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MATHEMATICAL MODEL OF THE CABIN 
SUSPENSION SYSTEM FOR GRAIN AND FORAGE 
HARVESTERS TAKING INTO ACCOUNT THE DYNAMIC 
PROPERTIES OF THE SUPPORTING SYSTEM

Ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ âèáðàöèîííîãî ñîñòîÿíèÿ ðàáî÷åãî ìåñòà îïåðàòîðà òðàíñïîðòíî-òåõíîëîãè-
÷åñêîé ìàøèíû ñ íåñóùåé ñèñòåìîé, èñïûòûâàþùåé â ïðîöåññå ýêñïëóàòàöèè êðóòèëüíûå è èçãèáíûå óïðóãèå 
äåôîðìàöèè. Íà îñíîâå ïðîâåäåííûõ ðàíåå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé îáîñíîâàíà àêòóàëüíîñòü ðàáî-
òû è ïîñòàâëåíà öåëü, çàêëþ÷àþùàÿñÿ â ðàçðàáîòêå ðàñ÷åòíîé ìîäåëè ïðîñòðàíñòâåííûõ êîëåáàíèé êàáèíû 
íà íåñóùåé ñèñòåìå â âèäå óïðóãèõ êîíñîëüíûõ áàëîê. Ïðåäñòàâëåíà îðèãèíàëüíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 
êîëåáàíèé êàáèíû íà óïðóãîì îñíîâàíèè, â êîòîðîé ó÷èòûâàþòñÿ íåëèíåéíûå óïðóãèå è äèññèïàòèâíûå ñâîé-
ñòâà êîíñòðóêöèè íåñóùåé ñèñòåìû. Ïðåäëîæåí âàðèàíò ðåàëèçàöèè ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäå-
ëè íà ïðèìåðå ñðåäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ Mathcad. Â êà÷åñòâå ïðèìåðà ðàñ÷åòà äèíàìè÷åñêèõ 
ñâîéñòâ íåñóùåé ñèñòåìû ïîêàçàí ñëó÷àé ñ èñïîëüçîâàíèåì ïðîãðàììíîãî êîìïëåêñà MSC Adams ñî âñòðî-
åííûì êîíå÷íî-ýëåìåíòíûì ðàñ÷åòíûì ìîäóëåì Flex. Ïîêàçàíî, ÷òî ó÷åò â ìîäåëè äèíàìè÷åñêèõ ñâîéñòâ 
íåñóùåé ñèñòåìû ïîçâîëÿåò ðàññ÷èòàòü âèáðîíàãðóæåííîñòü êàáèíû ñ áîëüøîé òî÷íîñòüþ è âîñïðîèçâåñòè 
ðåçîíàíñíûå ÿâëåíèÿ, îáóñëîâëåííûå ñîáñòâåííûìè ôîðìàìè êîëåáàíèé íåñóùåé ñèñòåìû è âîçìóùåíèÿìè 
îò òåõíîëîãè÷åñêèõ èñòî÷íèêîâ. Ïðèâåäåíû ðåçóëüòàòû âåðèôèöèêàöèè ðàñ÷åòíîé ìîäåëè íà îñíîâå àíàëè-
çà ñõîäèìîñòè çíà÷åíèé ïîëíîãî êîððåêòèðîâàííîãî âèáðîóñêîðåíèÿ â öåíòðå ìàññ êàáèíû çåðíîóáîðî÷íîãî 
êîìáàéíà, à òàêæå ñïåêòðîâ âèáðàöèè â ëèíåéíûõ íàïðàâëåíèÿõ, ïîëó÷åííûõ ýêñïåðèìåíòàëüíûì è ðàñ÷åòíûì 
ìåòîäàìè. Ïðåäëîæåíû íàïðàâëåíèÿ ïî ðàçðàáîòêå ìåð è òåõíè÷åñêèõ ðåøåíèé óëó÷øåíèÿ âèáðîíàãðóæåí-
íîñòè îïåðàòîðîâ òðàíñïîðòíî-òåõíîëîãè÷åñêèõ ìàøèí, èìåþùèõ íà áîðòó àêòèâíûå èñòî÷íèêè ñèëîâûõ âîç-
ìóùåíèé, à òàêæå íåñóùóþ ñèñòåìó, èñïûòûâàþùóþ â ïðîöåññå ýêñïëóàòàöèè óïðóãèå äåôîðìàöèè.
Êëþ÷åâûå ñëîâà: çåðíîóáîðî÷íûé êîìáàéí, êîðìîóáîðî÷íûé êîìáàéí, ïëàâíîñòü õîäà, ñòàáèëèçàöèÿ äâèæå-
íèÿ, âèáðîèçîëÿöèÿ, âèáðàöèîííûå íàãðóçêè, áåçîïàñíîñòü ðàáî÷åãî ìåñòà.
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The paper is devoted to the study of the vibrational state of the operator's workplace of a transport-technological 
machine with a supporting system that undergoes torsional and bending elastic deformations during operation. Based 
on the previously carried experimental studies, the relevance of the work was substantiated and the goal was set 
to develop a computational model of spatial vibrations of the cabin on a non-existent system in the form of elastic 
cantilever beams. An original mathematical model of cabin vibrations on an elastic foundation is presented. It takes 
into account the nonlinear elastic and dissipative properties of the supporting system structure. A variant of the im-
plementation of the developed mathematical model using the example of the mathematical modeling environment 
Mathcad is proposed. As an example of calculating the dynamic properties of a bearing system, a case of using the 
MSC Adams software package with an integrated finite element calculation module Flex is shown. It is presented 
that taking into account the dynamic properties of the carrier system in the model makes it possible to calculate the 
vibration load of the cabin with high accuracy and reproduce the resonance phenomena caused by the natural modes 
of vibration of the carrier system and disturbances from technological sources. The results of the verification of the 
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computational model based on the analysis of the convergence of the values of the full corrected vibration accelera-
tion in the center of mass of the grain harvester cabin, as well as the vibration spectra in linear directions obtained by 
experimental and computational methods, are presented. Directions for the development of measures and technical 
solutions for improving the vibration load of operators of transport and technological machines who have active 
sources of power disturbances on board, as well as a supporting system that experiences elastic deformations during 
operation are proposed.
Keywords: combine harvester, forage harvester, smoothness of movement, stabilization of movement, vibration 
isolation, vibration loading, workplace safety.
Cite as: Sirotin P.V., Lebedinskiy I.YU., Zhileykin M.M. Mathematical model of the cabin suspension system for 
grain and forage harvesters taking into account the dynamic properties of the supporting system. Traktory i sel’khoz-
mashiny. 2021. No 3, pp. 42–52 (in Russ.). DOI: 10.31992/0321-4443-2021-3-42-52.

 Ââåäåíèå
Íåïðåðûâíûé òåõíîëîãè÷åñêèé ïðîãðåññ 

ïðåäïîëàãàåò ñîçäàíèå íîâûõ îáðàçöîâ òåõ-
íèêè ñ óëó÷øåííûìè ýêñïëóàòàöèîííûìè 
ïàðàìåòðàìè, áîëüøåé ïðîèçâîäèòåëüíîñòè, 
÷òî îáÿçàòåëüíî èíòåíñèôèöèðóåò ðîñò äåé-
ñòâóþùèõ îò íèõ âèáðàöèîííûõ è àêóñòè÷å-
ñêèõ ïîëåé, ïðè÷åì, êàê ïðàâèëî, òåìïû ýòîãî 
ðîñòà îïåðåæàþò òåìïû ïî ñîçäàíèþ íîâûõ 
ìåòîäîâ è ñðåäñòâ âèáðîàêóñòè÷åñêîé çàùèòû 
[1]. Â ñîâðåìåííîì ìàøèíîñòðîåíèè âñå ÷àùå 
âîçíèêàþò ñëó÷àè, êîãäà ïðîèçâîäèòåëüíîñòü 
ìàøèí è ìåõàíèçìîâ êîíñòðóêòîðû îãðàíè-
÷èâàþò ïî ñîîáðàæåíèÿì âèáðîàêóñòè÷åñêîé 
áåçîïàñíîñòè. Ñîçäàíèå ýôôåêòèâíî ôóíêöè-
îíèðóþùèõ ñèñòåì ïîäðåññîðèâàíèÿ ÿâëÿåòñÿ 
âàæíîé íàó÷íî-òåõíè÷åñêîé çàäà÷åé, îáåñïå-
÷èâàþùåé íå òîëüêî óëó÷øåíèå óñëîâèé òðóäà 
âîäèòåëåé è îïåðàòîðîâ òðàíñïîðòíî-òåõíî-
ëîãè÷åñêèõ ìàøèí (ÒÒÌ), íî è ïîâûøåíèå 
èõ ïðîèçâîäèòåëüíîñòè êàê îñíîâíîãî ôóíêöè-
îíàëüíîãî ñâîéñòâà.

