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SECTION 4. ELECTRICAL ENGINEERING 

 

4.1 Determination of the influence of primary fuel consumption on the assessment 
of suboptimality of generation and consumption schedules 

 

Microgrids contain all the elements of complex energy systems and maintain a 

balance between production and consumption. Microgrids can work both in 

autonomous mode and in connection with the general network [241, 242]. A typical 

Microgrid structure diagram has a point of electrical connection to the power supply 

system, which is called a point of common coupling (PCC). In general, Microgrid is 

an intelligent power system with an active-adaptive network, which means a system in 

which all actors in the power market (generation, network, consumers) take an active 

part in the processes of transmission and distribution of electricity. Given the rapid 

development of Microgrids as part of the general power supply system, it is necessary 

to choose the optimal technologies for its composition, such as wind and solar power 

plants, micro hydroelectric power plants, micro gas turbines, fuel cells, batteries and 

others. It is necessary to assess the cost of generation of all sources, as well as the 

feasibility of using each of them in a certain period of the system. In general, the costs 

include: initial investments, operating costs, fuel costs, external and liquidation costs. 

The cost of electricity production depends solely on the type of technology and fuel 

[243]. 

Determination of the output power in Microgrids with DG sources.  

It is almost impossible to provide power supply of the decentralized facilities 

only by means of renewable energy sources (RES) such as wind power plants (WPP) 

and solar power plants (SPP). Their potential varies significantly during the day and 

usually do not correspond to seasonal and daily changes in energy consumption 

schedules. However, with the creation of a combined electric power system (CEPS), 

which will include several heterogeneous sources of electricity based on RES, it is 

possible to achieve a significant reduction in the daily unevenness of electricity 

generation [241, 242]. 
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Obviously, a combination of two or more renewable energy sources is more 

efficient than a single source system in terms of cost, efficiency and reliability. Such 

systems are becoming the fastest growing market element in the world. As a result, the 

use of wind and solar photovoltaic energy generation may soon be a reality. However, 

other sources of renewable energy (generation technologies), such as ocean waves and 

tides, osmotic and geothermal energy, fuel cells and microturbines should not be 

overlooked [244, 245]. The most optimal is the combination of an unstable renewable 

energy source with a guaranteed supply source – diesel power plant (DPP), that allows 

to build sufficiently reliable power complexes which can provide power to various 

decentralized facilities [246, 247].  

A variant of the energy complex with two power sources, each of which is able 

to cover the loads in certain time intervals, is characterized by the maximum 

possibilities for replacing diesel generation with renewable energy. Reducing the 

operating time of the diesel part of the power complex provides the most savings of 

diesel fuel and increases the service life of the DPP. 

Joint work of DPP and RES in the autonomous power supply system is most 

rationally carried out as the work of wind and photovoltaic power plants on the electric 

network which support the diesel power plant. DPP in this case is considered as the 

main source of electricity, and renewable energy sources save part of the fuel. After 

all, there are no primary fuel costs for SPP and WPP plants. For stable operation of 

such a system, the instantaneous power of the renewable part of the power complex 

should not exceed 40–50% of the overall power of the plant, and the ratio of average 

values of power of the renewable and diesel parts of the hybrid power complex should 

be approximately 1/5.  

Such complexes are quite simple, this reduces the requirements for the control 

system and minimizes the composition of the equipment. But at the same time, such 

plants provide a relatively small amount of diesel generation. 

The relationship between input parameters and output power for each type of 

generation is different. Thus, the instantaneous power of a wind turbine with a 

horizontal axis of rotation can be determined by the formula [247]: 
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𝑃ௐ௉௉ =
1

2
∙ 𝜌п ∙ 𝜋 ∙ 𝑅ଶ ∙ 𝑢ଷ ∙ 𝐶௣(𝜆) ∙ 𝜂௠.௧. ∙ 𝜂е.௚.,                    (1) 

where РWPP – electric power generated by WPP; п – air density; R is the radius of the 

windmill; u is the wind speed; Cp ()  – wind power factor; m.t. – efficiency of 

mechanical transmission; е.g. – efficiency of the generator. 

