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Ðàçðàáîòàí ìåòîä äëÿ ïðåîáðàçîâàíèÿ äèñêðåòíîé ïîñëåäîâàòåëüíîñòè ýêñòðåìóìîâ â íå-

ïðåðûâíûé ïðîöåññ. Äàííàÿ çàäà÷à ÿâëÿåòñÿ àêòóàëüíîé, ïîñêîëüêó ÷àñòî âîçíèêàåò ïðîá-

ëåìà ïðèáëèçèòåëüíîé îöåíêè ñïåêòðàëüíîé ïëîòíîñòè äëÿ ïðîöåññîâ èñïûòàíèé ïðè ñëó-

÷àéíîì (íåðåãóëÿðíîì) íàãðóæåíèè. Íåêîòîðûå èç òàêèõ ïðîöåññîâ ñòàíäàðòèçèðîâàíû è

÷àñòî ïðèìåíÿþòñÿ ïðè èñïûòàíèÿõ ìàòåðèàëîâ è êîíñòðóêöèé. Ñîîòâåòñòâåííî, èìååòñÿ

îáøèðíûé îáúåì ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûìè æåëàòåëüíî âîñïîëüçîâàòüñÿ ïðè

îòðàáîòêå è àïðîáàöèè ðàñ÷åòíûõ ìåòîäîâ îöåíêè äîëãîâå÷íîñòè â ìíîãîöèêëîâîé îáëàñ-

òè. Ïîñòóëèðóÿ ôàêò íåïðåðûâíîñòè ñëó÷àéíîãî ïðîöåññà è åãî ïåðâîé ïðîèçâîäíîé, ÷òî

ÿâëÿåòñÿ ôèçè÷åñêè îáîñíîâàííûì äëÿ ïðîöåññà íàãðóæåíèÿ, èìåþùèåñÿ èñõîäíûå òî÷êè

(à èìåííî, ýêñòðåìóìû ñëó÷àéíîãî ïðîöåññà) ïðåäëàãàåòñÿ êóñî÷íî ñîåäèíèòü ïîëóêîñèíó-

ñèäàìè ñ îáåñïå÷åíèåì óñëîâèÿ ñîâìåñòíîñòè â òî÷êàõ ýêñòðåìóìîâ. Îòëè÷èòåëüíîé îñî-

áåííîñòüþ ìåòîäà ÿâëÿåòñÿ îáåñïå÷åíèå 100 %-ãî ñîâïàäåíèÿ âåëè÷èí è ïîñëåäîâàòåëüíî-

ñòåé ýêñòðåìóìîâ ó èñõîäíîãî äèñêðåòíîãî è ñìîäåëèðîâàííîãî íåïðåðûâíîãî ïðîöåññîâ.

Âîïðîñ âûáîðà âåëè÷èíû ïîëóïåðèîäîâ äëÿ äàííûõ ïîëóêîñèíóñîèä ïðåäëàãàåòñÿ ðåøèòü

íà îñíîâàíèè èíôîðìàöèè, ïîëó÷åííîé èç àíàëèçà ðåàëüíûõ çàïèñåé íàïðÿæåíèé, â âèäå

ðåãðåññèîííîãî óðàâíåíèÿ, ñâÿçûâàþùåãî ïîëóïåðèîäû è ïîëóðàçìàõè äëÿ íåêîòîðûõ ðå-

àëèçàöèé ñëó÷àéíîãî ïðîöåññà äëÿ òðàíñïîðòíûõ ìàøèí. Â êà÷åñòâå ïðèìåðà ïîêàçàíû

ðåãðåññèîííûå çàâèñèìîñòè ïîëóïåðèîäîâ è ïîëóðàçìàõîâ íàïðÿæåíèé èçãèáà (äåòàëü æå-

ëåçíîäîðîæíîãî ñîñòàâà) è êðó÷åíèÿ (òîðñèîííûé âàë ãóñåíè÷íîé ìàøèíû). Àíàëèç êîððå-

ëÿöèè äâóõ ñëó÷àéíûõ ïåðåìåííûõ ïîëóïåðèîäîâ è ïîëóðàçìàõîâ ïî ýìïèðè÷åñêèì äàí-

íûì ïîêàçàë, ÷òî êîððåëÿöèÿ ñóùåñòâóåò è ÿâëÿåòñÿ çíà÷èìîé äëÿ íàáëþäàåìîãî ÷èñëà òî-

÷åê. Ýòî ïîñëóæèëî îñíîâàíèåì äëÿ èñïîëüçîâàíèÿ ðåãðåññèîííîé ôîðìóëû äëÿ îðèåíòè-

ðîâî÷íîãî âûáîðà ÷àñòîòíîãî ñîñòàâà ïðîöåññà. Äîïîëíèòåëüíî íàêëàäûâàþòñÿ îãðàíè÷å-

íèÿ ñíèçó íà ÷èñëî òî÷åê (íå ìåíåå 5) â ïîëóïåðèîäå. Ïîñêîëüêó ýêñòðåìóìû èñõîäíîãî è