Ñðåäè ñàìîõîäíûõ ÒÒÌ çåðíîóáîðî÷íûå 
êîìáàéíû (ÇÓÊ) è êîðìîóáîðî÷íûå êîìáàé-
íû (ÊÓÊ) ïî óñëîâèÿì ýêñïëóàòàöèè, îñîáåí-
íîñòÿì êîìïîíîâêè è êîëåáàíèé ñëåäóåò âû-
äåëÿòü â îñîáûé êëàññ ìàøèí [1−5], êîòîðûå 
âîñïðèíèìàþò íå òîëüêî ñâîéñòâåííûå ñà-
ìîõîäíûì ìàøèíàì ñèëîâûå âîçìóùåíèÿ 
îò îïîðíîé ïîâåðõíîñòè, íî è øèðîêîïîëîñíûå 
ïîëèãàðìîíè÷åñêèå âîçìóùåíèÿ, ãåíåðèðóå-
ìûå ìíîæåñòâîì òåõíîëîãè÷åñêèõ èñòî÷íèêîâ. 
Â ïðîâåäåííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâà-
íèÿõ òàêæå îòìå÷åíî ïðîÿâëåíèå ðåçîíàíñíûõ 
ÿâëåíèé îáóñëîâëåííûõ óïðóãîñòüþ íåêîòî-
ðûõ ýëåìåíòîâ íåñóùåé ñèñòåìû [2−5]. 

Â ñîâðåìåííîì ïîíèìàíèè ðåøåíèå çàäà÷ 
óïðàâëåíèÿ âèáðàöèîííûì ñîñòîÿíèåì îáúåê-
òîâ ïðåäïîëàãàåò ïðîâåäåíèå ïðîöåäóð ïàðàìå-
òðè÷åñêîé îïòèìèçàöèè è îïòèìèçàöèîííîãî 

ñèíòåçà, îáÿçàòåëüíûì óñëîâèåì ðåàëèçàöèè 
êîòîðûõ ÿâëÿåòñÿ ïðèìåíåíèå ðàñ÷åòíûõ äè-
íàìè÷åñêèõ ìîäåëåé, â ñâÿçè ñ ÷åì ðàçðàáîò-
êà ìàòåìàòè÷åñêèõ è èìèòàöèîííûõ ìîäåëåé 
ïðîñòðàíñòâåííûõ êîëåáàíèé êàáèíû íà ñå-
ãîäíÿøíèé äåíü èìååò âàæíîå ïðàêòè÷åñêîå 
çíà÷åíèå äëÿ ñîâðåìåííîãî êîìáàéíîñòðîåíèÿ, 
à íàó÷íûå èññëåäîâàíèÿ â ýòîì íàïðàâëåíèè 
îñîáåííî àêòóàëüíû.

Íà îñíîâå ýêñïåðèìåíòàëüíûõ èññëåäî-
âàíèé óñòàíîâëåíû îñîáåííîñòè âèáðîíà-
ãðóæåííîñòè êàáèíû ÇÓÊ, çàêëþ÷àþùèåñÿ 
â ñóùåñòâåííîì îòëè÷èè ïîëíîãî çíà÷åíèÿ 
âèáðîóñêîðåíèé êàáèíû â ïåðåäíèõ è çàäíèõ 
ïðèñîåäèíèòåëüíûõ òî÷êàõ êàáèíû ê íåñó-
ùåé ñèñòåìå [2]. Âûäåëåííûå îñîáåííîñòè 
îáóñëîâëåíû óïðóãèìè äåôîðìàöèÿìè íå-
ñóùåé ñèñòåìû èçãèáíîé è êðóòèëüíîé ôîðì 
[5], îäíàêî â íàñòîÿùåå âðåìÿ ñóùåñòâóþùèå 
ïîäõîäû ê ïðîåêòèðîâàíèþ âèáðîçàùèòíûõ 
ñèñòåì ÒÒÌ [6−8] ïðåäïîëàãàþò ïðèìåíåíèå 
ðàñ÷åòíûõ ìîäåëåé ïðîñòðàíñòâåííûõ êîëå-
áàíèé êàáèíû íà àáñîëþòíî æåñòêèõ íåñóùèõ 
ñèñòåìàõ, ÷òî â îòíîøåíèè ÇÓÊ è ÊÓÊ íåïðè-
åìëåìî.

Öåëü èññëåäîâàíèé
Ðàçðàáîòêà ìàòåìàòè÷åñêîé ìîäåëè ñèñòå-

ìû ïîäðåññîðèâàíèÿ è ïðîñòðàíñòâåííûõ êî-
ëåáàíèé êàáèíû ÇÓÊ è ÊÓÊ ñ ó÷åòîì äèíàìè-
÷åñêèõ ñâîéñòâ íåñóùåé ñèñòåìû êàáèíû.

Ìàòåðèàëû è ìåòîäû
Ñèñòåìà ïîäðåññîðèâàíèÿ êàáèíû áîëü-

øèíñòâà ñóùåñòâóþùèõ ÒÒÌ ñîñòîèò èç ÷å-
òûðåõ âèáðîèçîëèðóþùèõ îïîð, ñîåäèíÿþùèõ 
êàáèíó ñ åå íåñóùåé ñèñòåìîé óïðóãî-âÿçêèìè 
ñâÿçÿìè; ïðè ýòîì ñàìà íåñóùàÿ ñèñòåìà ïðåä-
ñòàâëÿåòñÿ àáñîëþòíî æåñòêèì ýëåìåíòîì 
êîíñòðóêöèè ìàøèíû [6−9]. Äàííûå îáñòîÿ-
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òåëüñòâà ïîçâîëÿþò óñòàíîâèòü, ÷òî êèíåìà-
òè÷åñêèå âîçäåéñòâèÿ íà êàáèíó ðàñïðåäåëå-
íû ñèììåòðè÷íî ïî åå îïîðíûì òî÷êàì. Òîãäà 
ïðèíöèïèàëüíàÿ è ðàñ÷åòíûå ñõåìû ñèñòåìû 
ïîäðåññîðèâàíèÿ êàáèíû áóäóò èìåòü âèä, 
ïðåäñòàâëåííûé íà ðèñ. 1, ãäå Î

m 
X

m 
Y

m 
Z

m
 – 

íåïîäâèæíàÿ ñèñòåìà êîîðäèíàò, ñâÿçàííàÿ 
êîðïóñîì ìàøèíû; Î

c
 X

c
 Y

c
 Z

c
 – íåïîäâèæ-

íàÿ ñèñòåìà êîîðäèíàò, ñâÿçàííàÿ ñ öåíòðîì 
ìàññ êàáèíû ñ íà÷àëîì â öåíòðå ìàññ êàáèíû 
Î

c
; Î

c
’ X

c
’ Y

c
’ Z

c
’ – ïîäâèæíàÿ ñèñòåìà êîîðäè-

íàò, ñâÿçàííàÿ ñ öåíòðîì ìàññ êàáèíû ñ íà÷à-
ëîì â öåíòðå ìàññ êàáèíû Î

c
’, ïîñëå ïîâîðîòà; 

n – íîìåð âèáðîèçîëèðóþùåé îïîðû ïîäâåñêè 
êàáèíû, n = I, II, III, IV; j – êîëè÷åñòâî âèáðî-
èçîëèðóþùèõ îïîð ïîäâåñêè êàáèíû, j = 4; A

