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Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ âëèÿíèÿ óãëîâîé äåìïôèðóþùåé ñâÿçè (ÓÄÑ) íà êîëåáàíèÿ òðåõîñíîé äâóõ-
ñåêöèîííîé áåñïîäâåñî÷íîé êîëåñíîé ìàøèíû. Äëÿ îöåíêè âëèÿíèÿ äåìïôåðà â óçëå ñî÷ëåíåíèÿ íà êîëåáà-
íèÿ òàêîé ìàøèíû â ðàáîòå ðàññìàòðèâàþòñÿ òðè âàðèàíòà ñî÷åòàíèÿ ïàðàìåòðîâ ñèñòåìû ïîäðåññîðèâàíèÿ 
è ÓÄÑ: êîëåñíàÿ ñî÷ëåíåííàÿ ìàøèíà ñ ïîäâåñêîé è áåç ÓÄÑ; êîëåñíàÿ ñî÷ëåíåííàÿ ìàøèíà áåç ïîäâåñêè è 
áåç ÓÄÑ; êîëåñíàÿ ñî÷ëåíåííàÿ ìàøèíà áåç ïîäâåñêè è ñ ÓÄÑ. Íà îñíîâå îáùåïðèíÿòûõ äîïóùåíèé ëèíåé-
íîé òåîðèè ïîäðåññîðèâàíèÿ ïðèâåäåíû ðàñ÷åòíàÿ ñõåìà è ìàòåìàòè÷åñêàÿ ìîäåëü óãëîâûõ êîëåáàíèé òðåõ-
îñíîé äâóõñåêöèîííîé áåñïîäâåñî÷íîé êîëåñíîé ìàøèíû ñ ÓÄÑ â óçëå ñî÷ëåíåíèÿ. Â õîäå àíàëèòè÷åñêîãî 
ðåøåíèÿ íàéäåíû âûðàæåíèÿ êîýôôèöèåíòà óñèëåíèÿ êîëåáàíèé äëÿ óãëà ñêëàäûâàíèÿ îäèíàêîâûõ ñåêöèé è 
îïðåäåëåíû èõ ìàêñèìàëüíûå çíà÷åíèÿ â ðåçîíàíñå. Òàêæå äëÿ ðàññìàòðèâàåìûõ âàðèàíòîâ îïðåäåëåíû îò-
íîøåíèÿ êîýôôèöèåíòîâ óñèëåíèÿ óãëîâûõ êîëåáàíèé â ðåçîíàíñå è âûðàæåíèÿ äëÿ îòíîñèòåëüíîãî êîýôôè-
öèåíòà çàòóõàíèÿ êîëåáàíèé ïî óãëó ñêëàäûâàíèÿ ñåêöèé. Ïðåäñòàâëåíû ðàñ÷åòíûå àìïëèòóäíî-÷àñòîòíûå 
õàðàêòåðèñòèêè (À×Õ) óãëà ñêëàäûâàíèÿ ñåêöèé äëÿ ðàçëè÷íûõ ñî÷åòàíèé ïàðàìåòðîâ ÓÄÑ ïðè íàëè÷èè è 
îòñóòñòâèè ïîäðåññîðèâàíèÿ ñåêöèé ìàøèíû. Óñòàíîâëåíî, ÷òî ââåäåíèå ÓÄÑ äëÿ êîëåñíîé áåñïîäâåñî÷íîé 
ìàøèíû ïîçâîëÿåò óìåíüøèòü àìïëèòóäó óãëîâûõ êîëåáàíèé â ðåçîíàíñå â 10 ðàç. À ïðè ïðèìåíåíèè êîëåñ, 
æåñòêîñòü êîòîðûõ ðàâíà æåñòêîñòè ïîäâåñêè, äëÿ áåñïîäâåñî÷íûõ ñî÷ëåíåííûõ ìàøèí âîçìîæíî åùå áîëü-
øåå óìåíüøåíèå óãëîâûõ êîëåáàíèé äî êîýôôèöèåíòà äèíàìè÷íîñòè, ðàâíîãî 1,7. Ïðè ýòîì óãëîâîé äåìïôåð 
äëÿ áåñïîäâåñî÷íîé ìàøèíû, íåóïðóãîå ñîïðîòèâëåíèå êîòîðîãî ðàâíî ñóììàðíîé ìîùíîñòè âñåõ 8 àìîðòè-
çàòîðîâ ïîäðåññîðåííîé ìàøèíû, îáåñïå÷èâàåò áîëåå ìàëûå óãëîâûå êîëåáàíèÿ âî âñåì ÷àñòîòíîì äèàïàçîíå 
êèíåìàòè÷åñêîãî âîçìóùåíèÿ ñî ñòîðîíû äîðîãè. Ïðåäëîæåííóþ ñî÷ëåíåííóþ ñõåìó êîìïîíîâêè áåñïîäâå-
ñî÷íûõ ìàøèí ñ ÓÄÑ öåëåñîîáðàçíî èñïîëüçîâàòü äëÿ ðàçðàáîòêè ïåðñïåêòèâíîé êîëåñíîé òåõíèêè, íàïðèìåð 
òðàêòîðîâ è áîëüøåãðóçíûõ àâòîìîáèëåé, èìåþùèõ êîëåñà áîëüøîãî äèàìåòðà.
Êëþ÷åâûå ñëîâà: áåñïîäâåñî÷íàÿ êîëåñíàÿ ìàøèíà, ñî÷ëåíåííàÿ ñõåìà, óãëîâàÿ äåìïôèðóþùàÿ ñâÿçü, àìïëè-
òóäíî-÷àñòîòíàÿ õàðàêòåðèñòèêà, ïëàâíîñòü õîäà.