ñìîäåëèðîâàííîãî ïðîöåññîâ ñîâïàäàþò â ñîîòâåòñòâèè ñ ïðèíöèïîì ïðåäëîæåííîãî ìîäå-

ëèðîâàíèÿ, ðàñïðåäåëåíèå àìïëèòóä ïîëíûõ öèêëîâ, à òàêæå ðåçóëüòàòû ñõåìàòèçàöèè ïî

äðóãèì èçâåñòíûì ìåòîäàì ó íèõ èäåíòè÷íû, à ñëåäîâàòåëüíî, èäåíòè÷íû è îöåíêè äîëãî-

âå÷íîñòè ïî ãèïîòåçàì íà îñíîâå ëèíåéíîé. Àïðîáàöèåé ìåòîäà ñëóæèò ðàññìîòðåíèå öå-

ïî÷êè: èñõîäíûé íåïðåðûâíûé ïðîöåññ — äèñêðåòíûé ïðîöåññ ýêñòðåìóìîâ — ñìîäåëèðî-

âàííûé íåïðåðûâíûé ïî ïðåäëàãàåìîìó ìåòîäó. Âñïîìîãàòåëüíûå ðàñïðåäåëåíèÿ, òàêèå

êàê ðàñïðåäåëåíèÿ ìàêñèìóìîâ, ìèíèìóìîâ è ñðåäíèõ çíà÷åíèé òàêæå ñîâïàäàþò â ñîîò-

âåòñòâèè ñ ïðèíöèïîì ìîäåëèðîâàíèÿ. Ìåòîä ìîæíî èñïîëüçîâàòü ïðè àíàëèçå äâóõ êîí-

êóðèðóþùèõ ïîäõîäîâ ê îöåíêå íàãðóæåííîñòè â çàäà÷àõ îöåíêè äîëãîâå÷íîñòè, ïðèìåíÿ-

þùèõ ìåòîäû ñõåìàòèçàöèè è ìåòîäû, îñíîâàííûå íà ñïåêòðàëüíîé ïëîòíîñòè ïðîöåññîâ.

Ïîñêîëüêó ñïåêòðàëüíûå ïëîòíîñòè ó ïðîöåññîâ ìîãóò áûòü ðàçëè÷íû èç-çà ïðèáëèæåííî-

ãî âûáîðà ÷àñòîò íà îñíîâå ðåãðåññèîííîé ôîðìóëû, ìåòîäû, èõ èñïîëüçóþùèå, ìîãóò äà-

âàòü îöåíêè äîëãîâå÷íîñòè, îòëè÷íûå îò ïîëó÷åííûõ ïî ìåòîäàì ñõåìàòèçàöèè. Äëÿ èñ-

ñëåäîâàíèÿ äàííîãî ÿâëåíèÿ òðåáóåòñÿ äàëüíåéøèé âû÷èñëèòåëüíûé ýêñïåðèìåíò. Ïðè

ïëàíèðîâàíèè ýêñïåðèìåíòà äàííûé ìåòîä ìîæåò îêàçàòüñÿ âåñüìà ïîëåçíûì.
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A method has been developed for converting a discrete sequence of extrema into a continuous process. The

relevancy of the problem is attributed to the necessity of an approximate estimation of spectral density in

in testing materials and structures under random (irregular) loading. A great bulk of available experimen-

tal data thus can be used in development and validation of calculation methods for assessing durability in

the multi-cycle region. Postulating the continuity of random stress processes and their first derivative we

propose to connect piecewise the available starting points (namely, the extrema of the random process)

with half-cosine functions under the condition of compatibility at the points of extrema. A distinctive fea-

ture of the method is the provision of 100% coincidence of the values and sequences of extrema in the ini-

tial discrete and simulated continuous processes. The issue of choosing the magnitude of half-periods for

these half-cosine functions is addressed on the basis of information obtained from the analysis of real

stress records in the form of a regression equation linking half-periods and half-ranges for some realiza-

tions of the random process for transport vehicles. The regression dependences of the half-periods and

semi-ranges of bending stresses (part of a railway train) and torsion (torsion shaft of a tracked vehicle) are

shown as an example. An analysis of the correlation of two random variables (half-periods and

half-ranges) according to empirical data has shown that the correlation exists and is significant for the ob-

served number of points thus providing the basis for using the regression formula for an approximate

choice of the frequency composition of the process. Moreover, the lower restrictions are imposed on the

number of points (at least 5) in the half-period. Since the extrema of the initial and simulated processes co-

incide in accordance with the principle of the proposed simulation, the distribution of the amplitudes of

complete cycles, as well as the results of schematization by other known methods are identical, therefore,

the estimate of the durability by hypotheses based on a linear one is also identical. The validation of the

method consists in consideration of the chain: 1) the initial continuous process; 2) the discrete process of

extrema; 3) simulated continuous process according to the proposed method. Auxiliary distributions, such

as distributions of maximum, minimum and average cycle values also coincide in accordance with the

principle of modeling. The method is proposed to be used in analysis of the comparability of two competing

approaches in assessing the loading in the problems of assessing durability, namely: those that use cy-

cle-counting methods and methods based on the spectral density of processes. Since the spectral densities

of the processes can differ due to an approximate choice of the frequencies on the basis of a regression for-

mula, methods on their base can give estimates of the durability that differ from those obtained by sche-

matization methods. To study this phenomenon, further computational experiments are required. The de-

veloped method can be very useful for the experiment design.