1
, 

A
2
, A

3
, A

4
 – òî÷êè êðåïëåíèÿ ê íåñóùåé ñèñòå-

ìå ñîîòâåòñòâåííî I, II, III, IV âèáðîèçîëèðó-
þùåé îïîðû ïîäâåñêè êàáèíû; A

5
, A

6
, A

7
, A

8
 – 

òî÷êè êðåïëåíèÿ ê êàáèíå ñîîòâåòñòâåííî I, 
II, III, IV âèáðîèçîëèðóþùåé îïîðû ïîäâåñêè 
êàáèíû; α

n
, 

n
, 

n
 – óãëû íàêëîíà n-é âèáðîè-

çîëèðóþùåé îïîðû îòíîñèòåëüíî îñåé X
c
, Y

c
, 

Z
c
 íåïîäâèæíîé ñèñòåìû êîîðäèíàò Î

c 
X

c
 Y

c
 

Z
c
; q

xn
, q

yn
, q

zn 
– êèíåìàòè÷åñêîå âõîäíîå âîç-

äåéñòâèå íà n-þ îïîðó êàáèíû â íåïîäâèæ-
íîé ñèñòåìå êîîðäèíàò Î

m 
X

m 
Y

m 
Z

m
; 

n
, 

n
, 

n
 

– óãëû ïîâîðîòà êàáèíû ñîîòâåòñòâåííî òàí-
ãàæà, êðåíà, êóðñà â ñèñòåìå êîîðäèíàò Î

c 
X

c 

Y
c
 Z

c
; 


 – âåêòîð ïåðåìåùåíèÿ öåíòðà ìàññ 
êàáèíû îòíîñèòåëüíî ïîëîæåíèÿ ñòàòè÷åñêî-

ãî ðàâíîâåñèÿ â ñèñòåìå êîîðäèíàò Î
c 
X

c 
Y

c
 Z

c 
; 

n


 – âåêòîð ïðîãèáà n-é âèáðîèçîëèðóþùåé 
îïîðû ïîäâåñêè êàáèíû â ñèñòåìå êîîðäèíàò 
Î

c
 X

c
 Y

c
 Z

c
.

Äëÿ ìàòåìàòè÷åñêîãî îïèñàíèÿ äèíàìè÷å-
ñêóþ ìîäåëü ïîäðåññîðåííîé êàáèíû ðàññìàòðè-
âàëè êàê òâåðäîå òåëî, ñâÿçàííîå ñ íåñóùåé ñè-
ñòåìîé ïîñðåäñòâîì j-âèáðîèçîëèðóþùèõ îïîð 
êàáèíû, èìåþùèõ õàðàêòåðèñòèêó óïðóãîñòè, 
äåìïôèðîâàíèÿ è ñóõîãî òðåíèÿ. Êàæäàÿ óïðó-
ãàÿ, äåìïôèðóþùàÿ ñèëà èëè ñèëà ñóõîãî òðåíèÿ 
ñõåìàòèçèðóåòñÿ â âèäå òðåõ îäíîîñíûõ êîìïî-
íåíò ñèëû. Ïîäðåññîðåííàÿ êàáèíà èäåàëèçèðó-
åòñÿ â âèäå àáñîëþòíî òâåðäîãî òåëà; îáëàäàåò 
øåñòüþ ñòåïåíÿìè ñâîáîäû. Åå ïîëîæåíèå â ïðî-
ñòðàíñòâå îïðåäåëÿåòñÿ øåñòüþ îáîáùåííûìè 
êîîðäèíàòàìè: òðåìÿ êîîðäèíàòàìè öåíòðà ìàññ 
êàáèíû è òðåìÿ óãëàìè ïîâîðîòà îñåé êîîðäè-
íàò, æåñòêî ñâÿçàííûõ ñ êàáèíîé, îòíîñèòåëüíî 
íåïîäâèæíûõ îñåé êîîðäèíàò X

c
 Y

c
 Z

c
. Â êà÷å-

ñòâå ïîäâèæíûõ îñåé êîîðäèíàò ïðèíèìàþòñÿ 
ãëàâíûå öåíòðàëüíûå îñè èíåðöèè êàáèíû X

c
’ 

Y
c
’ Z

c
’, â ïîëîæåíèè åå ñòàòè÷åñêîãî ðàâíîâåñèÿ 

ñîâïàäàþùèå ñ îñÿìè ñâÿçàííîé ñ öåíòðîì ìàññ 
êàáèíû ñèñòåìû êîîðäèíàò X

c
 Y

c
 Z

c
. Ïåðåìåùå-

íèå öåíòðà ìàññ êàáèíû îòíîñèòåëüíî ïîëîæå-
íèÿ ñòàòè÷åñêîãî ðàâíîâåñèÿ çàäàåòñÿ ïðîåêöè-
ÿìè âåêòîðà ïåðåìåùåíèÿ 


 íà ïîäâèæíûå îñè 

êîîðäèíàò X
c
’ Y

c
’ Z

c
’, à ïîâîðîò ïîäâèæíîé ñèñòå-

ìû êîîðäèíàò îòíîñèòåëüíî íåïîäâèæíîé çàäà-
åòñÿ óãëàìè Ýéëåðà – Êðûëîâà 

c
, 

c
, 

n
.

        

 à á â

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ñèñòåìû ïîäðåññîðèâàíèÿ êàáèíû ÇÓÊ (à) 
è åå ðàñ÷åòíûå ñõåìû (á – âèä ñáîêó; â – âèä ñâåðõó)

Fig. 1. Schematic diagram of the suspension system of the combine harvester (CH) cabin (a) 
and its calculation schemes (b – side view; c – top view)
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Mathematical model of the cabin suspension system for grain and forage harvesters taking 

into account the dynamic properties of the supporting system
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Äèíàìè÷åñêàÿ ìîäåëü êîëåáàíèé êàáèíû 
îïèñûâàåòñÿ óðàâíåíèÿìè Íüþòîíà – Ýéëåðà 
â äèôôåðåíöèàëüíîé ôîðìå, íàèáîëåå óäîá-
íûìè äëÿ ÷èñëåííîé ðåàëèçàöèè; ñèñòåìà 
ïîäðåññîðèâàíèÿ êàáèíû ïðåäñòàâëÿåò ñîáîé 
ñèñòåìó ñ îäíèì òâåðäûì òåëîì, èìåþùèì 
øåñòü ñòåïåíåé ñâîáîäû. Êîëåáàíèÿ êàáèíû 
ìîæíî ñ÷èòàòü ìàëûìè è ïîýòîìó, äëÿ èõ íà-

õîæäåíèÿ ñïðàâåäëèâî èñïîëüçîâàòü óðàâíå-
íèÿ Íüþòîíà (1.1–1.3). Êðîìå ìàëûõ ëèíåé-
íûõ ïåðåìåùåíèé êàáèíà ñîâåðøàåò óãëîâûå 
ïåðåìåùåíèÿ, îïèñûâàåìûå óðàâíåíèÿìè 
Ýéëåðà (1.4–1.6); äëÿ èõ ðåøåíèÿ íåîáõîäè-
ìî îïðåäåëèòü ñêîðîñòè èçìåíåíèÿ çíà÷åíèé 
óãëîâ 

c
, 

c
, 

n
, äëÿ ÷åãî ââåäåíû óðàâíåíèÿ 

(1.7–1.9):
2

2
1 1 1

2

2
1 1 1

2

2
1 1 1

1 1 1

; (1.1)

; (1.2)

; (1.3)

( ) ( ) ( ) ( ); (1.4)

j j j
c

c xn xn xn

j j j
c

c yn yn yn

j j j
c

c zn zn zn

j j jxc
x z y yc zc n zn yn n zn nzn yn ynn n n

yc
y

d x
M R T
dt

d y
M R T
dt

d z
M R T
dt
dJ J J Ty y yz R R z T zdt
dJ

   

   

   


                  



  

  

  

1 1 1

1 1 1

( ) ( ) ( ) ( ); (1.5)

( ) ( ) ( ) ( ); (1.6)

cos sin ; (1.7)

j j j
x z zc xc n xn n zn n nxn zn n nzn zn

j j jzc
z y x xc yc yn xn yn xnyn n xn n nn n n

xc zc

zc

J J T Tx xz R z R z zdt
d

J J J y y yx x xR R R Rdt
d
dt
d
dt

                  


