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Ñëó÷àéíûõ õàðàêòåð íàãðóçêè ñëóæèò îñíîâíîé ïðè÷èíîé óõóäøåíèÿ ýíåðãåòè÷åñêèõ ïàðàìåòðîâ è òåõíè-
êî-ýêîíîìè÷åñêèõ ïîêàçàòåëåé ìàøèííî-òðàêòîðíûõ àãðåãàòîâ (ÌÒÀ). Êîëåáàíèÿ íàãðóçêè ïðèâîäèò ê óâå-
ëè÷åíèþ çàòðàò ýíåðãèè íà òåõíîëîãè÷åñêèå ïðîöåññû. Ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû äîëæíû 
áûòü îïðåäåëåíû è ñïðîãíîçèðîâàíû ñ âûñîêîé ñòåïåíüþ äîñòîâåðíîñòè ñ ó÷åòîì ñïåöèôèêè ðàáîòû ÌÒÀ 
è äèíàìèêè âûïîëíåíèÿ èìè òåõíîëîãè÷åñêèõ ïðîöåññîâ. Îïðåäåëåíèå è îïòèìèçàöèÿ ýíåðãåòè÷åñêèõ çà-
òðàò ÌÒÀ îáåñïå÷èò ïîâûøåíèå ýôôåêòèâíîñòè âûïîëíÿåìûõ òåõíîëîãè÷åñêèõ ïðîöåññîâ è òåõíîëîãèé âîç-
äåëûâàíèÿ ñåëüñêîõîçÿéñòâåííûõ êóëüòóð â ðàñòåíèåâîäñòâå. Ïðåäìåòîì èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà 
ìàòåìàòè÷åñêèõ ìîäåëåé äëÿ îïðåäåëåíèÿ è îïòèìèçàöèè ïðÿìûõ ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ, îñíàùåííûõ 
ïåðñïåêòèâíûìè òðàêòîðíûìè ãàçîòóðáèííûìè äâèãàòåëÿìè (ÃÒÄ). Öåëüþ èññëåäîâàíèé ÿâëÿåòñÿ ðàçðàáîòêà 
ìåòîäèêè îïðåäåëåíèÿ ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ ñ ó÷åòîì âåðîÿòíîñòíîãî õàðàêòåðà íà-
ãðóçêè. Íîâèçíà èññëåäîâàíèé çàêëþ÷àåòñÿ â ðàçðàáîòàííûõ ìàòåìàòè÷åñêèõ ìîäåëÿõ è àëãîðèòìå ðàñ÷åòà, à 
òàêæå îïòèìèçàöèè ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ ñ ÃÒÄ. Ïðåäëîæåííàÿ ìåòîäèêà ðàçðàáîòà-
íà íà îñíîâå ñèñòåìíîãî ïîäõîäà, îáîáùåíèÿ è àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ, ìàòåìàòè÷åñêîãî ìîäå-
ëèðîâàíèÿ ïðîöåññîâ. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâåäåíû íà ëàáîðàòîðíûõ óñòàíîâêàõ è â ïîëåâûõ 
óñëîâèÿõ ñ èñïîëüçîâàíèåì ñîâðåìåííûõ ñðåäñòâ èçìåðåíèé è ðåãèñòðàöèè îïûòíûõ äàííûõ. Ïðåäëîæåííàÿ 
ìåòîäèêà ïîçâîëÿåò ñ âåðîÿòíîñòüþ 0,90–0,95 ïðîãíîçèðîâàòü îïòèìàëüíûå çíà÷åíèÿ ïðÿìûõ òîïëèâíî-ýíåð-
ãåòè÷åñêèõ çàòðàò ÌÒÀ ñ ÃÒÄ. Â êà÷åñòâå ïðèìåðà â ñòàòüå ïðèâåäåíû ïðèìåðû ðàñ÷åòà è îïòèìèçàöèè ïðÿ-
ìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ïàõîòíîãî àãðåãàòà, ñîñòîÿùåãî èç òðàêòîðà «Êèðîâåö» ñ ãàçîòóðáèííûì 
äâèãàòåëåì ÃÒÄ-350Ò è ïëóãà ÏÍÈ-8/9-40, ïðè ðàçëè÷íûõ óðîâíÿõ ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ òóðáîêîì-
ïðåññîðà. Óñòàíîâëåíî, ÷òî ïðè 100%-ì óðîâíå ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ òóðáîêîìïðåññîðà è êîëåáàíè-
ÿõ êîýôôèöèåíòà âàðèàöèè íàãðóçêè îò 0 äî 0,333, îïòèìàëüíûå çíà÷åíèÿ ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ 
çàòðàò ïàõîòíîãî àãðåãàòà óâåëè÷èâàþòñÿ îò 543,0 äî 723,12 ÌÄæ/ãà. Òàêàÿ æå òåíäåíöèÿ óâåëè÷åíèÿ ïðÿìûõ 
òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ íàáëþäàåòñÿ è íà äðóãèõ óðîâíÿõ ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ òóð-
áîêîìïðåññîðà ÃÒÄ. Ñëåäóåò îòìåòèòü, ÷òî ñ óìåíüøåíèåì óðîâíÿ ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ òóðáîêîì-
ïðåññîðà ÃÒÄ ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû óâåëè÷èâàþòñÿ. Ïðåäëîæåííàÿ ìåòîäèêà ïîçâîëÿåò 
îïðåäåëèòü è îïòèìèçèðîâàòü çíà÷åíèÿ ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ ñ ÃÒÄ ñ ó÷åòîì âåðîÿò-
íîñòíîãî õàðàêòåðà íàãðóçêè â êîíêðåòíûõ óñëîâèÿõ èõ ýêñïëóàòàöèè. 
Êëþ÷åâûå ñëîâà: ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû, ìàøèííî-òðàêòîðíûé àãðåãàò, ãàçîòóðáèííûé 
äâèãàòåëü, ìåðà ðàññåÿíèÿ íàãðóçêè, îïòèìàëüíûå ïàðàìåòðû.