This article is devoted to the study of the influence of angular damping coupling (ÀDÑ) on the vibra-tions of a tri-
axial two-section non-suspension wheeled vehicle. To assess the effect of the damper in the articulation unit on the 
vibrations of such a vehicle, three options for combining the parameters of the suspension system and the ADC are 
considered: wheeled articulated vehicle with suspension and without ADC; wheeled articulated vehicle without 
suspension and without ADC; wheeled articulated vehicle without suspension and with ADC. Based on the gener-
ally accepted assumptions of the linear theory of suspension, a calculation scheme and a mathematical model of the 
angular oscillations of a triaxial two-section non-suspension wheeled vehicle with ADC in the articulation unit are 
presented. During finding analytical solution, expressions for the gain of oscillations for the folding angle of identical 
sections were found and their maximum values in resonance were determined. For the considered options, the ratios 
of the amplification coefficients of the angular oscillations in resonance and the expressions for the relative damping 
coefficient of the oscillations along the folding angle of the sections are determined. The calcu-lated amplitude-fre-
quency characteristics (AFC) of the folding angle of the sections for various combina-tions of ADC parameters in 
the presence and absence of suspension of the vehicle sections are presented. It is established that the introduction of 
ADC for a wheeled non-suspension vehicle allows one to reduce the amplitude of angular oscillations in resonance by 
10 times. And, when using wheels, the rigidity of which is equal to the stiffness of the suspension, for non-suspension 
articulated vehicles, an even greater decrease in angular oscillations to a dynamic coefficient of 1,7 is possible. At 
the same time, the angular damper for the non-suspension vehicle, the inelastic resistance of which is equal to the 
total power of all 8 shock absorbers of the sprung vehicle, provides smaller angular oscillations in the entire frequen-
cy range of the kinematic disturbance on the side of the road. It is advisable to use the proposed articulated layout 
arrangement of non-suspension vehicle with UDS for developing promising wheeled vehicles, for example, tractors 
and heavy vehicles with large-diameter wheels.
Keywords: suspensionless wheeled vehicle, articulated circuit, angular damping coupling, frequency response, 
smoothness.
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Ââåäåíèå
Â òðàíñïîðòíîé òåõíèêå èìååòñÿ áîëüøîé 