Keywords: random process of loading; material fatigue; spectral density; extrapolation; rain-flow cycle

counting.

Ââåäåíèå

Èçâåñòíî áîëüøîå êîëè÷åñòâî ñòàíäàðòíûõ

ïîñëåäîâàòåëüíîñòåé ýêñòðåìóìîâ ñëó÷àéíîãî

ïðîöåññà, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû ïðè

èñïûòàíèÿõ îáðàçöîâ ìàòåðèàëà â îáëàñòè ìíî-

ãîöèêëîâîé óñòàëîñòè. Íåêîòîðûå èç íèõ (SAE

[1], TWIST [2] è äð.) ïðåäíàçíà÷åíû äëÿ èñïûòà-

íèé ïðè ñëó÷àéíîì íàãðóæåíèè äåòàëåé äëÿ íå-

êîòîðûõ êîíêðåòíûõ îòðàñëåé ïðîìûøëåííîñòè.

Ðàçðàáîòàí è èñïîëüçóåòñÿ òàêæå ìåòîä äëÿ ìî-

äåëèðîâàíèÿ òðåõ àëüòåðíàòèâíûõ òèïîâ ñëó÷àé-

íûõ ïîñëåäîâàòåëüíîñòåé ïèêîâ íàãðóçîê äëÿ

ïðîâåäåíèÿ ôóíäàìåíòàëüíûõ èññëåäîâàíèé [3].

Ïåðâîíà÷àëüíûì ýòàïîì îáðàáîòêè ÿâëÿåòñÿ

òàêîå ïðåîáðàçîâàíèå, ïðè êîòîðîì òîëüêî ðÿä

çíà÷åíèé ïèêîâ è âïàäèí îñòàþòñÿ äîñòóïíûìè

â èõ ïåðâîíà÷àëüíîì õðîíîëîãè÷åñêîì ïîðÿäêå

(ñæàòèå äàííûõ). Ïðè ýòîì âñå ïðîìåæóòî÷íûå

íåçíà÷èòåëüíûå èçìåíåíèÿ íàïðÿæåíèé, ìåíü-

øèå, ÷åì ïðåäïèñàííûé ïîðîã ôèëüòðà äèàïàçî-

íà, óäàëÿþòñÿ. Îêîí÷àòåëüíûé ðåçóëüòàò ïðåä-

ñòàâëÿåò ñîáîé ñåðèþ ïèêîâ è âïàäèí (ýêñòðåìó-

ìû — «ïèëà»).

Ñîçäàòåëè ñòàíäàðòîâ [1 – 3] ñîâåðøåííî

ïðàâèëüíî îñòàâèëè â ñâîèõ óêàçàíèÿõ ëèøü

ïèêè íàãðóçîê, íå îáðàòèâ îñîáîãî âíèìàíèÿ íà

÷àñòîòû è ôîðìû öèêëîâ. Äåéñòâèòåëüíî, èìåí-

íî îíè, èõ âåëè÷èíà, à èíîãäà è èõ ïîñëåäîâà-

òåëüíîñòü [4] îòâåòñòâåííû çà ïðîõîæäåíèå ïðî-

öåññà óñòàëîñòíîãî ïîâðåæäåíèÿ ìàòåðèàëîâ.

Åñëè ñâÿçàòü âåëè÷èíó ïîâðåæäåíèÿ îò óñòà-

ëîñòè ñ òàê íàçûâàåìûì áëîêîì íàãðóæåíèÿ

(íàïðèìåð, îäèí êèëîìåòð ïðîáåãà, îäèí ÷àñ ðà-

áîòû) [5], òî ÷àñòîòà íàãðóæåíèÿ íå áóäåò îêàçû-
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âàòü ñóùåñòâåííîãî âëèÿíèÿ. Ïðè ïðåäîñòàâëå-

íèè ðåôåðåíòíûõ äàííûõ î êðèâîé óñòàëîñòè íå

âñåãäà óêàçûâàþò ÷àñòîòû, ïðè êîòîðûõ ïðî-

âîäèëèñü èñïûòàíèÿ. Âëèÿíèå ÷àñòîòû íà óñòà-

ëîñòü íà÷èíàåò ñêàçûâàòüñÿ òîëüêî ïðè ïðèáëè-

æåíèè ê óëüòðàçâóêîâûì ÷àñòîòàì [6], íî äàæå

ïðè ãèãàöèêëîâûõ ÷àñòîòàõ èñïûòàíèé (f >

> 15 000 Ãö) âî ìíîãèõ ñëó÷àÿõ áûëè ïîëó÷åíû

äàííûå, âïîëíå ñîïîñòàâèìûå ñ ðåçóëüòàòàìè èñ-

ïûòàíèé ïðè ÷àñòîòàõ 20 – 100 Ãö.