The random nature of the load is the main cause of deterioration of energy parameters and technical and economic in-
dicators of machine-tractor units (MTU). Oscillations of the load lead to an increase in energy costs for technological 
processes. Direct fuel and energy costs should be determined and predicted with a high degree of reliability, taking 
into account the specifics of the work of the MTU and the dynamics of its performance of technological processes. 
The identification and optimization of energy costs of the MTU will ensure an increase in the efficiency of the tech-
nological processes and technologies of cultivation in crop production. The subject of the study is the development 
of mathematical models for determining and optimizing the direct energy costs of MTU equipped with advanced gas 
turbine engine (GTE) engines. The purpose of the research is to develop a methodology for determining the direct 
fuel and energy costs of MTU, taking into account the probabilistic nature of the load. The novelty of the research 
consists in the developed mathematical models and calculation algorithm, as well as optimization of the direct fuel 
and energy costs of MTU with GTE. The proposed methodology is developed on the basis of a systematic approach, 
generalization, and analysis of experimental data, mathematical modeling of processes. Experimental studies were 
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carried out in laboratory facilities and in the field using modern measuring instruments and recording experimental 
data. The proposed methodology allows, with a probability of 0,90–0,95, to predict the optimal values of the direct 
fuel and energy costs of the MTU with GTE. As an example, the article gives examples of calculation and optimi-
zation of direct fuel and energy costs of plowing unit consisting of a Kirovets tractor with a GTD-350T gas turbine 
engine and a PNI-8/9-40 plow at various levels of turbocharger speed. It is established that at the 100 % level of the 
turbo compressor speed and the variation of the load variation coefficient from 0 to 0,333, the optimal values of the 
direct fuel and energy costs of the plowing unit increase from 543,0 to 723,12 MJ/ha. The same trend of increasing 
the direct fuel and energy costs of MTU is also observed in other levels of implementation of the turbo GTE turbo-
charger speed. It should be noted that with a decrease in the level of implementation of the turbocharger GTE's speed, 
direct fuel, and energy costs are increasing. The proposed methodology allows to determine and optimize the values 
of direct fuel and energy costs of MTU with GTE taking into account the probabilistic nature of the load under the 
specific conditions of their operation.
Keywords: direct fuel and energy costs, machine and tractor unit, gas turbine engine, load dissipation measure, op-
timal parameters.

 Ââåäåíèå
Ðàçíîîáðàçíûå êîíñòðóêòèâíûå, òåõíîëîãè-

÷åñêèå è ýêñïëóàòàöèîííûå ôàêòîðû ÿâëÿþòñÿ 
îñíîâíûìè ïðè÷èíàìè ñëó÷àéíîãî õàðàêòåðà 
íàãðóçêè è äðóãèõ îöåíî÷íûõ ïîêàçàòåëåé ìà-
øèííî-òðàêòîðíûõ àãðåãàòîâ (ÌÒÀ) ïðè âû-
ïîëíåíèè èìè òåõíîëîãè÷åñêèõ ïðîöåññîâ. 
Ê òàêèì ôàêòîðàì îòíîñÿòñÿ òåõíè÷åñêîå ñî-
ñòîÿíèå òðàêòîðîâ è ñåëüñêîõîçÿéñòâåííûõ 
ìàøèí, øèðèíà çàõâàòà îòäåëüíî âçÿòîãî ðàáî-
÷åãî îðãàíà è â öåëîì àãðåãàòà, ãëóáèíà îáðà-
áîòêè, ðåëüåô ìåñòíîñòè, ïðîôèëü ïîâåðõíî-
ñòè ïîëÿ, êàìåíèñòîñòü, ôèçèêî-ìåõàíè÷åñêèå 
õàðàêòåðèñòèêè ïî÷âû è ò.ä.

Èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî ñëó÷àéíûé 
õàðàêòåð íàãðóçêè ñëóæèò îñíîâíîé ïðè÷èíîé 
óõóäøåíèÿ ýêñïëóàòàöèîííûõ ïîêàçàòåëåé 
ÌÒÀ. Êîëåáàíèÿ íàãðóçêè â äîñòàòî÷íî øèðî-
êèõ ïðåäåëàõ ñïîñîáñòâóþò çàòðàòàì ýíåðãèè 
íà òåõíîëîãè÷åñêèå ïðîöåññû.

Øèðîêî èñïîëüçóåìûå â íàñòîÿùåå âðåìÿ 
ìåòîäû îöåíêè ïðîèçâîäñòâà ñåëüñêîõîçÿé-
ñòâåííîé ïðîäóêöèè ïî çàòðàòàì òðóäà è ýêî-
íîìè÷åñêèì ïîêàçàòåëÿì â ðÿäå ñëó÷àåâ íå-
äîñòàòî÷íû, ïîñêîëüêó ýòè ïîêàçàòåëè èìåþò 
ñóùåñòâåííûå êîëåáàíèÿ, îïðåäåëÿåìûå ïîëè-
òèêîé öåíîîáðàçîâàíèÿ, è íå ïîçâîëÿþò óñòà-
íîâèòü óðîâåíü íåîáõîäèìûõ çàòðàò ýíåðãèè 
íà ïðîèçâîäñòâî ïðîäóêòîâ. 