                  


  




cos sin
; (1.8)

cos

( cos sin ), (1.9)

xc

yc zc xc
d

tg
dt






















   



 

     

ãäå M

c
 – ìàññà êàáèíû; x

c
, y

c
, z

c
 – ïåðåìåùåíèÿ öåíòðà ìàññ êàáèíû â íàïðàâëåíèÿõ îñåé ñîîòâåò-

ñòâåííî X
c
, Y

c
, Z

c
 ñèñòåìû êîîðäèíàò Î

c
 X

c
 Y

c
 Z

c
; 

xn
, 

yn
, 

zn
 – óïðóãàÿ õàðàêòåðèñòèêà óïðóãîãî 

ýëåìåíòà n-é âèáðîèçîëèðóþùåé îïîðû ïîäâåñêè êàáèíû â íàïðàâëåíèÿõ îñåé ñîîòâåòñòâåííî X
c
, 

Y
c
, Z

c
 ñèñòåìû êîîðäèíàò Î

c
 X

c
 Y

c
 Z

c
; R

xn
, R

yn
, R

zn
 – äåìïôèðóþùàÿ õàðàêòåðèñòèêà äåìïôèðóþùå-

ãî ýëåìåíòà n-é âèáðîèçîëèðóþùåé îïîðû ïîäâåñêè êàáèíû â íàïðàâëåíèÿõ îñåé ñîîòâåòñòâåííî 
X

c
, Y

c
, Z

c
 ñèñòåìû êîîðäèíàò Î

c
 X

c
 Y

c
 Z

c
; T

xn
, T

yn
, T

zn
 – õàðàêòåðèñòèêà «ñóõîãî» òðåíèÿ n-é âèáðî-

èçîëèðóþùåé îïîðû ïîäâåñêè êàáèíû â íàïðàâëåíèÿõ îñåé ñîîòâåòñòâåííî X
c
, Y

c
, Z

c
 ñèñòåìû 

êîîðäèíàò Î
c
 X

c
 Y

c
 Z

c
; x

n
, y

n
, z

n
 – êîîðäèíàòû òî÷êè êðåïëåíèÿ íåñóùåé ñèñòåìû ê n-é âèáðîèçî-

ëèðóþùåé îïîðå ïîäâåñêè êàáèíû â ñèñòåìå êîîðäèíàò Î
c
 X

c
 Y

c
 Z

c
; J

x
, J

y
, J

z
 – ìîìåíòû èíåðöèè 

êàáèíû êàê òâåðäîãî òåëà â ñèñòåìå êîîðäèíàò Î
c
 X

c
 Y

c
 Z

c
; 

xc
, 

yc
, 

zc
 – ïðîåêöèè âåêòîðà óãëîâîé 

ñêîðîñòè êîëåáàíèé êàáèíû íà îñè íåïîäâèæíîé ñèñòåìû êîîðäèíàò Î
c 
X

c
 Y

c
 Z

c
.

Êîëåáàíèÿ êàáèíû ñ÷èòàåì ìàëûìè, è, ñëå-
äîâàòåëüíî, äëÿ îïðåäåëåíèÿ n


 äîïóñòèìî 

èñïîëüçîâàíèå âûðàæåíèÿ:

 

( sin sin )cos ;

( sin sin )cos ;

( sin sin )cos ,

nx xn n n c n c n

ny yn n n c n c n

nz zn n n c n c c

q x y z

q y z x

q z x y

       
       

       







 

(2)

ãäå q
xn
, q

yn
, q

zn
 îïðåäåëÿþòñÿ ýêñïåðèìåíòàëü-

íî, ïóòåì èçìåðåíèÿ âèáðîñèãíàëà ïîä n-é 
âèáðîèçîëèðóþùåé îïîðîé ïîäâåñêè êàáèíû 
â ñèñòåìå êîîðäèíàò Î

c
 X

c
 Y

c
 Z

c
. 

Êèíåìàòè÷åñêîå âõîäíîå âîçäåéñòâèå íà n-þ 
âèáðîèçîëèðóþùóþ îïîðó êàáèíû ñîñòîèò 
èç ïðîåêöèé âåêòîðà nq


 íà îñè X

c
, Y

c
, Z

c
 ñèñòå-

ìû êîîðäèíàò Î
c
 X

c
 Y

c
 Z

c
. Â âåêòîðíîé ôîðìå: 

 ; ; n xn yn znq q q q


. Â äàííîì èññëåäîâàíèè nq


 èç-
ìåðÿëè â ðàáî÷åì ðåæèìå ñåðèéíîãî ÇÓÊ â âèäå 
âèáðîóñêîðåíèé ïîä n-é âèáðîèçîëèðóþùåé 
îïîðîé âî âðåìåííîé îáëàñòè. Äàëåå îáðàáàòû-
âàëè èçìåðåííûé ñèãíàë ïðè ïîìîùè äâîéíîãî 
èíòåãðèðîâàíèÿ ñ óäàëåíèåì òðåíäîâ íà êàæäîé 
èòåðàöèè ïóòåì èñêëþ÷åíèÿ ãàðìîíè÷åñêèõ ñî-
ñòàâëÿþùèõ ñèãíàëà íà ÷àñòîòàõ äî 1,5 Ãö.
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Åñëè 
xn

, 
yn

, 
zn

 ïðåäñòàâèòü â âåêòîðíîé 
ôîðìå, òî  ; ; n xn yn zn    


. Ñîîòâåòñòâåííî 

n


 ðàññ÷èòûâàåòñÿ ïî óðàâíåíèþ:

 
( ) ; ; ,n n xn xn yn yn zn znc c c     

 

 
 (3)

ãäå xnc , ync , znc  – êîýôôèöèåíòû æåñòêîñòè 
n-ãî óïðóãîãî ýëåìåíòà âèáðîèçîëèðóþùåé 
îïîðû ïîäâåñêè êàáèíû â ñèñòåìå êîîðäèíàò 
Î

c
X

c
Y

c
Z

c
, îïðåäåëÿåìûå ýêñïåðèìåíòàëüíûì 

ïóòåì íà ñïåöèàëèçèðîâàííîì îáîðóäîâàíèè 
[10].

Åñëè xnR , ynR , znR  ïðåäñòàâèòü â âåêòîðíîé 
ôîðìå, òî  ; ; n xn yn znR R R R


. Ñîîòâåòñòâåííî 

nR


 ðàññ÷èòûâàåòñÿ ïî óðàâíåíèþ:

 
( ) ; ; ,n n xn xn yn yn zn znR k k k    


   

 
(4)

ãäå  ; ; ; ; ynxn zn
n xn yn zn

dd d
dt dt dt

  
      

 


     –

âåêòîð ñêîðîñòè ïðîãèáà n-é âèáðîèçîëèðó-
þùåé îïîðû ïîäâåñêè êàáèíû â ñèñòåìå êî-
îðäèíàò Î

c
X

c
Y

c
Z

c
; k

xn
, k

yn
, k

zn
 – êîýôôèöèåíòû 

äåìïôèðîâàíèÿ n-ãî äåìïôèðóþùåãî ýëåìåíòà 
âèáðîèçîëèðóþùåé îïîðû ïîäâåñêè êàáèíû 
â íàïðàâëåíèÿõ îñåé ñîîòâåòñòâåííî X

c
, Y

c
, Z

c
 

ñèñòåìû êîîðäèíàò Î
c
X

c
Y

c
Z

c
, îïðåäåëÿåìûå 

ýêñïåðèìåíòàëüíûì ïóòåì íà ñïåöèàëèçèðî-
âàííîì îáîðóäîâàíèè [10].

Åñëè xnT , ynT , znT  ïðåäñòàâèòü â âåêòîðíîé 
ôîðìå, òî  ; ; n xn yn znT T T T


. Ñîîòâåòñòâåííî nT


 

ðàññ÷èòûâàåòñÿ ïî óðàâíåíèþ:

 
( ) ; ; ,n n xn xn yn yn zn znT b b b    


   

 
 (5)

ãäå xnb , ynb , znb  – êîýôôèöèåíòû äåìïôèðîâà-
íèÿ n-ãî ýëåìåíòà ñóõîãî òðåíèÿ âèáðîèçîëè-
ðóþùåé îïîðû ïîäâåñêè êàáèíû â íàïðàâëå-
íèÿõ îñåé ñîîòâåòñòâåííî X

c
, Y

c
, Z

c
 ñèñòåìû 

êîîðäèíàò Î
c
X

c
Y

c
Z

c
, îïðåäåëÿåìûå ýêñïåðè-

ìåíòàëüíûì ïóòåì íà ñïåöèàëèçèðîâàííîì 
îáîðóäîâàíèè [10].

Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü áûëà 
çàïðîãðàììèðîâàíà è ðåøåíà â ïðîãðàìì-
íîé ñðåäå Mathcad. Êðèòåðèåì àäåêâàòíîñòè 
ìîäåëè âûáðàíî çíà÷åíèå ïîëíîãî ñðåäíåêâà-
äðàòè÷åñêîãî (ÑÊÇ) âèáðîóñêîðåíèÿ íà êàáèíå 
( va ), íîðìèðóåìîå ÈÑÎ 2631-1:1997 è ðàññ÷è-
òûâàåìîå èç óðàâíåíèÿ:

 
2 2 2(1,4 ) (1,4 ) ,v xw yw zwa a a a    

 
(6)

ãäå wxa , wya , wza  – ñðåäíåêâàäðàòè÷íûå çíà÷å-
íèÿ âèáðîóñêîðåíèé â äèàïàçîíå íîðìèðóåìûõ 
÷àñòîò â íàïðàâëåíèÿõ îñåé X

c
, Y

c
, Z

c
 ñèñòåìû 

êîîðäèíàò Î
c
X

c
Y

c
Z

c
.

Çíà÷åíèÿ wxa , wya , wza  â ñîîòâåòñòâèè ñ ÈÑÎ 
2631-1:1997 îïðåäåëÿëèñü ïî óðàâíåíèþ:

 

2

2

2

( ) ;

( ) ;

( ) ,

xw xi ci

yw yi ci

zw zi ci

a i W x

a i W y

a i W z

  

  


 





  (7)

ãäå xiW , yiW , ziW  – âåñîâîé êîýôôèöèåíò 
äëÿ i-é îêòàâíîé ïîëîñû ÷àñòîò âèáðàöèè â íà-
ïðàâëåíèÿõ îñåé X

c
, Y

c
, Z

c
 ñèñòåìû êîîðäèíàò 

Î
c
X

c
Y

c
Z

c
; cix , ciy , ciz  – ìàêñèìàëüíîå çíà÷åíèå 

âèáðîóñêîðåíèÿ â i-é îêòàâíîé ïîëîñå ÷àñòîò 
âèáðàöèè â íàïðàâëåíèÿõ îñåé X

c
, Y

c
, Z

c
 ñèñòå-

ìû êîîðäèíàò Î
c
X

c
Y

c
Z

c
. 

Â ðåçóëüòàòå ìîäåëèðîâàíèÿ ïðîñòðàí-
ñòâåííûõ êîëåáàíèé êàáèíû ÇÓÊ ñ ñåðèéíîé 
ñèñòåìîé ïîäðåññîðèâàíèÿ ïîñòðîåíû ñïåêòðû 
âèáðîóñêîðåíèé (ðèñ. 2), à òàêæå îïðåäåëåíû 
çíà÷åíèÿ va  â öåíòðå ìàññ êàáèíû. Íà ñïåêòðàõ 
âèáðîóñêîðåíèé âèäíî, ÷òî ïîëó÷åííûå ðàñ-
÷åòíûì ïóòåì ñïåêòðû âèáðàöèè â öåíòðå ìàññ 
êàáèíû ïî îñè X

c
 ñèñòåìû êîîðäèíàò Î

c
X

c
Y

c
Z

c 

äîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåí-
òîì. Ñïåêòðû âèáðàöèè â íàïðàâëåíèÿõ Y

c
 è Z

c 

ìåíåå àäåêâàòíû ýêñïåðèìåíòó â îòäåëüíûõ 
óçêîïîëîñíûõ äèàïàçîíàõ, îñîáåííî ïî îñè Y

c 

â äèàïàçîíå 50−56 Ãö, à ïî îñè Z
c
 – â äèàïàçîíå 

130−140 Ãö. 
Â ðàáîòå [5] ðàññìîòðåíà è óñòàíîâëåíà ïðè-

÷èíà ýòîãî ÿâëåíèÿ. Âî âðåìÿ ýêñïëóàòàöèè íå-
ñóùàÿ ñèñòåìà êàáèíû èñïûòûâàåò êðóòèëüíûå 
è èçãèáíûå óïðóãèå äåôîðìàöèè, ÷àñòîòû êî-
òîðûõ ñîâïàäàþò ñ ÷àñòîòàìè àêòèâíûõ èñòî÷-
íèêîâ êîëåáàíèé, ÷òî íàâîäèò äîïîëíèòåëüíûå 
âîçìóùåíèÿ íà ñèñòåìó ïîäðåññîðèâàíèÿ, îñî-
áåííî â åå êðàéíèõ òî÷êàõ îò çàäåëêè. Â öåíòðå 
ìàññ êàáèíû ðàñ÷åòíîå çíà÷åíèå ñîñòàâëÿåò  
a

v
 = 0,409 ì/ñ2, òîãäà êàê ýêñïåðèìåíòàëüíî çà-

ôèêñèðîâàíî a
v
 = 0,440 ì/ñ2. Èìåþùàÿñÿ ïî-

ãðåøíîñòü ðàñ÷åòîâ â ïðåäåëàõ 7 % â öåëîì 
ïîçâîëÿåò èñïîëüçîâàòü ðàññìîòðåííóþ âûøå 
ìîäåëü äëÿ ïðîâåäåíèÿ ïðåäâàðèòåëüíûõ ðàñ-
÷åòîâ è âûáîðà îáùåé êîìïîíîâî÷íîé ñõåìû 
ñèñòåìû ïîäðåññîðèâàíèÿ êàáèíû. Îäíàêî, 
êàê âèäíî èç ðèñ. 2, äàííàÿ ìîäåëü íå ïîçâîëÿ-
åò âîñïðîèçâåñòè îòäåëüíûå ãàðìîíèêè, ñîîò-
âåòñòâóþùèå ìîäàì ñîáñòâåííûõ êîëåáàíèé 
íåñóùåé ñèñòåìû. Êðîìå òîãî, â ñëó÷àå ïðè-
ìåíåíèÿ ðàññìîòðåííîé âûøå ìîäåëè íåâîç-
ìîæíî èìèòèðîâàòü óñëîâèÿ âîçíèêíîâåíèÿ 
ðåçîíàíñà íåñóùåé ñèñòåìû ñ âîçìóùåíèÿìè 
îò òåõíîëîãè÷åñêèõ èñòî÷íèêîâ.
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Äëÿ ïîâûøåíèÿ àäåêâàòíîñòè è ñõîäèìîñòè 
ðåçóëüòàòîâ ìîäåëèðîâàíèÿ è ýêñïåðèìåíòà íå-
îáõîäèìî ðàññìàòðèâàòü êîëåáàòåëüíûé ïðî-
öåññ, ïðîòåêàþùèé â ñèñòåìå ïîäðåññîðèâàíèÿ 
êàáèíû, ñ ó÷åòîì äèíàìèêè äâóõ ïîäñèñòåì: 
ïîäñèñòåìû âèáðîèçîëÿöèè êàáèíû, âêëþ÷à-
þùåé âèáðîèçîëèðóþùèå îïîðû, à òàêæå ïîä-
ñèñòåìû íåñóùåé êîíñòðóêöèè êàáèíû. Òîãäà 
ñèñòåìó ïîäðåññîðèâàíèÿ êàáèíû ñëåäóåò 
ïðåäñòàâëÿòü ñîâîêóïíîñòüþ âçàèìîäåéñòâóþ-
ùèõ äåôîðìèðóåìûõ è íåäåôîðìèðóåìûõ òåë, 
à îïèñàíèå ïðîâîäèòü íà îñíîâå òåîðèè ãèáðèä-
íûõ äèíàìè÷åñêèõ ìîäåëåé [11]. Ñ ó÷åòîì óïðó-
ãîñòè íåñóùåé ñèñòåìû ðàñ÷åòíàÿ ñõåìà ñè-
ñòåìû ïîäðåññîðèâàíèÿ êàáèíû ïðåäñòàâëåíà 
íà ðèñ. 3, ãäå  1,2 1,2 1,2 1,2; ; A x y z