Ñ äðóãîé ñòîðîíû, îïóáëèêîâàíî íåìàëî ðà-

áîò, â êîòîðûõ îïèñàíû ïîïûòêè îöåíêè óñòà-

ëîñòè ïî ñïåêòðàëüíîé ïëîòíîñòè ïðîöåññà [7 –

9]. Â ðàáîòå [10] ñîïîñòàâëåíû ðåçóëüòàòû îöåí-

êè äîëãîâå÷íîñòè ïî äâóì ïîäõîäàì íà ïðèìåðå

ñïåêòðîâ âåòðîâûõ íàãðóçîê, ïðè ýòîì àêöåíò

ñäåëàí íà àñèììåòðèè íàãðóæåíèÿ. Îñíîâíîé öå-

ëüþ [10] ÿâèëîñü ñðàâíåíèå ðåçóëüòàòîâ, ïîëó-

÷åííûõ äëÿ ðÿäà ñïåêòðîâ âåòðîâîé íàãðóçêè,

âû÷èñëåííûõ ñ èñïîëüçîâàíèåì ìåòîäà äîæäÿ è

ñïåêòðàëüíîãî ìåòîäà.

Äëÿ ñîïîñòàâëåíèÿ ðàñ÷åòíûõ ìåòîäîâ îöåí-

êè ñïåêòðîâ ñëó÷àéíûõ ïðîöåññîâ ïî ñïåêòðàëü-

íûì ïëîòíîñòÿì è ïî ìåòîäàì ñõåìàòèçàöèè (ìå-

òîä äîæäÿ) ïîòðåáóåòñÿ ðåøèòü çàäà÷ó, îáðàòíóþ

çàäà÷å âûäåëåíèÿ ýêñòðåìóìîâ [11], ò.å. ñìîäå-

ëèðîâàòü íåïðåðûâíûé ñëó÷àéíûé ïðîöåññ íà

îñíîâå èíôîðìàöèè î ñëó÷àéíîé ïîñëåäîâàòåëü-

íîñòè ïèêîâ íàïðÿæåíèé. Ðåøåíèå äàííîé çàäà-

÷è ïîçâîëèò ïðîâåñòè ñîïîñòàâëåíèå ðàñ÷åòíûõ è

ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ, òàê êàê ìíîãèå

äàííûå äëÿ èñïûòàíèé ïðåäñòàâëåíû ïîñëåäîâà-

òåëüíîñòüþ ýêñòðåìóìîâ. Ïðåäëàãàåìûé ìåòîä

ìîäåëèðîâàíèÿ òàêæå ïîìîæåò ïðîäåìîíñòðèðî-

âàòü íåêîòîðûå ïðîòèâîðå÷èÿ, ñîäåðæàùèåñÿ â

ñïåêòðàëüíîì ïîäõîäå.

Ìåòîä

Íà ðèñ. 1 ñõåìàòè÷íî ïîêàçàíû äâå ôîðìû

ïðåäñòàâëåíèÿ ïðîöåññà èçìåíåíèÿ íàïðÿæåíèé

êðó÷åíèÿ â òîðñèîííîì âàëó òðàíñïîðòíîé ìà-

øèíû [12]. Ïåðåõîä îò èñõîäíîãî íåïðåðûâíîãî

ïðîöåññà (ðèñ. 1, à) ê ïîñëåäîâàòåëüíîñòè òèïà

«ïèëà» (ðèñ. 1, á) ðåêîìåíäîâàí áîëüøèíñòâîì

èññëåäîâàòåëåé [5] è â áîëüøèíñòâå ñòàíäàðòîâ

ïî óñòàëîñòè. Çàìåíà íåïðåðûâíîãî ïðîöåññà ïî-

ñëåäîâàòåëüíîñòüþ ïèêîâ — íåîáõîäèìûé íà-

÷àëüíûé ýòàï ïðîâåäåíèÿ ñõåìàòèçàöèè [13]. Íî

÷òî ìû ìîæåì ñêàçàòü î ñïåêòðàëüíîé ïëîòíîñòè

«ïèëû»? Ðîâíûì ñ÷åòîì íè÷åãî: ôàêòîð âðåìåíè

îòñóòñòâóåò, ïðîöåññ íå äèôôåðåíöèðóåìûé, òàê

êàê èìåþòñÿ ñèíãóëÿðíîñòè. Äëÿ ïðèìåíåíèÿ

ñïåêòðàëüíûõ ìåòîäîâ ê ïîñëåäîâàòåëüíîñòÿì

òèïà «ïèëû» íàìè ðàçðàáîòàí ìåòîä ìîäåëèðîâà-

íèÿ íåïðåðûâíîãî ïðîöåññà x(t) ïóòåì àïïðîêñè-

ìàöèè ïèêîâ ïðîöåññà ïîëóâîëíàìè. Óðàâíåíèÿ

ïîëóâîëí ïðåäëîæåíî îïèñûâàòü ïîëóêîñèíóñîè-

äàìè:

x(t) = A cos (ùt + ö), (1)