The value of the power factor Cp depends on the speed of the wind wheel , 

which is defined as the ratio of the linear speed of the blade ends to the wind speed. 

For each specific design type of wind wheel there is a dependence Cp (), which reaches 

a maximum value at a certain optimal value of speed. In this case, the selection of 

power from the wind flow will be maximum. 

The main condition for the efficient use of wind energy is the compliance of 

wind speed and speed of the wind wheel. Changing the wind speed requires a 

correspondingly wide range of changes in the speed of rotation of the generator shaft. 

This dependence is established by the value of speed, which relates to the design of the 

wind wheel. An alternative is to maintain a stable speed (or a very narrow range) of the 

generator rotor.  

However, much of the wind energy will remain unused, which reduces the 

efficiency of such installations. Under these conditions, the determining factor for the 

wind turbine generator is the permissibility of changing the speed range provided that 

the parameters of the generated electricity are synchronized with the corresponding 

network parameters [247]. The components that determine the generated power are:  

average annual wind speed, annual and daily wind course; radius of the wind wheel 

and its power factor; installation height; nominal speed of the turbine; technical 

characteristics of the installation; repeatability of speeds, types and parameters of wind 

speed distribution functions; vertical profile of average wind speed; specific power and 

specific wind energy; wind energy resources of the region. 

To obtain reliable data on the average wind speed in a given area, it is necessary 

to use significant amounts of measurements for a long time. The average annual wind 

speed is defined as the arithmetic mean value obtained from speed measurements at 

regular intervals over a period of time [242]: 
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𝑉ср =
1

𝑛
෍ 𝑉௜

௡

௜ୀଵ

,                                                  (2) 

where Vi – wind speed in the measurement interval i; n – number of measurement 

intervals. 

Given the generation of electricity from solar energy, the power generated by 

solar panels is determined by the formula [246]:  

𝑃௦௣ = 𝑁ୱୣ୰୧ୣୱ ∙ 𝑁୮ୟ୰ୟ୪ୣ୪ ∙ 𝑈х.х. ∙ 𝐼௦.௖. ∙ 𝐹௙ ,                              (3) 

where Рsp – electric power generated by solar panels; Nseries – the number of 

photovoltaic cells connected in series; Nparalel – the number of photovoltaic cells 

connected in parallel in the battery; Ux.x. – the value of the non-operating voltage; Is.c.  

– short-circuit current value; Ff – the filling factor of the volt-ampere characteristic for 

a particular type of photovoltaic cell. 

The main parameters that determine the amount of generated power are: the 

number of photovoltaic modules, their rated power, the level of insolation in the region 

of installation of SPP and weather conditions, as well as technical indicators of 

installation.  An important element of the SPP is a voltage converter, which converts 

direct current from photovoltaic modules into an AC voltage system of industrial 

frequency, which creates the possibility for SPP to operate in parallel with electrical 

network. It should be noted that most of the modern solar converters have a function 

of tracking the point of maximum power, which can be selected from solar panels 

(MPPT-tracking), which significantly increases the efficiency of SPP. In general, there 

are different converters depending on the classification: network, stand-alone, hybrid; 

central, microconverters, string converters; sinusoidal type converters and converters 

with a modified sinusoid. 

Network converters which have the function of automatic synchronization of 

electricity parameters (voltage amplitude, frequency, etc.) with similar parameters of 

the electrical network are usually used to build CEPS which include SPP. 