 – âåêòîð ïåðå-

ìåùåíèÿ òî÷åê êðåïëåíèÿ ñîîòâåòñòâåííî I, II
(ïåðåäíèõ) îïîð ê íåñóùåé ñèñòåìå êàáèíû, 
îïèñûâàþùèé äåôîðìàöèþ ïîäðàìíèêà, 
íà îñè ñâÿçàííîé ñ êîðïóñîì êîìáàéíà ñèñòå-
ìû êîîðäèíàò Î

m
X

m
Y

m
Z

m
;  3,4 3,4 3,4 3,4; ; A x y z


 – 

âåêòîð ïåðåìåùåíèÿ òî÷åê êðåïëåíèÿ ñîîò-
âåòñòâåííî III, IV (çàäíèõ) îïîð ê íåñóùåé 
ñèñòåìå êàáèíû íà îñè, ñâÿçàííîé ñ öåíòðîì 
ìàññ êàáèíû ñèñòåìû êîîðäèíàò Î

c
X

c
Y

c
Z

c
; 

 5,6 5,6 5,6 5,6; ; A x y z


 – âåêòîð ïåðåìåùåíèÿ 
òî÷åê êðåïëåíèÿ ñîîòâåòñòâåííî I, II (ïåðåä-
íèõ) îïîð ê êàáèíå íà îñè, ñâÿçàííîé ñ öåí-
òðîì ìàññ êàáèíû ñèñòåìû êîîðäèíàò Î

c
X

c
Y

c
Z

c
; 

 7,8 7,8 7,8 7,8; ; A x y z


 – âåêòîð ïåðåìåùåíèÿ 
òî÷åê êðåïëåíèÿ ñîîòâåòñòâåííî III, IV (çàäíèõ) 
îïîð ê êàáèíå íà îñè, ñâÿçàííîé ñ öåíòðîì ìàññ 
êàáèíû ñèñòåìû êîîðäèíàò Î

c
X

c
Y

c
Z

c
.

Âåêòîð ïðîãèáà çàäíèõ îïîð ïîäâåñêè 
êàáèíû  III,IV III,IV III,IV III,IV; ; x y z   


 ðàññ÷èòû-

âàåòñÿ àíàëîãè÷íî âûðàæåíèþ (2). Âåêòîð 
ïðîãèáà ïåðåäíèõ îïîð ïîäâåñêè êàáèíû 

 I,II I,II I,II I,II; ; x y z   


 ìîæíî ïîëó÷èòü ïî çà-
âèñèìîñòè: 

 I,II 5,6 3,4 1,2( ),A A BA   
   

 (8)

ãäå B


 – ìàòðèöà íàïðàâëÿþùèõ êîñèíóñîâ:

 
 à á

â

Ðèñ. 2. Ñïåêòðû äåéñòâóþùåé âèáðàöèè íà êàáèíå ÇÓÊ ïî îñÿì X (à), Y (á), Z (â), ïîëó÷åííûå â ðåçóëüòàòå 
ìîäåëèðîâàíèÿ áåç ó÷åòà óïðóãîñòè íåñóùåé ñèñòåìû (êðàñíûé) è ýêñïåðèìåíòàëüíî (çåëåíûé)

Fig. 2. Spectra of the operating vibration on the CH cabin along the X (a), Y (b), Z (c) axes, 
obtained as a result of modeling without taking into account the elasticity of the supporting system (red) 

and experimentally (green)
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Ñëîæíîñòü ðàñ÷åòà çàêëþ÷àåòñÿ â òîì, ÷òî 

I,II


 ÿâëÿåòñÿ ÷àñòîòíî-çàâèñèìûì çíà÷åíèåì, 
ñâÿçàííûì ñî ñíèæåíèåì äîáðîòíîñòè óïðóãîé 
êîëåáàòåëüíîé ñèñòåìû íà ñîáñòâåííûõ ÷àñòî-
òàõ êîëåáàíèé. Ïîýòîìó ðàñ÷åò ðàñïðîñòðàíå-
íèÿ âèáðàöèè ïî íåñóùåé ñèñòåìå êàáèíû öå-
ëåñîîáðàçíî ïðîâåñòè â ÷àñòîòíîé îáëàñòè [12]. 
Äëÿ ýòîãî èçìåðåííûé âèáðàöèîííûé ñèãíàë 
â òî÷êàõ A

3
 è A

4
 (ñì. ðèñ. 1, à) íà íåñóùåé ñè-

ñòåìå êàáèíû âî âðåìåííîé îáëàñòè  3,4A t


 
ïåðåâîäèòñÿ â ÷àñòîòíóþ îáëàñòü ïðè ïîìîùè 
áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå, è äëÿ øèðîêî-
ãî ñïåêòðà äåéñòâóþùèõ ÷àñòîò îïðåäåëÿþòñÿ 
àìïëèòóäû ïåðåìåùåíèé îò ÷àñòîòû  3,4A f


.

Ñ ó÷åòîì óïðóãîñòè íåñóùåé ñèñòåìû 
êàáèíû â íàïðàâëåíèÿõ îñåé Y

m
 è Z

m
 ñèñòåìû 

êîîðäèíàò Î
m
X

m
Y

m
Z

m
 íåñóùàÿ ñèñòåìà ìîæåò 

áûòü ïðåäñòàâëåíà îäíîìàññîâîé êîëåáàòåëü-
íîé ñèñòåìîé ñ äâóìÿ ñòåïåíÿìè ñâîáîäû 
â íàïðàâëåíèÿõ ëèíåéíûõ äåôîðìàöèé 1,2y  è 

1,2z  êàê êîìïîíåíò âåêòîðà 1,2A


, îïèñûâàþùå-
ãî äåôîðìàöèþ ïåðåäíåé òî÷êè ïîäðàìíèêà 
êàáèíû. Òîãäà äèôôåðåíöèàëüíûå óðàâíåíèÿ 
âûíóæäåííûõ êîëåáàíèé íåñóùåé ñèñòåìû 
êàáèíû ìîæíî ïðåäñòàâèòü â âåêòîðíîé ôîðìå 
â ÷àñòîòíîé îáëàñòè:

2 2
1 1

12

2
3

2

2 2
2 2

22

2
4

2

( , ) ( , )2 ( , )

( , ) ;

( , ) ( , )2 ( , )

( , ) ,

s c s s

m

s c s s

m

A f t A f tM b c A f t
t t
A f tM
t

A f t A f tM b c A f t
t t
A f tM
t





  
    

 
 


      


 

 
 



 




(10)

ãäå s cM   – ìàññà ïîäðàìíèêà è êàáèíû, ïðè-
õîäÿùàÿñÿ íà ïåðåäíþþ òî÷êó íåñóùåé ñè-
ñòåìû;  ; ; s xs ys zsc c c c  – ìàòðèöà æåñòêîñòè 
ïîäðàìíèêà êàáèíû â íàïðàâëåíèÿõ îñåé ñî-
îòâåòñòâåííî X

m
, Y

m
, Z

m
 ñèñòåìû êîîðäèíàò 

Î
m
X

m
Y

m
Z

m
;  ; ; s xs ys zsb b b b  – ìàòðèöà äåìïôè-

ðîâàíèÿ ïîäðàìíèêà êàáèíû â íàïðàâëåíèÿõ 
îñåé ñîîòâåòñòâåííî X

m
, Y

m
, Z

m
 ñèñòåìû êîîð-

äèíàò Î
m
X

m
Y

m
Z

m
.

Ìàòðèöó æåñòêîñòè ïîäðàìíèêà êàáèíû sc  
ìîæíî íàéòè ïî âûðàæåíèþ: 

 
3

3 ,ss
s

EJc
l

   (11)

ãäå E  – ìîäóëü Þíãà; sl  – äëèíà áàëêè; 

sJ  – ìîìåíò èíåðöèè ñîîòâåòñòâóþùåãî ñå÷å-
íèÿ áàëêè â ñèñòåìå êîîðäèíàò Î

m
X

m
Y

m
Z

m
.