ãäå x(t) — ðåçóëüòèðóþùèé ýêñòðàïîëèðóþùèé

íåïðåðûâíûé ïðîöåññ, îïðåäåëåííûé íà ó÷àñòêå

t = 0 ... ð/ù, òàê êàê ïåðèîä êîñèíóñîèäû T =

= 2ð/ù (ñ).

Äëÿ êàæäîé ïîëóâîëíû, íà÷èíàþùåéñÿ îò

î÷åðåäíîãî ýêñòðåìóìà, ïàðàìåòðû A, ù è ö óíè-

êàëüíû. Àìïëèòóäà íàïðÿæåíèé A (ÌÏà) îïðå-

äåëÿåòñÿ êàê ìîäóëü ïîëóðàçíîñòè ñëåäóþùèõ

äðóã çà äðóãîì ýêñòðåìóìîâ (ïîëóðàçìàõ) è íàõî-

äèòñÿ ïî òåêóùèì çíà÷åíèÿì ïîñëåäîâàòåëü-

íîñòè ëîêàëüíûõ ýêñòðåìóìîâ e[i], i = 1, 2, ..., N,

â êîòîðîé ÷åðåäóþòñÿ ìàêñèìóìû è ìèíèìóìû:

A = |(e[i] – e[i – 1])|/2. (2)
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Ðèñ. 1. Ôîðìû ïðåäñòàâëåíèÿ ñëó÷àéíîãî ïðîöåññà íàãðóæåíèÿ: à — íåïðåðûâíûé ïðîöåññ; á — ïîñëåäîâàòåëüíîñòü ýê-

ñòðåìóìîâ — «ïèëà» (ïîêàçàí áîëåå äëèííûé îòðåçîê ðåàëèçàöèè)

Fig. 1. Two forms of representing a random loading process: a — a continuous process; b — a sequence of extrema — “saw”

(a longer segment of implementation is shown)



Ïîëóâîëíû äàëåå ñîåäèíÿþòñÿ, ïðè ýòîì â

òî÷êàõ ñîåäèíåíèÿ ïîëóâîëí t0 îáåñïå÷åíî ðàâåí-

ñòâî ôóíêöèè è åå ïðîèçâîäíîé:

x–(t0) = x+(t0), (3)

· ( ) · ( ).x t x t	 

�

0 0
(4)

Â âûðàæåíèÿõ (3) è (4) èíäåêñû «–» è «+» îç-

íà÷àþò, ÷òî ñîâìåùàåìûå òî÷êè îòíîñÿòñÿ ê ðàç-

íûì ïîëóâîëíàì (ñëåâà è ñïðàâà îò òî÷êè ýêñòðå-

ìóìà), îïðåäåëÿåìûì ïî ñîîòíîøåíèþ (1). Óñëî-

âèå (3) îáåñïå÷èâàåòñÿ çà ñ÷åò âûïîëíåíèÿ óñëî-

âèÿ (2). Óñëîâèå (4) î ðàâåíñòâå ïðîèçâîäíûõ âû-

ïîëíÿåòñÿ áëàãîäàðÿ ïðèíöèïó ìîäåëèðîâàíèÿ,

ñîãëàñíî êîòîðîìó â òî÷êàõ ýêñòðåìóìîâ, ñîîò-

âåòñòâóþùèõ t = 0, àðãóìåíò êîñèíóñà ðàâåí ð/2,

ñëåäîâàòåëüíî, ïðîèçâîäíàÿ âî âñåõ òî÷êàõ

ñîâìåùåíèÿ — íîëü.

Äëÿ âûáîðà öèêëè÷åñêîé ÷àñòîòû ù â öåëÿõ

äàëüíåéøåãî ìîäåëèðîâàíèÿ íåïðåðûâíîãî ïðî-

öåññà íà îñíîâàíèè îïûòíûõ äàííûõ áûë ïðîâå-

äåí àíàëèç êîððåëÿöèè ñëó÷àéíûõ âåëè÷èí ïîëó-

ïåðèîäîâ pp è ðàçìàõîâ Raz. Íà ïðèìåðå íåêîòî-

ðûõ ñëó÷àåâ íàãðóæåíèÿ â äåòàëÿõ òðàíñïîðòíûõ

ñðåäñòâ áûëè ïîñòðîåíû ïîëÿ ðàññåèâàíèÿ îïûò-

íûõ äàííûõ ïî ïîëóïåðèîäó pp = T/2 è ðàçìàõó

Raz = 2A. Èíòóèòèâíî ïîíÿòíî, ÷òî áîëüøèé

ðàçìàõ ïîòðåáóåò áîëüøåãî âðåìåíè íà åãî îòðà-

áîòêó. Òåíäåíöèÿ ê óâåëè÷åíèþ ïîëóïåðèîäà ñ

ðîñòîì ðàçìàõà òàêæå ñëåäóåò èç óñëîâèÿ ïîñòî-

ÿíñòâà ñêîðîñòè èçìåíåíèÿ ïðîöåññà ·( )x t � const.