Ñóùíîñòü ýíåðãåòè÷åñêîãî àíàëèçà òåõíî-
ëîãè÷åñêèõ ïðîöåññîâ è òåõíîëîãèé âîçäåëû-
âàíèÿ ñåëüñêîõîçÿéñòâåííûõ êóëüòóð ñâîäèòñÿ 
ê îöåíêå çàòðàò íà ïðîèçâîäñòâî ïðîäóêöèè è 
êîëè÷åñòâà çàêëþ÷åííîé â íåé ýíåðãèè, âûðà-
æåííûõ â ñîïîñòàâèìûõ åäèíèöàõ. Ïðè ýòîì 
ïðèíèìàþò âî âíèìàíèå òåïëîñîäåðæàíèå èñ-
ïîëüçîâàííûõ íåôòåïðîäóêòîâ, ýíåðãîçàòðà-
òû íà èõ ïðîèçâîäñòâî, ýíåðãîåìêîñòü ìàøèí, 

óäîáðåíèé è ýíåðãîñîäåðæàíèå ñåëüñêîõîçÿé-
ñòâåííîé ïðîäóêöèè â ÌÄæ èëè êêàë/êã [1].

Ýíåðãåòè÷åñêèé àíàëèç ïîçâîëÿåò îöåíèâàòü 
ñóùåñòâóþùèå è ïëàíèðóåìûå òåõíîëîãèè, òåõ-
íîëîãè÷åñêèå ïðîöåññû è îïåðàöèè, èõ ïåðñïåê-
òèâíîñòü ñ òî÷êè çðåíèÿ ýíåðãîýôôåêòèâíîñòè 
ïî ñðàâíåíèþ ñ òèïîâûìè òåõíîëîãèÿìè.

Àíàëèç ïîêàçûâàåò, ÷òî ñóùåñòâóþùèå ìå-
òîäèêè ýíåðãåòè÷åñêîé îöåíêè òåõíè÷åñêèõ 
ñðåäñòâ íå ó÷èòûâàþò îñîáåííîñòè ðàáîòû 
ÃÒÄ â ñîñòàâå ðàçëè÷íûõ ÌÒÀ.

Â ñâÿçè ñ ýòèì âîçíèêëà íåîáõîäèìîñòü â ðàç-
ðàáîòêå ìåòîäèêè îïðåäåëåíèÿ ïðÿìûõ òîïëèâ-
íî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ ñ ÃÒÄ ïðè âåðî-
ÿòíîñòíûõ óñëîâèÿõ èõ ôóíêöèîíèðîâàíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî âëèÿíèå ñëó÷àéíîãî 
õàðàêòåðà íàãðóçêè íà ýíåðãåòè÷åñêèå ïàðà-
ìåòðû è òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè 
ÌÒÀ ñ ðàçëè÷íûìè òèïàìè äâèãàòåëåé ðàñ-
ñìàòðèâàëèñü â òðóäàõ ó÷åíûõ Â.Í. Áîëòèí-
ñêîãî, À.Á. Ëóðüå, Ñ.À. Èîôèíîâà, Ë.Å. Àãååâà, 
Â.Ñ. Øêðàáàêà, Â.Ã. Åíèêååâà, À.Â. Íèêîëàåí-
êî, Ñààêÿíà, Å.È. Äàâèäñîíà, Í.È. Äæàááîðîâà, 
À.Ï. Ñàâåëüåâà è èõ ïîñëåäîâàòåëåé. Îöåíêå 
ýôôåêòèâíîñòè ïðèìåíåíèÿ òðàêòîðíûõ ãà-
çîòóðáèííûõ äâèãàòåëåé (ÃÒÄ) íà òðàêòîðàõ 
ïîñâÿùåíû ðàáîòû ïðîôåññîðîâ Í.Ñ. Æäà-
íîâñêîãî, À.Â. Íèêîëàåíêî, Â.Ñ. Øêðàáàêà, 
Ë.Å. Àãååâà, À.Â. Ñîìèíè÷à, Í.È. Äæàááîðîâà 
è äðóãèõ ó÷åíûõ [2–4].

Öåëü èññëåäîâàíèé 
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà 

ìåòîäèêè îïðåäåëåíèÿ ïðÿìûõ òîïëèâíî-ýíåð-
ãåòè÷åñêèõ çàòðàò ÌÒÀ, îñíàùåííûõ òðàêòîð-
íûìè ãàçîòóðáèííûìè äâèãàòåëÿìè, ñ ó÷åòîì 
ñëó÷àéíîãî (âåðîÿòíîñòíîãî) õàðàêòåðà âíåø-
íèõ âîçäåéñòâèé. 
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Ìàòåðèàëû è ìåòîäû
Ïðåäëîæåííàÿ ìåòîäèêà ðàçðàáîòàíà íà 

îñíîâå ñèñòåìíîãî ïîäõîäà, îáîáùåíèÿ è 
àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ, ìàòå-
ìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðîöåññîâ. Ýêñ-
ïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâåäåíû íà 
ëàáîðàòîðíûõ óñòàíîâêàõ è â ïîëåâûõ óñëîâè-
ÿõ ñ èñïîëüçîâàíèåì ñîâðåìåííûõ ñðåäñòâ èç-
ìåðåíèé è ðåãèñòðàöèè îïûòíûõ äàííûõ.