Óðàâíåíèå (11) ïðèìåíèìî äëÿ ðàñ÷åòà 
æåñòêîñòè êîíñòðóêöèé â âèäå áàëîê èëè ëîí-
æåðîíîâ ïîñòîÿííîãî ñå÷åíèÿ, îäíàêî ýòî 
çà÷àñòóþ íå ñîîòâåòñòâóåò òîïîëîãèè ðå-
àëüíûõ êîíñòðóêöèé, èìåþùèõ ñëîæíóþ 
ôîðìó èç-çà ôóíêöèîíàëüíûõ, ìàññîãàáàðèò-
íûõ è òåõíîëîãè÷åñêèõ îãðàíè÷åíèé. Ðàñ÷åò 
äåìïôèðîâàíèÿ ñëîæíîé êîíñòðóêöèè òàêæå 
êðàéíå òðóäîåìêèé â èñïîëíåíèè è äàåò çíà-
÷èòåëüíûå ïîãðåøíîñòè. Ïîýòîìó äëÿ ðàñ÷åòà 
õàðàêòåðèñòèêè æåñòêîñòè sc  è äåìïôèðîâà-
íèÿ sb  íåñóùåé ñèñòåìû êàáèíû öåëåñîîáðàç-
íî èñïîëüçîâàíèå ìåòîäà êîíå÷íûõ ýëåìåíòîâ, 
ðåàëèçîâàííîãî íà ÏÝÂÌ. Íà îñíîâå èññëåäó-
åìîé ñèñòåìû ïîäðåññîðèâàíèÿ êàáèíû ÇÓÊ 
(ðèñ. 1, à) ðàçðàáîòàíà ýêâèâàëåíòíàÿ èìèòà-
öèîííàÿ ìîäåëü â ïðîãðàììíîì êîìïëåêñå 
äèíàìè÷åñêîãî àíàëèçà ìåõàíè÷åñêèõ ñèñòåì 

     
 à á â

Ðèñ. 3. Îáùèé âèä (à) è ðàñ÷åòíàÿ ñõåìà ñèñòåìû ïîäðåññîðèâàíèÿ êàáèíû ÇÓÊ 
ñ óïðóãîé íåñóùåé ñèñòåìîé (á – âèä ñáîêó; â – âèä ñíèçó)

Fig. 3. General view (a) and the design diagram of the supporting system of the CH cabin 
with an elastic bearing system (b – side view; c – bottom view)
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«MSC Adams» (ðèñ. 4) ïðè ïîìîùè ìîäóëÿ 
ðàñ÷åòà äèíàìèêè äåôîðìèðóåìûõ êîíñòðóê-
öèé êîíå÷íî-ýëåìåíòíûì ìåòîäîì «Flex» 
(ðèñ. 4, á). Â ìîäåëè êîíñòðóêöèÿ ïîäðàìíèêà 
è ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà åãî ìàòåðèà-
ëà ñîîòâåòñòâîâàëè ïðîòîòèïó ñåðèéíîãî ÇÓÊ. 
Ïîäðàìíèê ñâÿçàí ñ öåíòðîì ìàññ êîìáàéíà 
àáñîëþòíî æåñòêèìè ñâÿçÿìè òèïà «link» ñ çà-
áëîêèðîâàííûì ïîëîæåíèåì ñîåäèíÿåìûõ 
óçëîâ. Òàêæå ó÷òåíû ìàññîâî-èíåðöèîííûå õà-
ðàêòåðèñòèêè êàáèíû è óïðóãî-äèññèïàòèâíûå 
ñâîéñòâà âèáðîèçîëèðóþùèõ îïîð, îïðåäåëåí-
íûå íà ñïåöèàëèçèðîâàííîì ñòåíäå [10].

Ïðè ïîìîùè ìîäåëèðîâàíèÿ ðàññ÷èòà-
íû æåñòêîñòü ïîäðàìíèêà: c

s
 = {c

xs
; c

ys
; c

zs
;} = 

= {–; 700103; 1600103}
 
Í/ì, à òàêæå äèíàìè-

÷åñêèé êîýôôèöèåíò äåìïôèðîâàíèÿ b
s
( f), 

êàê ÷àñòîòíî-çàâèñèìàÿ ôóíêöèÿ îò ÷àñòîòû 
âûíóæäåííûõ êîëåáàíèé íåñóùåé ñèñòåìû: 
b

s
( f) = {b

xs
( f); b

ys
( f); b

zs
( f);} = {0; –8103; –2104},

Í·ñ/ì, íà ðåçîíàíñíûõ ÷àñòîòàõ f = { f
x
; f

y
; f

z
}  =

= {–; 53; 134}, Ãö. Îòðèöàòåëüíûå çíà÷åíèÿ 
 ysb f  è  zsb f  ìàòðèöû äåìïôèðîâàíèÿ 
 sb f  îáóñëîâëåíû ðåçîíàíñíûìè êîëåáàíè-

ÿìè íåñóùåé ñèñòåìû êàáèíû ïîä äåéñòâèåì 
âíåøíåé âûíóæäàþùåé ñèëû, à îêîëîíóëå-
âûå çíà÷åíèÿ ñâèäåòåëüñòâóþò î ïðîõîæäåíèè 
âèáðàöèè ïî êîíñòðóêöèè íåñóùåé ñèñòåìû 
áåç ñóùåñòâåííîãî ðàññåÿíèÿ â ìàòåðèàëå.

Ðàññ÷èòàííûå çíà÷åíèÿ sc  è  sb f  èñïîëü-
çîâàíû äëÿ ðåøåíèÿ ñèñòåìû óðàâíåíèé (10). 
Â ðåçóëüòàòå ïîëó÷åíû ñêîððåêòèðîâàííûå 
çíà÷åíèÿ äåôîðìàöèé ïîäðàìíèêà â ïåðåäíèõ 
òî÷êàõ  1,2A f


 â ÷àñòîòíîé îáëàñòè, êîòîðûå 

èñïîëüçóþòñÿ â âûðàæåíèè (8) äëÿ ðàñ÷åòà 

I,II


. Òàêèì îáðàçîì, ê äåôîðìàöèè ïåðåäíèõ 
îïîð êàáèíû äîáàâëÿåòñÿ äåôîðìàöèÿ ïîäðàì-
íèêà êàáèíû â ïåðåäíèõ òî÷êàõ â ñèñòåìå êî-
îðäèíàò êàáèíû Î

m
X

m
Y

m
Z

m
. Ïîñëå ðåøåíèÿ âû-

ðàæåíèé (8–10) â ÷àñòîòíîé îáëàñòè ïîëó÷èì 
âõîäíîé âèáðàöèîííûé ñèãíàë íà ñèñòåìó ïîä-
ðåññîðèâàíèÿ êàáèíû îòäåëüíî äëÿ òî÷åê I−IV 
(ñì. ðèñ. 3) ñ ó÷åòîì óïðóãèõ äåôîðìàöèé íå-
ñóùåé ñèñòåìû êàáèíû. 

Â ðåçóëüòàòå ìîäåëèðîâàíèÿ êîëåáàíèé 
êàáèíû ÇÓÊ è ÊÓÊ ñ ó÷åòîì óïðóãîñòè íåñó-
ùåé ñèñòåìû îïðåäåëåíî a

v 
= 0,446 ì/c2, à ýêñ-

ïåðèìåíòàëüíî ïîëó÷åííîå çíà÷åíèå a
v
 ñîñòàâ-

ëÿëî 0,440 ì/c2. Òàêèì îáðàçîì, ó÷åò óïðóãîñòè 
íåñóùåé ñèñòåìû ïîçâîëèë óâåëè÷èòü òî÷íîñòü 
ìîäåëè ñ 93 äî 98,7 %, ÷òî ÿâëÿåòñÿ ïðèåìëå-
ìûì óðîâíåì òî÷íîñòè äëÿ ïðàêòè÷åñêèõ ðàñ÷å-
òîâ. Äëÿ âåðèôèêàöèè ìîäåëè â ïîëíîì ñïåêòðå 
äåéñòâóþùèõ ÷àñòîò ïðîâåäåíî ñðàâíåíèå ñïåê-
òðîâ âèáðàöèè íà êàáèíå (ðèñ. 5), ïîëó÷åííûõ 
ýêñïåðèìåíòàëüíî è ðàñ÷åòíûì ïóòåì.