Èíæåíåðû, êîòîðûå ïðîãðàììèðóþò óïðàâëÿþ-

ùèå óñòðîéñòâà äëÿ ñåðâîãèäðàâëè÷åñêèõ ìà-

øèí, âïîëíå îñîçíàþò óïîìÿíóòóþ òåíäåíöèþ.

Îïûòíûå äàííûå åå ïîäòâåðæäàþò (ðèñ. 2).

Õîòÿ çàâèñèìîñòè, ïîêàçàííûå íà ðèñ. 2, õà-

ðàêòåðèçóþòñÿ ñóùåñòâåííûì ðàçáðîñîì (êîýô-

ôèöèåíòû êîððåëÿöèè ñ ðàâíû 0,712 è 0,836 ñî-

îòâåòñòâåííî), äëÿ ïîñëåäóþùåãî ìîäåëèðîâàíèÿ

áûë ïðîâåäåí ëèíåéíûé ðåãðåññèîííûé àíàëèç.

Ôàêòîðîì (íåçàâèñèìàÿ ïåðåìåííàÿ) ñëóæèò ïî-

ëóïåðèîä pp (ñ), à îòêëèêîì (ñëó÷àéíàÿ íîðìàëü-

íî ðàñïðåäåëåííàÿ âåëè÷èíà) — âåëè÷èíà ðàçìà-

õà Raz (ÌÏà). Ïîëó÷åííûå ðåãðåññèîííûå óðàâ-

íåíèÿ èñïîëüçîâàëè äëÿ ðåêîíñòðóèðîâàíèÿ

íåïðåðûâíûõ ïðîöåññîâ ïî «ïèëå». Óðàâíåíèÿ

ðåãðåññèè äëÿ ïðèìåðîâ, ïîêàçàííûõ íà ðèñ. 2,

âûãëÿäÿò ñëåäóþùèì îáðàçîì: Raz = –0,258 +

+ 15,601pp; Raz = –5,70 + 79,591pp.

Ïðè âûáîðå êðóãîâîé ÷àñòîòû ù ïðè ìîäåëè-

ðîâàíèè ïðîöåññà x(t) ïî óðàâíåíèþ (1) â êà÷åñò-

âå îòïðàâíîé òî÷êè èñïîëüçîâàëè âûðàæåíèÿ:

ù = ð/pp, (5)

Raz = b0 + b1pp, (6)

ãäå b0 è b1 — êîýôôèöèåíòû óðàâíåíèÿ ëèíåé-

íîé ðåãðåññèè, îïðåäåëÿåìûå ïî ìåòîäó íàèìåíü-

øèõ êâàäðàòîâ.

Ïîìèìî (5), ïðè îöåíêå ù íåîáõîäèìî ñîáëþ-

äàòü òàêæå ñëåäóþùèå óñëîâèÿ (ëèíåéíîå ïðî-

ãðàììèðîâàíèå):

1) ïîñêîëüêó ïðîöåññ â äàëüíåéøåì ïðåäïî-

ëàãàåòñÿ èñïîëüçîâàòü äëÿ âû÷èñëåíèÿ ñïåê-

òðàëüíîé ïëîòíîñòè, äëÿ îöåíêè êîòîðîé ñóùåñò-

âåííà ÷àñòîòà äèñêðåòèçàöèè, â ïîëóïåðèîäå pp

äîëæíî «ðàçìåñòèòüñÿ» öåëîå ÷èñëî îòñ÷åòîâ n >

> 4, ò.å. pp = nÄt;

2) ÷èñëà îòñ÷åòîâ íà êàæäûé ïîëóïåðèîä ni

(i = 1, 2, ..., NE), ãäå NE = Óni — ÷èñëî ýêñòðåìó-

ìîâ èñõîäíîé «ïèëû», äîëæíû îáåñïå÷èòü âû-

ïîëíåíèå óñëîâèÿ

NE = Tðåàë/Ät, (7)

ãäå Tðåàë — òðåáóåìàÿ äëèíà ðåàëèçàöèè, ñ.