At the same time, to ensure the sinusoidal shape of the output voltage, it is 

necessary to use network converters for SPP, which are part of CEPS [247]. 
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The level of solar radiation depends on the latitude of a point on the earth's 

surface, its height above the sea level, seasons and days, the transparency of the 

atmosphere and clouds. Natural heliopotential is characterized by the total solar 

radiation reaching the horizontal surface and the duration of sunshine throughout the 

year. If the surface that receives solar radiation is tilted at the optimal angle, the amount 

of solar radiation that can be used will increase. The maximum value will be reached 

when the surface of the panels is perpendicular to the sun's rays, as well as their 

orientation relative to the visible position of the Sun. This increases the amount of solar 

radiation in summer by 25–40% and in winter by 10–15%. Most often in practice, the 

angle of inclination of the working surfaces of photovoltaic modules is oriented to the 

south and is taken equal to the latitude of the terrain: such an inclination is considered 

optimal and the most technically feasible. The amount of energy received can be 

optimized with additional installation of sun trackers. 

For normal operation of a diesel power plant, it is recommended that its rated 

capacity should be 25% higher than the capacity of all appliances that it supplies. In 

contrast to SPP and WPP, primary fuel costs are incurred in the operation of DPP. 

Based on the data provided by the application "Diesel generator fuel 

consumption calculator", the dependence of the average fuel consumption B, (l/year) 

on the power of the diesel generator P, (kW) for three values of the average load on the 

generator 50%, 75%, 100% was constructed.   

There are several methods when calculating fuel consumption for diesel 

generators. The specific fuel consumption b from the calculation of the power of the 

diesel installation can be represented by an approximate ratio [248]: 

𝑏 =
(𝑔௘ ∙ 𝐻 ∙ 𝐶)

𝜂Г
+ 𝑏଴,                                         (4) 

where ge – specific fuel consumption at nominal power of 75%; 𝐻 – load-taking factor; 

С – engine wear factor; 𝜂Г – efficiency coefficient of the diesel generator depending 

on an operating mode; 𝑏଴ – fuel loss at idle. 
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Estimation of suboptimality of generation and consumption schedules. 

For the optimal use of different energy sources in Microgrid, it is important to 

estimate the level of losses from uneven electricity consumption. To do this, it is 

necessary to analyze the schedules of electricity generation. This approach can take 

fully into account the limited controlled energy resources in conditions of uncertainty. 

It is possible to estimate the level of losses with the identification of the effects 

of suboptimal components in the power supply system at an arbitrary time interval 

using the Fryze power index [249]  

𝑄ி = √𝑆ଶ − 𝑃ଶ.               (5) 

In the general case, the Fryze power is the quadratic residual of the total S and 

active P powers. In the case of spreading the concept of Fryze power QF at any time 

interval τ=ТT power QFτ determines as the root mean square mismatch between 

suboptimal (S > P) and optimal (S = P) active power load consumption levels.  

From a mathematical point of view, power QFτ is the root mean square mismatch 

between two functions on an interval τ. The term «non-optimality characteristic» can 

be used when we consider one of the functions as optimal (in this case it is the function 

of active power consumption). 

When the indicator extends to an arbitrary time interval, the obtained 

characteristics show that with increasing or decreasing consumption deviations relative 

to the conditionally optimal level, the value of the reactive power of the Fryze index 

increases. There is also a tendency to increase the value of the Fryze index to increasing 

consumption intervals. The obtained characteristics make it possible to assess the 

impact of uneven processes of electricity generation and consumption on the 

deterioration of electricity quality, reactive power level and network losses. 

The amount of active power is determined by the formula:  

𝑝(𝑡) = 𝑖(𝑡) ∙ 𝑢(𝑡).            (6) 

Applying the integrated averaging index, we obtain: 

𝑃(𝑡) =  
1

𝑇
න 𝑝(𝑡)𝑑𝑡.

௧

଴

                                                  (7) 

Accordingly, the power value for a certain time interval can be calculated as: 
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𝑃 = 𝐼௔௩ ∙ 𝑈௔௩ = 𝐼 ∙ 𝑈,  

where u(t) and i(t) are instantaneous values of voltage and current for the period [0, T]; 

T – the duration interval of the selected time interval. 