êëàññ êîëåñíûõ ìàøèí, íå èìåþùèõ îñíîâ-
íîé ñèñòåìû ïîäðåññîðèâàíèÿ. Òàêèå áåñïîä-
âåñî÷íûå ìàøèíû ïðîùå ïî êîíñòðóêöèè, 
îäíàêî èõ ïëàâíîñòü õîäà çíà÷èòåëüíî õóæå, 
÷åì ó ìàøèí ñ òðàäèöèîííûì ïîäðåññîðèâà-
íèåì, âêëþ÷àþùèì óïðóãèé è äåìïôèðóþùèå 
ýëåìåíòû. Ïîñëåäíåå ñâÿçàíî ñ òåì, ÷òî øèíû 
êîëåñ îáåñïå÷èâàþò ñëàáîå ãàøåíèå êîëåáà-
íèé, ïîñêîëüêó èìåþò áîëåå âûñîêóþ æåñò-
êîñòü óïðóãîé õàðàêòåðèñòèêè è çíà÷èòåëüíî 
ìåíüøåå íåóïðóãîå ñîïðîòèâëåíèå. Ïîýòîìó 
îòíîñèòåëüíûé êîýôôèöèåíò çàòóõàíèÿ ê î-
ëåáàíèé áåñïîäâåñî÷íûõ êîëåñíûõ ìàøèí 
ñîñòàâëÿåò âñåãî 0,03…0,05, ÷òî â 5…10 ðàç 
ìåíüøå, ÷åì ó ñîâðåìåííûõ àâòîìîáèëåé.

Îäíèì èç íàèáîëåå ýôôåêòèâíûõ ñïîñîáîâ 
ïîâûøåíèÿ ïëàâíîñòè õîäà âåçäåõîäíûõ ãóñå-
íè÷íûõ è êîëåñíûõ ìàøèí, â òîì ÷èñëå áåñ-
ïîäâåñî÷íûõ êîëåñíûõ ìàøèí, ÿâëÿåòñÿ ïðè-
ìåíåíèå ñî÷ëåíåííûõ ñõåì êîìïîíîâêè ðàìû 
ìàøèíû ñ ââåäåíèåì óãëîâîé äåìïôèðóþùåé 
ñâÿçè (ÓÄÑ) ñåêöèé [1–30]. 

Öåëü èññëåäîâàíèé
Îöåíêà âëèÿíèÿ óãëîâîé äåìïôèðóþùåé 

ñâÿçè íà êîëåáàíèÿ òðåõîñíîé äâóõñåêöèîííîé 
áåñïîäâåñî÷íîé êîëåñíîé ìàøèíû.

Ìåòîäû è ñðåäñòâà 
ïðîâåäåíèÿ èññëåäîâàíèé
Äëÿ îöåíêè âëèÿíèÿ äåìïôåðà â óçëå ñî÷-

ëåíåíèÿ íà êîëåáàíèÿ òàêîé ìàøèíû íèæå ðàñ-
ñìîòðåíû òðè âàðèàíòà ñî÷åòàíèÿ ïàðàìåòðîâ 
ñèñòåìû ïîäðåññîðèâàíèÿ è ÓÄÑ: 

1) ïîäðåññîðåííàÿ êîëåñíàÿ ñî÷ëåíåííàÿ 
ìàøèíà áåç ÓÄÑ;

2) áåñïîäâåñî÷íàÿ êîëåñíàÿ ñî÷ëåíåííàÿ 
ìàøèíà áåç ÓÄÑ;

3) áåñïîäâåñî÷íàÿ êîëåñíàÿ ñî÷ëåíåííàÿ 
ìàøèíà ñ ÓÄÑ.

Ïîñòàâëåííàÿ öåëü äîñòèãàåòñÿ â ðåçóëüòàòå 
èññëåäîâàíèÿ ìàòåìàòè÷åñêîé ìîäåëè ñî÷ëåíåí-
íîé êîëåñíîé ìàøèíû ñ ÓÄÑ, ïðè ðàçðàáîòêå 
êîòîðîé çà èñõîäíóþ áîëåå îáùóþ êîëåáàòåëü-
íóþ ðàñ÷åòíóþ ìîäåëü ïðèíèìàëàñü òðåõîñíàÿ 
äâóõñåêöèîííàÿ ñî÷ëåíåííàÿ 6-è êîëåñíàÿ ïîä-
ðåññîðåííàÿ ìàøèíà ñ ÓÄÑ (ðèñ. 1).