3) ñóììà ni äîëæíà óäîâëåòâîðÿòü óñëîâèþ

NE = 2k, ãäå k � 9 — öåëîå ÷èñëî (ýòî òðåáîâà-

íèå ñâÿçàíî ñ óñëîâèåì, ñîãëàñíî êîòîðîìó ïðî-

ãðàììà Excel âû÷èñëÿåò ñïåêòðàëüíóþ ïëîòíîñòü
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Ðèñ. 2. Ïîëÿ ðàññåèâàíèÿ äëÿ ñëó÷àéíûõ âåëè÷èí ðàçìàõà è ïîëóïåðèîäà pp êîëåáàíèé, îöåíåííûõ ïî ñëó÷àéíûì ðåà-

ëèçàöèÿì: a — â äåòàëè æåëåçíîäîðîæíîãî ñîñòàâà (èçãèá); á — â òîðñèîííîì âàëó ãóñåíè÷íîé ìàøèíû (êðó÷åíèå) [12]

Fig. 2. The scattering fields for two random variables (range and half-period) estimated from random realizations: a — in a

part of the railway train — bending; b — in the torsion shaft of the tracked vehicle — torsion [12]



ñ èñïîëüçîâàíèåì áûñòðîãî ïðåîáðàçîâàíèÿ

Ôóðüå).

Çàäà÷à îïòèìèçàöèè ïî âûáîðó ni ñ ó÷åòîì

óñëîâèé 1 – 3 ðåøàåòñÿ ìåòîäîì ïåðåáîðà ñ ïîä-

ãîíêîé çíà÷åíèé. Â êà÷åñòâå èëëþñòðàöèè ýñêèç

ìîäåëèðóåìîãî ïî òî÷êàì ïðîöåññà ïîêàçàí íà

ðèñ. 3.

Â çàäà÷àõ àíàëèçà ïðî÷íîñòè àïïàðàòóðû,

ãäå ïðèñóòñòâóþò ìèíèàòþðíûå äåòàëè, íå ïî-

çâîëÿþùèå ïðîâåñòè ðåãèñòðàöèþ íàïðÿæåíèé

â ýêñïëóàòàöèè ñ ïîìîùüþ òåíçîäàò÷èêîâ, ïðè-

õîäèòñÿ ïðèáåãàòü ê àíàëèçó ðàñïðåäåëåíèé íà-

ïðÿæåíèé â äåòàëÿõ ïðè âèáðàöèÿõ ïîñðåäñòâîì

àíàëèçà ñïåêòðàëüíûõ ïëîòíîñòåé. Ïðåäñòàâëÿåò

èíòåðåñ ñîïîñòàâëåíèå äàííûõ, ïîëó÷åííûõ ñ

ïðèìåíåíèåì ñõåìàòèçàöèè ïî ìåòîäó äîæäÿ, è

ðåçóëüòàòîâ, ïîëó÷åííûõ íà îñíîâå àíàëèçà

ñïåêòðàëüíûõ ïëîòíîñòåé. Â öåëÿõ òàêîãî ñîïî-

ñòàâëåíèÿ áûëà âûáðàíà äåòàëü òðàíñïîðòíîé

ìàøèíû, òåíçîìåòèðîâàíèå êîòîðîé áûëî ïîä-

ðîáíî îñóùåñòâëåíî â òèïè÷íûõ óñëîâèÿõ ýêñ-

ïëóàòàöèè.

Äëÿ ïðîâåðêè âîçìîæíîñòè (è öåëåñîîáðàç-

íîñòè) ïðèìåíåíèÿ ñïåêòðàëüíûõ ìåòîäîâ äëÿ

îöåíêè íàãðóæåííîñòè äåòàëåé, äëÿ êîòîðûõ óæå

ïðîâåäåíî òåíçîìåòðèðîâàíèå (íà ñòàäèè, êîãäà

îïûòíûé îáðàçåö óæå ðàçðàáîòàí, èçãîòîâëåí è

ìîæíî ïðîâîäèòü òåíçîìåòðèðîâàíèå [14]) íà

îñíîâå ðåàëüíîé çàïèñè íàãðóæåíèé áûë ðåàëè-

çîâàí ñëåäóþùèé àëãîðèòì èññëåäîâàíèé.

1. Ðàññìîòðåí íåïðåðûâíûé äèñêðåòèçè-

ðîâàííûé ñëó÷àéíûé ïðîöåññ íàãðóæåíèÿ (ñì.

ðèñ. 1, à). ×àñòîòà äèñêðåòèçàöèè áûëà ïðèíÿòà

äîñòàòî÷íîé äëÿ íàäåæíîé ðåãèñòðàöèè ïèêîâ

íàãðóæåíèÿ [11].

2. Ïðîöåññ, àíàëîãè÷íûé ïîêàçàííîìó íà

ðèñ. 1, à, ïîäâåðãíóò ïðîöåäóðå âûäåëåíèÿ ýêñ-

òðåìóìîâ, ò.å. ïîëó÷åíà «ïèëà» (ðèñ. 4), ïðåä-

ñòàâëÿþùàÿ ïîñëåäîâàòåëüíîñòü ìàêñèìóìîâ è

ìèíèìóìîâ. Íà äàííîì ýòàïå èíôîðìàöèÿ î ÷àñ-

òîòíîì ñîñòàâå ïîëíîñòüþ ïîòåðÿíà.