To analyze the change in the reactive power of the Fryze index QF relative to 

time, it is necessary to determine the optimal values of voltage and current that 

characterize the generation power. General formula for determining the amount of 

energy of the generated power for the time interval:  

𝑊ா = න 𝑃(𝑡)𝑑𝑡.                                                 (8)

௧

௧బ

 

In our case, the amount of energy of the generated power is determined for a 

known dependence graph P(t) and for a certain period of time: 

𝑊ா =
𝑃ଵ + 𝑃ଶ

2
(𝑡ଶ − 𝑡ଵ),                                          (9) 

where P1, P2 – generated power at the beginning and end of a given time interval, 

respectively, t1, t2 – the start and the end time of a given interval respectively. 

To reflect the numerical calculations in the general case, we construct a 

numerical-difference approximation. Figure 1 shows an example of a linear change in 

the generated power relative to time. 

 

Figure 1. Schedule of the dependence of the generated power from time. 

Power value for a given time interval is: 

𝑃ଶ = 𝑃ଵ + 𝛼௉(𝑡ଶ − 𝑡ଵ), 
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where 𝛼௉ is a coefficient of linear dependence function P(t). 

The energy of the generated power is defined as: 

𝑊ா = 2
𝑃ଵ + 𝛼௉ ∙ (𝑡ଶ − 𝑡ଵ)

2
(𝑡ଶ − 𝑡ଵ) =  𝑃ଵ(𝑡ଶ − 𝑡ଵ) +

𝛼௉(𝑡ଶ − 𝑡ଵ)ଶ

2
. 

The assessment of the level of primary fuel loss is also carried out taking into 

account that the function of active power consumption is considered optimal, while the 

function of full power is suboptimal. Figure 2 shows a dependence schedule of fuel 

consumption B from the generated power P for a previously set power schedule. 

 

 

Figure 2. Schedule of the dependence of fuel consumption from the generated power. 

 

Estimation of primary fuel consumption 

General formula for determining the energy of spent fuel for a time interval is:  

𝑊ி = න 𝐵(𝑃(𝑡), 𝑡)𝑑𝑡.                                          (10)
௧

௧బ

 

The energy of spent fuel at a given interval (Fig. 1) is calculated by the formula: 

𝑊ி =
𝐵ଵ + 𝐵ଶ

2
(𝑃ଶ − 𝑃ଵ),                                          (11) 

where B1, B2 – fuel consumption at the beginning and end of a given time interval, 

respectively. 

 

The amount of fuel consumed is estimated by the formula: 
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𝐵ଶ = 𝐵ଵ + 𝛼஻(𝑃ଶ − 𝑃ଵ), 

where 𝛼஻ – the coefficient of the linear function of the dependence of fuel consumption 

on power. The energy of the spent fuel is calculated as follows: 

𝑊ி = 2
𝐵ଵ + 𝛼஻ ∙ (𝑃ଶ − 𝑃ଵ)

2
(𝑃ଶ − 𝑃ଵ) =  𝐵ଵ(𝑃ଶ − 𝑃ଵ) +

𝛼஻(𝑃ଶ − 𝑃ଵ)ଶ

2
. 

To determine the values P(t) and B(P) when they are linearly dependent from 

any point on the graph of the generated power, the above formulas take the form: 

𝑃 = 𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ); 

𝐵 = 𝐵ଵ + 𝛼஻(𝑃 − 𝑃ଵ) = 𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ); 

𝑊ா = න (𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ))𝑑𝑡;
௧

௧భ

 

𝑊ி = න (𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ))𝑑𝑡.
௧

௧భ

 

For i + 1 values: 

𝑃௜ାଵ = 𝑃௜ + 𝛼௉ ∙ ∆𝑡; 

𝐵௜ାଵ = 𝐵௜ + 𝛼஻ ∙ ∆𝑃. 