Êàê âèäíî, ñïåêòð ÷àñòîò, ïîëó÷åííûõ ðàñ-
÷åòíûì ñïîñîáîì, äîñòàòî÷íî òî÷íî ñîîòâåò-
ñòâóåò ñïåêòðó, ïîëó÷åííîìó ýêñïåðèìåíòàëü-
íûì ïóòåì âî âñåì èññëåäóåìîì ÷àñòîòíîì 
äèàïàçîíå, â òîì ÷èñëå íà ðåçîíàíñíûõ ÷à-
ñòîòàõ íåñóùåé ñèñòåìû 53 è 130 Ãö (ðèñ. 5). 
Íåêîòîðîå íåñîîòâåòñòâèå îáóñëîâëåíî íå-
ëèíåéíîñòÿìè óïðóãî-äèññèïàòèâíûõ ñèë, 
ðåçîíàíñàìè êîíñòðóêöèè ñ ìàëûì ìàññî-
âûì ó÷àñòèåì è äðóãèìè ôàêòîðàìè, êîòîðûå 
íå îêàçûâàþò êðèòè÷íîãî âëèÿíèÿ íà âîñïðî-
èçâåäåíèå èññëåäóåìîãî ïðîöåññà.

    

 à á

Ðèñ. 4. Ýêñïåðèìåíòàëüíûé ñòåíä äëÿ èññëåäîâàíèÿ ñèñòåìû ïîäðåññîðèâàíèÿ êàáèíû ÇÓÊ (à) 
è ýêâèâàëåíòíàÿ ìîäåëü (á) â ïðîãðàììíîì êîìïëåêñå «MSC Adams»

Fig. 4. Experimental test bench for studying the suspension system of the CH cabin (a) 
and an equivalent model (b) in the MSC Adams software 
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Ðåçóëüòàòû è îáñóæäåíèå
Òàêèì îáðàçîì, âûÿâëåííûå ðàííåå îñîáåí-

íîñòè ôîðìèðîâàíèÿ âõîäíîãî âèáðàöèîííî 
ñèãíàëà, îáóñëîâëåííîãî, â òîì ÷èñëå, óïðóãè-
ìè è êðóòèëüíûìè óïðóãèìè äåôîðìàöèÿìè 
íåñóùåé ñèñòåìû è èõ ðåçîíàíñàìè ñ âîçìóùå-
íèÿìè îò òåõíîëîãè÷åñêèõ ìåõàíèçìîâ, íàøëè 
îòðàæåíèå â ïðåäëîæåííîé ìîäåëè ïðîñòðàí-
ñòâåííûõ êîëåáàíèé êàáèíû. Ïðîâåäåííûå òå-
îðåòèêî-ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ äè-
íàìè÷åñêîé íàãðóæåííîñòè íåñóùåé ñèñòåìû 
è êàáèíû ÇÓÊ ïîêàçûâàþò âûñîêèé óðîâåíü 
òî÷íîñòè ïðåäëîæåííîé ìîäåëè. Ïîëó÷åííûå 
èíñòðóìåíòû â âèäå ìàòåìàòè÷åñêèõ ìîäåëåé 
è òåîðåòè÷åñêèõ çàâèñèìîñòåé ìîãóò áûòü ïî-
ëåçíû íà ïðàêòèêå ïðè ïðîåêòèðîâàíèè ìàøèí 
íîâûõ ïîêîëåíèé ñ ïîâûøåííûìè ýêñïëóàòà-
öèîííûìè õàðàêòåðèñòèêàìè è ìîäåðíèçàöèè 
ñóùåñòâóþùèõ.

Âûâîäû
1. Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 

êîëåáàíèé êàáèíû ïîçâîëÿåò óïðàâëÿòü ðÿäîì 
íåó÷èòûâàåìûõ ðàíåå ïàðàìåòðîâ, ÷òî ïîçâî-
ëèëî ïîâûñèòü òî÷íîñòü ðàñ÷åòîâ âèáðàöè-

îííîãî ñîñòîÿíèÿ ðàáî÷åãî ìåñòà îïåðàòîðà, 
à òàêæå âîñïðîèçâîäèòü âîçìîæíûå ðåçîíàíñû 
íåñóùåé ñèñòåìû è âîçìóùåíèÿ îò òåõíîëîãè-
÷åñêèõ èñòî÷íèêîâ. Ðàñ÷åòíàÿ ìîäåëü ìîæåò 
áûòü ïðèìåíåíà íå òîëüêî äëÿ ðàññìàòðèâà-
åìîãî êëàññà ìàøèí, íî è äëÿ äðóãèõ ÒÒÌ. 
Âîçìîæíîñòü è öåëåñîîáðàçíîñòü ïðèìåíåíèÿ 
ñëåäóåò îïðåäåëÿòü òîëüêî íà îñíîâå àíàëèçà 
âèáðàöèîííîãî ñîñòîÿíèÿ ýòèõ ìàøèí.

2. Ñ ó÷åòîì ïîëó÷åííûõ ðåçóëüòàòîâ ñîç-
äàíèå ýôôåêòèâíûõ ñèñòåì ïîäðåññîðèâàíèÿ 
ÇÓÊ è ÊÓÊ ìîæíî âåñòè ïî ñëåäóþùèì íà-
ïðàâëåíèÿì:

– îïòèìèçàöèÿ ñòàòè÷åñêèõ è äèíàìè÷å-
ñêèõ ñâîéñòâ âèáðîèçîëÿòîðîâ êàáèíû, à òàêæå 
ìåñò èõ ðàçìåùåíèÿ;

– ñîçäàíèå äîñòàòî÷íî æåñòêîé íåñóùåé 
ñèñòåìû, ÷òî ïî÷òè âñåãäà èìååò îãðàíè÷åíèÿ 
ïî ìàññîãàáàðèòíûì ïàðàìåòðàì, ìàòåðèàëî-
åìêîñòè (ÇÓÊ è ÊÓÊ ÿâëÿåòñÿ ìàëî ïðèåìëå-
ìûì íàïðàâëåíèåì);

– ñîçäàíèå íåñóùèõ ñèñòåì ñ çàäàííûìè 
(îòñòðîåííûìè) äèíàìè÷åñêèìè ñâîéñòâà-
ìè, ïàðàìåòðû êîòîðûõ ìîæíî îïðåäåëÿòü 
â òîì ÷èñäå ïî ïðåäñòàâëåííîé âûøå ìåòî-

   
 à á

â

Ðèñ. 5. Ñïåêòðû äåéñòâóþùåé âèáðàöèè íà êàáèíå ÇÓÊ ïî îñÿì X (à), Y (á), Z (â), ïîëó÷åííûå â ðåçóëüòàòå 
ìîäåëèðîâàíèÿ ñ ó÷åòîì óïðóãîñòè íåñóùåé ñèñòåìû (ñèíèé) è ýêñïåðèìåíòàëüíî (çåëåíûé)

Ðèñ. 5. Spectra of operating vibration on the CH cabin along the X (a), Y (b), Z (c) axes, obtained as a result 
of modeling taking into account the elasticity of the supporting system (blue) and experimentally (green)
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äèêå. Äàííîå íàïðàâëåíèå áîëåå àêòóàëüíî 
äëÿ âíîâü ñîçäàâàåìûõ ìàøèí èëè ïîäëåæà-
ùèõ ãëóáîêîé ìîäåðíèçàöèè; 

– ïðèñîåäèíåíèå ê íåñóùåé ñèñòåìå äîïîë-
íèòåëüíûõ êîëåáàòåëüíûõ ïîäñèñòåì ñ èíåð-
öèîííûìè è äèññèïàòèâíûìè âîçäåéñòâèÿìè. 
Òàêîå ðåøåíèå áîëåå àêòóàëüíî äëÿ ìàøèí, íà-
õîäÿùèõñÿ â ýêñïëóàòàöèè.
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