Ðåçóëüòàòû è îáñóæäåíèÿ
Êàê èçâåñòíî, îäíèì èç îñíîâíûõ ðåçåðâîâ 

ýêîíîìèè íåôòåïðîäóêòîâ â ðàçëè÷íûõ îòðàñ-
ëÿõ ñåëüñêîõîçÿéñòâåííîãî ïðîèçâîäñòâà ÿâëÿ-
åòñÿ ýôôåêòèâíîå èñïîëüçîâàíèå òåõíèêè.

Â óñëîâèÿõ äîðîãîâèçíû è äåôèöèòà ýíåð-
ãåòè÷åñêèõ ðåñóðñîâ òîïëèâíî-ýíåðãåòè÷å-
ñêèé àíàëèç ñòàë îäíèì èç îñíîâíûõ ìåòîäîâ 
îöåíêè òåõíîëîãèé è èñïîëüçîâàíèÿ òåõíèêè â 
öåëîì.

Â êà÷åñòâå îñíîâíîãî êðèòåðèÿ îöåíêè ýíåð-
ãåòè÷åñêîé ýôôåêòèâíîñòè òåõíîëîãèé ïðî-
èçâîäñòâà ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè 
ïðåäëîæåí ïîêàçàòåëü – êîýôôèöèåíò ýíåðãå-
òè÷åñêîé ýôôåêòèâíîñòè [1]:

 R = Ï/Å, (1)

ãäå Ï – ýíåðãèÿ, ñîäåðæàùàÿñÿ â êîíå÷íîì 
ñåëüñêîõîçÿéñòâåííîì ïðîäóêòå, ÌÄæ; Å – 
ýíåðãèÿ, çàòðà÷åííàÿ íà ïðîèçâîäñòâî ñåëüñêî-
õîçÿéñòâåííîé ïðîäóêöèè, ÌÄæ.

Ïîëíûå ýíåðãåòè÷åñêèå çàòðàòû íà ïðî-
èçâîäñòâî ñåëüñêîõîçÿéñòâåííîé ïðîäóêöèè 
ìîæíî îïðåäåëèòü ïî ôîðìóëå [1]:

 
-1( )CE E E E E E E W     Ï î Æ Ò Ì × , (2)

ãäå Å
Ï
 – ïðÿìûå çàòðàòû ýíåðãèè, âûðàæåííûå 

ðàñõîäîì òîïëèâà, ÌÄæ/ãà; Å
î
 – çàòðàòû ýíåð-

ãèè íà ïðîèçâîäñòâî óäîáðåíèé, ÿäîõèìèêàòîâ, 
ñåìÿí è äðóãèõ òåõíîëîãè÷åñêèõ ìàòåðèàëîâ, 
ÌÄæ/ãà; Å

Æ
– ýíåðãåòè÷åñêèå çàòðàòû æèâîãî 

òðóäà, ÌÄæ/÷; Å
Ò
, Å

Ì
, Å

Ñ
 – ýíåðãîåìêîñòü 

òðàêòîðà, ìàøèíû, ñöåïêè íà åäèíèöó ñìåííî-
ãî âðåìåíè, ÌÄæ/÷; W

×
 – ñìåííàÿ ïðîèçâîäè-

òåëüíîñòü ÌÒÀ, ãà/÷.
Ðåçóëüòàòû àíàëèçà ñîñòàâëÿþùèõ ýíåðãå-

òè÷åñêèõ çàòðàò (2) è òåõíîëîãèé âîçäåëûâàíèÿ 
ñåëüñêîõîçÿéñòâåííûõ êóëüòóð â ðàçëè÷íûõ 
ïî÷âåííî-ðåëüåôíûõ è êëèìàòè÷åñêèõ óñëî-
âèÿõ ñâèäåòåëüñòâóþò î òîì, ÷òî ïðÿìûå òî-
ïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû, âûðàæåííûå 
ðàñõîäîì òîïëèâà, ýëåêòðîýíåðãèè è òåïëà, ñî-
ñòàâëÿþò 20–25 %, à êîñâåííûå (ýíåðãîåìêîñòü 

òðàêòîðîâ, ñåëüñêîõîçÿéñòâåííûõ ìàøèí, óäî-
áðåíèé, ÿäîõèìèêàòîâ, æèâîãî òðóäà è äðóãèõ 
òåõíîëîãè÷åñêèõ ìàòåðèàëîâ) – 75–80 % îò 
îáùèõ ýíåðãåòè÷åñêèõ çàòðàò íà ïðîèçâîäñòâî 
åäèíèöû ïðîèçâîäèìîé ïðîäóêöèè.

Ýíåðãåòè÷åñêèå çàòðàòû Å
î
, Å

Æ
, Å

Ò
, Å

Ò
, Å

Ì
 

è Å
Ñ 

ñîñòàâëÿþùèå âûðàæåíèÿ (2), êðîìå Å
Ï
, 

òåñíî íå ñâÿçàíû ñ ýôôåêòèâíûì è êà÷åñòâåí-
íûì ôóíêöèîíèðîâàíèåì ÌÒÀ, ðàñõîäîì íå-
ôòåïðîäóêòîâ íåïîñðåäñòâåííî ïðè âûïîëíå-
íèè òåõíîëîãè÷åñêèõ ïðîöåññîâ.

