging over several hundred instantiations, however, individ-
ual instantiations may scatter substantially relative to the 
average value. In particular, the standard deviations (mean-
square deviations) of the described parameters have values 
commensurate with the average values. Therefore, the proba-
ble statistical error of accepted estimates can be determined 
by proceeding from assumptions on the nature of deviations 
distribution. In particular, quantiles of random imbalance 
values corresponding to given reliability can be used for 
normal distribution.

The obtained estimates are based on mathematical ex-
pectations of the studied quantities, so, they relate to the 
averaged values over a significant time interval as in most of 
the considered studies. However, this study method features 
modeling of random processes which is based on their de-
composition and separation of predicted and purely random 
components (11). This conception, in contrast to existing 
approaches to forecasting, makes it possible to separate the 
components of uncertainty and assess the impact of forecast 
accuracy on the range of imbalances and the corresponding 
need for the power of the standby generator in any system.

As the study has shown, real processes of energy gener-
ation in a hybrid system are of high volatility (for example, 
Table 2, σ2 value). That is why the averaged estimates are 
characterized by a high variance of values. Thus, individual 
instantiations or states of power balancing can differ signifi-
cantly from the average values: the range of possible values is 
within ±σ2 at normal distribution. These shortcomings can 
be partially eliminated by accompanying the recommended 
parameters with a probability assessment which will identify 
possible risks in the power system operation. The quantiles 
of the distribution of the desired random variable of the 
form (9) or (10), e.g. the energy imbalance (12) will serve 
as an estimate of the probability (of the result of reliability).

These additional capabilities of the proposed method of 
modeling and calculation of energy balance have practical 
application in pre-selection of generating capacities in a proj-
ect of constructing a power supply system as well as in as-
sessing the optimal capacity configuration and development 
of ways to reliability improvement by selecting additional 
generation means and settings of their actuation.

Improvement of calculation accuracy and reliability of 
recommendations requires taking into account larger vol-
umes of statistical data on regional climatic conditions and 
the peculiarities of energy consumption. It is also possible 
to improve the methods of solving the optimization prob-
lem (the method of the response surface was used in this 
study). As for the actual configuration of the power system, 
the method of radical improvement of the energy balance in-
volves the introduction of energy accumulation means. The 
availability of an accumulator makes it possible to reduce the 
time of the generator operation while maintaining the level 
of reliability of the power supply, i.e. to improve economic 
and environmental components. The joint operation of the 
accumulator and the standby generator is the subject of fur-
ther studies in this area.

7. Conclusions

1. To assess the possibilities of balancing the hybrid pow-
er systems, the problem of power optimization was formulat-
ed which involves the choice of share of power of wind and 
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solar power plants and power and conditions of the standby 
generator actuation. Optimization by power indicators or 
energy balance is possible. The balance state was represent-
ed by a series of consecutive values varying during the day 
with an interval of 10 minutes. The practical solution of the 
problem involves simulation of random processes inherent 
in wind and solar power engineering as well as energy 
consumption regimes. For the universality of estimates, all 
values were taken in relative units while the nominal load 
capacity was taken as a unit.

2. To assess the standby generator impact on power 
balance, several possible options were proposed according 
to which the generator is turned on and off. These options 
involve a constant negative balance, i. e. insufficient gener-
ation power. The imbalance magnitude, duration (number 
of time intervals), and dynamics of change at adjacent time 
intervals were taken into account.

3. Current capacity of wind and solar power plants was 
modeled as a sum of the conventional component (trend 
lines), the projected daily average value (if any), and current 
random changes (fluctuations). A similar approach is also 
acceptable for modeling the load behavior, i. e. electricity 
consumption. The model parameters were calculated in ac-
cordance with the data of long-term observations of climatic 
factors at existing RES facilities and the typical nature of 
consumption. The procedure of calculating these parameters 
was proposed by the authors in previous studies.

4. Mathematical expectations for a random sample of 
daily instantiations by the Monte Carlo method were used 
as estimates of the sought parameters. The normalized mean 
square deviation was used as an indicator of statistical error. 
For example, achievement of such a deviation of not more 

than 0.01 relative units (r. u.) requires about a thousand 
instantiations. For less stringent requirements (for example, 
up to 0.05), 200‒300 daily instantiations are enough. The 
obtained estimates can be considered statistically capable, 
given the asymptotic convergence of the results. In this case, 
optimal values of the standby generator power at which im-
balance is minimal are within 0.1–0.3 r. u. Further increase 
in the generator power does not lead to a decrease in load 
losses. At lower power, the on-off frequency increases as well 
in addition to increased losses.

Daily forecasting and planning of operating modes as 
well as achievable accuracy of forecasting the RES indi-
cators significantly affect the ability to ensure the desired 
energy balance. The use of the model of daily cyclicity seems 
appropriate, as many indicators depend on the time of day. It 
is really possible to provide daily averages but the current in-
dicators are somewhat volatile. Therefore, practical applica-
tion of the proposed approach involves a detailed assessment 
and consideration of local conditions, regional ones in terms 
of RES potential, and concretized in terms of the energy 
system capabilities. Observance of these conditions enables 
obtaining rather reliable estimates which are confirmed by 
comparison of the model and actual indicators for a number 
of RES facilities operating in Ukraine.
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