Examples of the dependence of generated power from time and fuel consumption 

for generated power for different generation schedules P(t) are shown in Table 1 and 

Figure 3. The schedules in Figure 3 shows the possible variants of the dependence 

functions P(t) where on the 1st – the value of power is constant and does not depend 

on time, on the 2nd – the dependence is linear, on the 3rd – the dependence is quadratic, 

on the 4th – possible peak of generation is shown, which is exponential. The image of 

such dependences makes it possible to calculate the energy of the generated power. 

And also, to determine the nature of the dependence of fuel consumption from capacity.  
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Table 1. 

P(t) and B(P) dependencies for different generation schedules. 

№ Function P(t) and B(P) WE and WF 

1 P=Pi 
𝑃(𝑡) = 𝑃ଵ 

𝐵(𝑃) = 𝛼஻ ∙ 𝑃ଵ 
𝑊ா = න (𝑃ଵ)𝑑𝑡

௧మ

௧భ

= 𝑃ଵ(𝑡ଶ − 𝑡ଵ);  𝑊ி =
𝐵ଵ + 𝐵ଶ

2
∙ 𝑃ଵ 

2 P=A+Bt 
𝑃(𝑡) = 𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ) 

𝐵(𝑃) = 𝐵ଵ + 𝛼஻(𝑃 − 𝑃ଵ) 
𝐵(𝑡) = 𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ) 

𝑊ா = න (𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ))𝑑𝑡

௧మ

௧భ

= 𝑃ଵ(𝑡ଶ − 𝑡ଵ) +
𝛼௉(𝑡ଶ − 𝑡ଵ)ଶ

2
 

𝑊ி = න (𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ))𝑑𝑡 =

௧మ

௧భ

𝐵ଵ(𝑡ଶ − 𝑡ଵ) + 

+
𝛼஻𝛼௉(𝑡ଶ − 𝑡ଵ)ଶ

2
 

3 P=C+Dt2 
𝑃(𝑡) = 𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ)ଶ 
𝐵(𝑃) = 𝐵ଵ + 𝛼஻(𝑃 − 𝑃ଵ) 

𝐵(𝑡) = 𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ)ଶ 

𝑊ா = න (𝑃ଵ + 𝛼௉(𝑡 − 𝑡ଵ)ଶ)𝑑𝑡

௧మ

௧భ

= 𝑃ଵ(𝑡ଶ − 𝑡ଵ) +
𝛼௉(𝑡ଶ − 𝑡ଵ)ଷ

3
 

𝑊ி = න (𝐵ଵ + 𝛼஻𝛼௉(𝑡 − 𝑡ଵ)ଶ)𝑑𝑡 =

௧మ

௧భ

𝐵ଵ(𝑡ଶ − 𝑡ଵ) + 

+
𝛼஻𝛼௉(𝑡ଶ − 𝑡ଵ)ଷ

3
 

4 P’=F(1-e-t) 
P”=Ge-t 

𝑃′(𝑡) = 𝐹(1 − 𝑒ିఉభ௧) 

𝐵ᇱ(𝑡) = 𝛼஻భ
𝐹ଶ൫1 − 𝑒ିఉభ௧൯

ଶ
= 

= 𝛼஻భ
∙ 𝐹ଶ(1 − 2𝑒ିఉభ௧  + 

+𝑒ିଶఉభ௧) 
𝑃"(𝑡) = 𝐺𝑒ିఉమ௧ 

𝐵"(𝑡) = 𝛼஻మ
∙ 𝐺ଶ𝑒ିଶఉమ௧ 

 

𝑊′ா = න 𝐹൫1 − 𝑒ିఉభ௧൯𝑑𝑡 =

௧మ

௧భ

𝐹(𝑒ିఉభ௧మ − 𝑒ିఉభ௧భ) 

𝑊"ா = න 𝐺𝑒ି௧𝑑𝑡 =

௧ర

௧య

𝐺(𝑒ିఉమ௧ర − 𝑒ିఉమ௧య) 