Ìåòîäèêà îïðåäåëåíèÿ ïðÿìûõ ýíåðãåòè÷å-
ñêèõ çàòðàò, ïðåäëîæåííàÿ â ðàáîòå [1], íå ó÷è-
òûâàåò ñïåöèôèêè ðàáîòû ÌÒÀ è äèíàìèêè 
âûïîëíåíèÿ èìè òåõíîëîãè÷åñêèõ ïðîöåññîâ 
è íå âñåãäà ïðèãîäíà äëÿ ïðîãíîçèðîâàíèÿ êî-
ëè÷åñòâåííûõ õàðàêòåðèñòèê ýíåðãåòè÷åñêèõ 
çàòðàò ñ âûñîêîé ñòåïåíüþ äîñòîâåðíîñòè.

Ïî ðàçðàáîòàííîé íàìè ìåòîäèêå ÌÒÀ ðàñ-
ñìàòðèâàåòñÿ â âèäå ìîäåëè (ðèñ. 1). Â êà÷åñòâå 
àðãóìåíòà õ ïðèíÿò ìîìåíò ñîïðîòèâëåíèÿ íà 
âàëó òÿãîâîé òóðáèíû ÃÒÄ Ì

Ò
. Âûõîäíûìè 

ïàðàìåòðàìè Ó (ôóíêöèè) ÿâëÿþòñÿ ýôôåêòèâ-
íàÿ ìîùíîñòü ÃÒÄ N

e
, óäåëüíûé ýôôåêòèâíûé 

ðàñõîä òîïëèâà g
e
 è çàâèñÿùèå îò íèõ ïðîèç-

âîäèòåëüíîñòü ÌÒÀ W
×
 è ïðÿìûå òîïëèâíî-

ýíåðãåòè÷åñêèå çàòðàòû Å
Ï
.

Ðèñ. 1. Îäíîìåðíàÿ ìîäåëü «âõîä – âûõîä» (à) 
è ñõåìà (á) ê îïðåäåëåíèþ âåðîÿòíîñòíûõ îöåíîê 

ýíåðãåòè÷åñêèõ ïàðàìåòðîâ ÃÒÄ
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Â îáùåì ñëó÷àå ìàòåìàòè÷åñêèå îæèäàíèÿ 
ýíåðãåòè÷åñêèõ ïàðàìåòðîâ ÃÒÄ ïðè ñëó÷àé-
íîì àðãóìåíòå Ì

Ò
 ðàññ÷èòûâàþòñÿ ïî ôîðìóëå:

 -

( ) ( ) ( )d f x x dx
 

 

      Ó Ó Ó Ó ,  (3)

ãäå ( ) ( ) /x dx d   Ó Ó  – ïëîòíîñòü ðàñïðå-
äåëåíèÿ âåðîÿòíîñòåé ñëó÷àéíîé âåëè÷èíû Ó 
(èëè âûõîäíîãî ïàðàìåòðà) ÃÒÄ; ( )x  – ïëîò-
íîñòü ðàñïðåäåëåíèÿ ñëó÷àéíîé âåëè÷èíû x 
(âõîäíîãî ïàðàìåòðà).

Ñ ó÷åòîì âûðàæåíèé (2) è (3) ïðÿìûå òî-
ïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû ÌÒÀ ñ ÃÒÄ 
îïðåäåëÿþòñÿ âûðàæåíèåì:

0 0( ) ( ) ( )x xG t f G t G t f
E

W
          

 ÷ p T T T T
Ï

÷

, 
 

(4)
ãäå G

× – ÷àñîâîé ðàñõîä òîïëèâà ÃÒÄ íà îïðå-
äåëåííîì ðàáî÷åì ðåæèìå (òàáë. 1). Äëÿ óñòà-
íîâëåííîãî ðåæèìà ðàáîòû è óðîâíÿ ðåàëèçà-
öèè ÷àñòîòû âðàùåíèÿ âàëà òÿãîâîé òóðáèíû 

T TH/n n n 
òê

 çíà÷åíèå ÷àñîâîãî ðàñõîäà òî-
ïëèâà ÃÒÄ îñòàåòñÿ ïîñòîÿííûì, òî åñòü 
G

×
 = const (òàáë. 1); G

x
, G

0
  – çíà÷åíèÿ ÷àñîâîãî 

ðàñõîäà òîïëèâà ÃÒÄ, ñîîòâåòñòâåííî, íà ïîâî-
ðîòàõ è ïåðååçäàõ è âî âðåìÿ îñòàíîâîê ÌÒÀ 
ïðè ðàáîòàþùåì ÃÒÄ, êã/÷; 1t T T p P P ; 

x xt T T p ; 0 0t T T p   – êîýôôèöèåíòû; T
p
, T

õ
; 

T
0
  – ñîîòâåòñòâåííî, îñíîâíîå âðåìÿ ðàáîòû, 

îáùåå – íà ïîâîðîòû è ïåðååçäû è âðåìÿ îñòà-
íîâêè ÌÒÀ ñ ðàáîòàþùèì äâèãàòåëåì; T  –

ýíåðãîñîäåðæàíèå òîïëèâà, ïðèìåíÿåìîãî äëÿ 
ÃÒÄ, ÌÄæ/êã; Tf  – ýíåðãåòè÷åñêèé ýêâèâàëåíò 
òîïëèâà (ò.å. çàòðàòû ýíåðãèè íà ïðîèçâîäñòâî 
1 êã òîïëèâà, ÌÄæ).