3. Ñ ïîìîùüþ ðàçðàáîòàííîãî ìåòîäà «ïèëà»

ïðåîáðàçîâàíà â íåïðåðûâíûé ïðîöåññ. Çàâè-

ñèìîñòü Raz(pp) áûëà âûáðàíà òàêèì îáðàçîì,

÷òîáû íà ïîëóïåðèîä ïðèõîäèëîñü äîñòàòî÷íîå

÷èñëî k = 5 – 40 òî÷åê, â çàâèñèìîñòè îò âåëè÷è-

íû Raz. Íà÷àëüíàÿ ôàçà ö çàâèñèò îò òèïà ïîëó-

âîëíû. Åñëè ìîäåëèðóåòñÿ íèñõîäÿùèé ðàçìàõ,

òî ö = 0. Äëÿ âîñõîäÿùåé ïîëóâîëíû ö = ð/2.

Ýêñòðàïîëèðîâàííûé ïîëóêîñèíóñîèäàìè ïðî-

öåññ ïîêàçàí íà ðèñ. 5. Äëÿ íåãî óæå âîçìîæíî

îöåíèòü ñïåêòðàëüíóþ ïëîòíîñòü, òàê êàê îí

ïðåäñòàâëÿåò äèñêðåòèçàöèþ íåïðåðûâíîé

ôóíêöèè.
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Ðèñ. 3. Èëëþñòðàöèÿ ìîäåëèðîâàíèÿ íåïðåðûâíîãî ïðî-

öåññà ïî òî÷êàì

Fig. 3. Simulation of a continuous process by points
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Ðèñ. 4. Ïîñëåäîâàòåëüíîñòü ýêñòðåìóìîâ («ïèëà»)

Fig. 4. Sequence of extrema (“saw”)
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Ðèñ. 5. Íåïðåðûâíûé ïðîöåññ, âîññòàíîâëåííûé ïî ïî-

ñëåäîâàòåëüíîñòè ýêñòðåìóìîâ (ñì. ðèñ. 4)

Fig. 5. A continuous process recovered by a sequence of

extrema (Fig. 4)



Ñïåêòðàëüíûå ïëîòíîñòè S(f) èñõîäíîãî ïðî-

öåññà äî äèñêðåòèçàöèè è íåïðåðûâíîãî ïðîöåñ-

ñà, ñìîäåëèðîâàííîãî ÷åðåç «ïèëó», ïðåäñòàâëå-

íû íà ðèñ. 6.

Âèäíî, ÷òî ñïåêòðàëüíûå ïëîòíîñòè èñõîäíî-

ãî è ñìîäåëèðîâàííîãî ñèãíàëîâ óäîâëåòâîðè-

òåëüíî ñîâïàäàþò.

Âûâîäû

Ðàçðàáîòàí ìåòîä, ïîçâîëÿþùèé «ðåäèñêðå-

òèçèòðîâàòü» ñëó÷àéíóþ ïîñëåäîâàòåëüíîñòü ýêñ-

òðåìóìîâ ñ öåëüþ ïîëó÷èòü íåïðåðûâíóþ äèô-

ôåðåíöèðóåìóþ ôóíêöèþ. Èñïîëüçîâàíû äàí-

íûå, ïîëó÷åííûå èç àíàëèçà ñëó÷àéíûõ ðåàëèçà-

öèé íàãðóçî÷íûõ ïðîöåññîâ òðàíñïîðòíûõ ìà-

øèí. Íà ïðèìåðå âîññòàíîâëåíèÿ ïðîöåññà

èçìåíåíèÿ íàïðÿæåíèé êðó÷åíèÿ ïîêàçàíà ñî-

ïîñòàâèìîñòü ðåçóëüòàòîâ ïî ñïåêòðàëüíûì

ïëîòíîñòÿì ïðîöåññà. Ìåòîä ïðåäïîëàãàåòñÿ èñ-

ïîëüçîâàòü, â ÷àñòíîñòè, äëÿ ðàáîòû ñî ñòàíäàðò-

íûìè ïîñëåäîâàòåëüíîñòÿìè ýêñòðåìóìîâ äëÿ

àíàëèçà ïðèìåíèìîñòè ñïåêòðàëüíûõ ìåòîäîâ.

Îí ìîæåò îêàçàòüñÿ âåñüìà ïîëåçíûì ïðè ïëàíè-

ðîâàíèè ýêñïåðèìåíòà äëÿ ëàáîðàòîðíûõ èñïû-

òàíèé.

Ðàñ÷åòû è ìîäåëèðîâàíèå âûïîëíåíû â ñðåäå

ïðîãðàììèðîâàíèÿ R [15].

Áëàãîäàðíîñòè

Àâòîðû âûðàæàþò ïðèçíàòåëüíîñòü êàíä.

òåõí. íàóê Ñêâîðöîâó Îëåãó Áîðèñîâè÷ó (ÈÌÀØ

ÐÀÍ) çà ïîìîùü â îöåíêå ñïåêòðàëüíîé ïëîòíî-

ñòè.
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