𝑊′ி = න 𝛼஻భ
∙ 𝐹ଶ൫1 − 2𝑒ିఉభ௧ + 𝑒ିଶఉభ௧൯𝑑𝑡 =

௧మ

௧భ

 

=𝛼஻భ
∙ 𝐹ଶ(𝑡ଶ − 2𝑒ିఉభ௧మ + 𝑒ିଶఉభ௧మ − 𝑡ଵ + 2𝑒ିఉభ௧భ − 𝑒ିଶఉభ௧భ) 

𝑊"ி = න 𝛼஻మ
∙ 𝐺ଶ(𝑒ିଶఉమ௧)𝑑𝑡 =

௧ర

௧య

𝛼஻మ
∙ 𝐺ଶ(𝑒ିଶఉమ௧ర − 𝑒ିଶఉమ௧య) 

 

A, B, C, D – constant components, namely the corresponding coefficients for the 

functions that determine the generation graphs (different for each case). 
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Figure 3. Schedules of the dependence of the generated power from time P(t) for 

different functions. 

 

Figure 4 shows the nature of the dependence B(P) for different schedules of 

generated power, which can be both linear (1) and quadratic (2–4) and correspond to 

the functions on Figure 3. The dependences make it possible to calculate the energy of 

the fuel consumed. 
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Figure 4. Dependence of the amount of the fuel consumed from the generated power. 

 

Then, according to the above formulas, the total calculation of the cost of energy 

and fuel costs is reduced to the formulas: 

𝐶ா(𝑡) = න 𝑐௘(𝑡)𝑃(𝑡)𝑑𝑡;                                          (12)
௧

௧బ

 

𝐶ி(𝑡) = න 𝑐௙(𝑡) ∙ 𝐵(𝑃(𝑡), 𝑡)𝑑𝑡,                                   (13)
௧

௧బ

 

where P(t) – the amount of power generated over the period under study; B(t) – the 

amount of primary fuel consumed over the period under study. 

Fuel consumption can be determined by the formula: 

𝐵ஊ(𝑡) = 𝐵଴ + 𝐵ே(𝑃(𝑡), 𝑡) + 𝐵(𝑃(𝑡), 𝑡),                            (14) 

where 𝐵଴ – fixed component of costs (replacement by cost indicators); 𝐵ே(𝑃(𝑡), 𝑡) – 

operating costs, non-fuel (replacement by cost indicators). 

For wind and solar installations there is no component of fuel cost: 

𝐵(𝑃(𝑡), 𝑡) ≡ 0. 
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Then the formula for calculating the fuel costs is: 

𝐶ி(𝑡) = න 𝐶଴(𝑃(𝑡))𝑑𝑡
௧

௧బ

+ න 𝐶ே(𝑃(𝑡), 𝑡)𝑑𝑡
௧

௧బ

+ න 𝐶௙(𝑡) ∙ 𝐵(𝑃(𝑡), 𝑡)𝑑𝑡,    (15)
௧

௧బ

 

where 𝐶଴(𝑃(𝑡))  – the cost of a fixed component; 𝐶ே(𝑃(𝑡), 𝑡)  – cost of non-fuel 

operating costs. 

As one could see, the analysis of the cost of generation by different sources and 

the impact of primary fuel consumption on the output capacity was performed, as well 

as the assessment of suboptimal generation and consumption schedules.  

Results of the performed analyses show, that for the optimal use of different 

energy sources in Microgrid, it is important to estimate the level of losses from uneven 

electricity consumption. To do this, it is necessary to analyze the graphs of electricity 

generation and consumption. 

It is determined that for optimal use of different energy sources in Microgrid it 

is important to estimate the level of losses from uneven electricity consumption and 

minimize the amount of primary fuel consumption. To estimate the non-optimality of 

the graphs of generation and consumption at any time interval, the use of the Fryze 

power index is proposed.  

 

  