Ïðîèçâîäèòåëüíîñòü ÌÒÀ W
×
 â ÷àñ îñíîâ-

íîãî âðåìåíè ìîæíî ïðåäñòàâèòü â âèäå:

 
10,36W N   × T aÊ e , (5)

ãäå T  – òÿãîâûé êîýôôèöèåíò ïîëåçíîãî äåé-
ñòâèÿ (ÊÏÄ) òðàêòîðà íà ðàáî÷åì ðåæèìå; 

1
aÊ – óäåëüíîå ñîïðîòèâëåíèå àãðåãàòà, êÍ/ì; 

N
å
 – ýôôåêòèâíàÿ ìîùíîñòü ÃÒÄ, êÂò.
Ñðåäíåå çíà÷åíèå eN  ýôôåêòèâíîé ìîùíî-

ñòè ÃÒÄ ñ ó÷åòîì âëèÿíèÿ êîýôôèöèåíòà âàðè-
àöèè íàãðóçêè v

ì
 îïðåäåëÿåòñÿ ïî ôîðìóëå:

 eN  = ñ 2 2
T[ (1 )A M v  ì , (6)

ãäå ñ = 9554-1 – ïîïðàâî÷íûé êîýôôèöèåíò; À, 
Â – ñîîòâåòñòâåííî, ïîñòîÿííàÿ âåëè÷èíà è 
óãëîâîé êîýôôèöèåíò, îïðåäåëÿåìûå ïî ïà-
ðàìåòðàì ñòåíäîâîé õàðàêòåðèñòèêè ÃÒÄ 
(òàáë. 1); Ì

Ò
 – ìîìåíò íà âàëó òÿãîâîé òóðáèíû 

ÃÒÄ, Í·ì; v
ì
 – êîýôôèöèåíò âàðèàöèè íàãðóçêè 

ÃÒÄ.
Âûðàæåíèå (4) ìîæíî ïðåäñòàâèòü â âèäå:

 E E E î ä
Ï Ï Ï , (7)

ãäå T T( )G t f W      
Î
Ï ÷ p ×E  – îñíîâíûå 

ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû, òî 
åñòü çàòðàòû ýíåðãèè íà óñòàíîâèâøåìñÿ íà-
ãðóçî÷íîì (èëè ðàáî÷åì) ðåæèìå ÄÏÌ (ïîñëå 
çàòóõàíèÿ ïåðåõîäíûõ ïðîöåññîâ) ÌÒÀ ïðè âû-

Òàáëèöà 1

Îñíîâíûå ýíåðãåòè÷åñêèå ïàðàìåòðû, óñòàíîâëåííûå ïî òèïîâûì õàðàêòåðèñòèêàì ÃÒÄ-350Ò

n ò
 À, ìèí–1 Â, ìèí–1/Íì G

×
, êã/÷ N

åí
, êÂò

1,0
0,95
0,90
0,85
0,80
0,75
0,70
0,60

2,040
2,045
0,050
2,055
2,060
2,065
2,070
2,075

10820
10285
9530 
8920
8220
6980
6270
4930

–11,79
–12,24
–12,18
–12,31
–12,35
–12,84
–12,98
–14,39

94
84
76
68
60
47
40
27

260
226
195
169
143
99
79
44

Ïðèìå÷àíèå
/n n n 

òê ò òí  – óðîâåíü ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ âàëà òÿãîâîé òóðáèíû; nò , 
n

òí
 – ñîîòâåòñòâåííî, òåêóùåå è íîìèíàëüíîå çíà÷åíèÿ ÷àñòîòû âðàùåíèÿ òÿãîâîé òóð-

áèíû, ìèí-1;  = M
max

 / M
í 

– êðàòíîñòü ìîìåíòîâ, èëè êîýôôèöèåíò ïðèñïîñîáëÿåìî-
ñòè ÃÒÄ; M

max
, M

í
 – ñîîòâåòñòâåííî, ìàêñèìàëüíîå è íîìèíàëüíîå çíà÷åíèÿ êðóòÿ-

ùåãî ìîìåíòà íà âàëó òÿãîâîé òóðáèíû, Íì; maxA n  – ïîñòîÿííàÿ âåëè÷èíà, ðàâíàÿ 
ìàêñèìàëüíîé ÷àñòîòå âðàùåíèÿ âàëà òÿãîâîé òóðáèíû, ìèí-1; 1

max min( )( )B n n M     í  – óãëîâîé 
êîýôôèöèåíò, ìèí-1/Íì; n

min
 – ìèíèìàëüíîå çíà÷åíèå ÷àñòîòû âðàùåíèÿ òÿãîâîé òóðáèíû, ìèí-1; 

G
T
 – ÷àñîâîé ðàñõîä òîïëèâà ÃÒÄ, êã/÷; N

åí
 – íîìèíàëüíàÿ ìîùíîñòü ÃÒÄ, êÂò.
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ïîëíåíèè òåõíîëîãè÷åñêîãî ïðîöåññà, ÌÄæ/ãà; 
 0 0( ) ( )x xG t G t f W      ä

Ï Ò Ò ×Å  – äîïîë-
íèòåëüíûå ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå 
çàòðàòû, òî åñòü çàòðàòû ýíåðãèè ïðè ðàáîòå 
ÃÒÄ áåç íàãðóçêè (íà îñòàíîâêàõ) è ñ íåïîëíîé 
íàãðóçêîé (íà ïîâîðîòàõ è ïåðååçäàõ), ÌÄæ/ãà.

Àíàëèç ïîêàçûâàåò, ÷òî â çàâèñèìîñòè îò 
âèäîâ òåõíîëîãè÷åñêèõ îïåðàöèé è ïðîöåññîâ 
çíà÷åíèÿ äîïîëíèòåëüíûõ ïðÿìûõ ýíåðãîçà-
òðàò ä

ÏÅ  íàõîäÿòñÿ â ïðåäåëàõ 10–15 % îò Î
ÏÅ . 

Ñóùåñòâåííóþ ýêîíîìèþ ïðÿìûõ ýíåðãå-
òè÷åñêèõ çàòðàò Å

Ï
 ìîæíî äîñòè÷ü ïóòåì îï-

òèìèçàöèè Î
ÏÅ , çàâèñÿùåé îò ýôôåêòèâíîãî 

èñïîëüçîâàíèÿ ÌÒÀ ñ ÃÒÄ ïðè âûïîëíåíèè 
ìåõàíèçèðîâàííûõ ïîëåâûõ ðàáîò.

Ñ ó÷åòîì âûðàæåíèé (4)–(7) îñíîâíûå 
ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû Î

ÏÅ  
ðàâíû:

1 2 2

( )
0,36 (1 )

G f
c M M

 


         

Î ÷ Ò Ò
Ï

Ò à Ò Ò ìÊ
Å

À B
 .

 

(8)

Èñïîëüçóÿ âûðàæåíèÿ (7) è (8), ìîæíî ïðî-
ãíîçèðîâàòü çíà÷åíèÿ ïðÿìûõ òîïëèâíî-ýíåð-
ãåòè÷åñêèõ çàòðàò ñ áîëüøîé äîâåðèòåëüíîé 
âåðîÿòíîñòüþ, ñ ó÷åòîì ñëó÷àéíîãî õàðàêòåðà 
âíåøíåé íàãðóçêè íà ðàáîòó ÌÒÀ ñ ÃÒÄ.

Îïòèìàëüíîå çíà÷åíèå îñíîâíûõ ïðÿìûõ 
òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò Î*

ÏE  îïðå-
äåëÿåòñÿ ñ ó÷åòîì ýêñòðåìàëüíûõ çíà÷åíèé 
ýôôåêòèâíîé ìîùíîñòè *

eN  ÃÒÄ è ïðîèçâîäè-

òåëüíîñòè *W ÷  ÌÒÀ, ñîîòâåòñòâóþùèå êðèòå-
ðèÿì:

– ìàêñèìóì ÊÏÄ òðàêòîðà íà äàííîì ðàáî-
÷åì ðåæèìå, ò.å. T max  ; 

– ìèíèìóì ïðÿìûõ òîïëèâíî-ýíåðãåòè÷å-
ñêèõ çàòðàò, ò.å. minÏE . 

Ïðè ýòîì ýêñòðåìàëüíîå (îïòèìàëüíîå) çíà-
÷åíèå ýôôåêòèâíîé ìîùíîñòè ÃÒÄ îïðåäåëÿ-
åòñÿ ïî ôîðìóëå:

 
* * *2 2[ (1 )]N c M M     e T TÀ B ì , (9)

ãäå * 2/ [2 (1 )]M A   T B ì  – ýêñòðåìàëüíîå 
çíà÷åíèå ìîìåíòà *MT  íà âàëó òÿãîâîé òóðáè-
íû ÃÒÄ, Í·ì.

Ýêñòðåìàëüíîå çíà÷åíèå ÷àñîâîé ïðîèçâî-
äèòåëüíîñòè ÌÒÀ *W×  (ãà/÷) ìîæíî ïðåäñòà-
âèòü â âèäå:

 
* 1 *0,36W N   × T a eÊ . (10) 

Ñ ó÷åòîì âûðàæåíèé (4), (7), (9) è (10) îïòè-
ìàëüíîå çíà÷åíèå ïðÿìûõ òîïëèâíî-ýíåðãåòè-
÷åñêèõ çàòðàò îïðåäåëÿåòñÿ ïî âûðàæåíèþ:

 
* * î ä
Ï Ï ÏE E E ; (11)

 
*

1 * *2 2
T

( )
0,36 1

G f


 


         

Î ÷ T T
Ï

à T T ìÊ
E

c A M B M
 .

  

(12)
Â êà÷åñòâå ïðèìåðà â òàáëèöå 2 ïðèâåäåíû 

ðàñ÷åòíûå îïòèìàëüíûå çíà÷åíèÿ ïðÿìûõ òî-
ïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ïàõîòíîãî àãðå-
ãàòà, ñîñòîÿùåãî èç ãàçîòóðáèííîãî òðàêòîðà 

Òàáëèöà 2 

Ïðÿìûå òîïëèâíî-ýíåðãåòè÷åñêèå çàòðàòû ïàõîòíîãî àãðåãàòà ÃÒÒ «Êèðîâåö»+ÏÍÈ-8/9-40 
( = 0,7; Êà = 6,0 êÍ/ì))

n ò

*
eN , êÂò G

×
, êã/÷ v

ì
, % *W× , ãà/÷ ä

ÏÅ , Äæ/ãà Î*
ÏE , ÌÄæ/ãà *

ÏE , ÌÄæ/ãà

1,0

260
239,92
222,65
207,87
194,92

94

0
8,3

16,7
25,0
33,3

10,92
10,07
9,35
8,73
8,20

74,72
81,03
87,27
93,47
99,51

468,27
507,80
546,91
585,75
623,61

543,0
588,83
634,18
679,22
723,12

0,9

195
180,16
167,19
156,10
146,37

76

0
8,3

16,7
25,0
33,3

8,19
7,57
7,02
6,55
6,15

99,63
107,79
116,24
124,58
132,68

504,81
546,16
588,95
631,21
672,26

604,44
653,95
705,19
755,79
804,94

0,8

143
132,20
122,68
114,53
107,40

60

0
8,3

16,7
25,0
33,3

6,0
5,55
5,15
4,81
4,51

136,0
147,03
158,45
169,65
180,93

544,0
588,11
633,77
678,58
723,73

680,0
735,14
792,22
848,23
904,66
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ÃÒÒ «Êèðîâåö» ñ ãàçîòóðáèííûì äâèãàòåëåì 
ÃÒÄ-350Ò, è ïëóãà ÏÍÈ-8/9-40.

Óñòàíîâëåíî, ÷òî ïðè óðîâíå ðåàëèçàöèè 
÷àñòîòû âðàùåíèÿ òóðáîêîìïðåññîðà n ò

= 1,0 
(100 %) è êîëåáàíèÿ êîýôôèöèåíòà âàðèàöèè 
íàãðóçêè îò 0 äî 0,333 îïòèìàëüíûå çíà÷åíèÿ 
ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ïà-
õîòíîãî àãðåãàòà óâåëè÷èâàþòñÿ îò 543,0 äî 
723,12 ÌÄæ/ãà. Òàêàÿ æå òåíäåíöèÿ óâåëè÷åíèÿ 
ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò ÌÒÀ 
íàáëþäàåòñÿ è íà äðóãèõ óðîâíÿõ ðåàëèçàöèè 
÷àñòîòû âðàùåíèÿ òóðáîêîìïðåññîðà ÃÒÄ.

Ñëåäóåò îòìåòèòü, ÷òî ñ óìåíüøåíèåì 
óðîâíÿ ðåàëèçàöèè ÷àñòîòû âðàùåíèÿ òóðáî-
êîìïðåññîðà ÃÒÄ ïðÿìûå òîïëèâíî-ýíåðãåòè-
÷åñêèå çàòðàòû óâåëè÷èâàþòñÿ. 

Íàïðèìåð, ïðè ôèêñèðîâàííîì çíà÷åíèè 
êîýôôèöèåíòà âàðèàöèè íàãðóçêè v

ì
 = 0,333 

çíà÷åíèÿ ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ 
çàòðàò ïàõîòíîãî àãðåãàòà óâåëè÷èâàåòñÿ îò 
634,18 ÌÄæ/ãà (ïðè n ò

= 1,0) äî 792,22 ÌÄæ/ãà 
(ïðè n ò

= 0,8). 

Âûâîäû
Ïðè ýíåðãåòè÷åñêîé îöåíêå òåõíîëîãè÷å-

ñêèõ ïðîöåññîâ ñëåäóåò ó÷åñòü ñëó÷àéíûé õà-
ðàêòåð âíåøíèõ âîçäåéñòâèé, èç-çà êîòîðûõ 
ïîñòîÿííî âîçíèêàþò åñòåñòâåííûå îòêëîíå-
íèÿ ýíåðãåòè÷åñêèõ ïàðàìåòðîâ è òåõíèêî-ýêî-
íîìè÷åñêèõ ïîêàçàòåëåé ÌÒÀ îò èõ áàçîâîãî 
çíà÷åíèÿ. Ó÷åò ýòèõ îòêëîíåíèé ïîçâîëÿåò ñ 
íàèáîëüøåé äîñòîâåðíîñòüþ ïðîãíîçèðîâàòü 
ýêñïëóàòàöèîííûå ïîêàçàòåëè ÌÒÀ.

Óâåëè÷åíèå ìåðû ðàññåÿíèÿ íàãðóçêè  v
ì
 

ñïîñîáñòâóåò ñíèæåíèþ ïðîèçâîäèòåëüíîñòè è 
óâåëè÷åíèþ ïðÿìûõ òîïëèâíî-ýíåðãåòè÷åñêèõ 
çàòðàò ÌÒÀ. Ïðÿìûå òîïëèâíî-ýíåðãåòè÷å-
ñêèå çàòðàòû ñëåäóåò ïîäðàçäåëèòü íà îñíîâ-
íûå  (çàòðàòû ýíåðãèè, âûðàæåííûå ðàñõîäîì 
òîïëèâà íà ðàáî÷åì ðåæèìå äâèãàòåëÿ) è äî-
ïîëíèòåëüíûå (çàòðàòû ýíåðãèè, âûðàæåííûå 
ðàñõîäîì òîïëèâà íà îñòàíîâêàõ ñ ðàáîòàþ-
ùèì äâèãàòåëåì, ïîâîðîòàõ è ïåðååçäàõ).
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