Äëÿ äàííîé ðàñ÷åòíîé ñõåìû ñïðàâåäëèâû 
ñëåäóþùèå äîïóùåíèÿ:

1) êîðïóñ äâóõñåêöèîííîé ìàøèíû ñ îñòîèò 
èç äâóõ àáñîëþòíî æåñòêèõ òåë ñ îäèíàêîâûìè 
ìàññàìè Ì è ìîìåíòàìè èíåðöèè J îòíîñèòåëüíî 
îñåé, ïðîõîäÿùèõ ÷åðåç öåíòð ìàññ êàæäîãî òåëà;

2) ðàññòîÿíèÿ l îò öåíòðà ìàññ êàæäîé 
ñåêöèè äî ïåðåäíèõ è çàäíèõ êîëåñ îäèíàêîâû 
äëÿ êàæäîé ñåêöèè è ïðè êîëåáàíèÿõ êîðïóñà 
íå ìåíÿþòñÿ;

3) ðà ññòîÿíèÿ L îò óçëà ñî÷ëåíåíèÿ ñåêöèé 
äî öåíòðà ìàññ êàæäîé ñåêöèè ïðè êîëåáàíèÿõ 
êîðïóñà íå ìåíÿþòñÿ; 

4) íà êðàéíèõ îñÿõ ìàøèíû ñ êàæäîãî áîðòà 
óñòàíîâëåíû ïî îäíîìó êî ëåñó, à íà ñðåäíåé 
îñè – ñäâîåííûå êîëåñà;

5) êîýôôèöèåíòû æåñòêîñòè øèí îäèíàêî-
âû äëÿ âñåõ êîëåñ è ïîñòîÿííû (ñ = const);

6) êîýôôèöèåíòû ñîïðîòèâëåíèÿ øèí îäè-
íàêîâû äëÿ âñåõ êîëåñ è ïîñòîÿííû (r = const);

7) â óçëå ñî÷ëåíåíèÿ íà ïëå÷å h
ø
 óñòàíîâëåí 

àìîðòèçàòîð, èìåþùèé ïîñòîÿííûé êîýôôèöè-
åíò ñîïðîòèâëåíèÿ øàðíèðà r

ø
;

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà òðåõîñíîé äâóõñåêöèîííîé ñî÷ëåíåííîé ìàøèíû ñ ÓÄÑ: 
M – ìàññà êàæäîé ñåêöèè; J – ìîìåíò èíåðöèè êàæäîé ñåêöèè; l – ðàññòîÿíèå îò öåíòðà ìàññ 

êàæäîé ñåêöèè äî ïåðåäíèõ è çàäíèõ êîëåñ ìîìåíò èíåðöèè îäíîé ñåêöèè; L – ðàññòîÿíèå îò öåíòðà 
ìàññ êàæäîé ñåêöèè äî óçëà ñî÷ëåíåíèÿ ñåêöèé; c – ïðèâåäåííàÿ æåñòêîñòü óïðóãîé õàðàêòåðèñòèêè 

ïîäâåñêè êîëåñà; r – ïðèâåäåííûé êîýôôèöèåíò ñîïðîòèâëåíèÿ ïîäâåñêè êîëåñà; h
ø
 – ïëå÷î àìîðòèçàòîðà 

â óçëå ñî÷ëåíåíèÿ; r
ø
 – ïðèâåäåííûé êîýôôèöèåíò óãëîâîãî ñîïðîòèâëåíèÿ â óçëå ñî÷ëåíåíèÿ; χ – óãîë 

ñêëàäûâàíèÿ ñåêöèé;  – óãîë ïîâîðîòà ïåðâîé ñåêöèè; φ – óãîë ïîâîðîòà âòîðîé ñåêöèè; h – âûñîòà 
(cäâîåííàÿ àìïëèòóäà) ñèíóñîèäàëüíîãî êèíåìàòè÷åñêîãî âîçìóùåíèÿ ñî ñòîðîíû äîðîãè
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8) ñêîðîñòü óçëà ñî÷ëåíåíèÿ â íàïðàâëåíèè 
äâèæåíèÿ ïîñòîÿííà (υ = const);

9) ïðîôèëè ìåñòíîñòè ïîä ëåâîé è ïðàâîé 
êîëååé äâèæåíèÿ ìàøèíû îäèíàêîâû, ò.å. ïðî-
ôèëü äîðîãè ñèììåòðè÷åí è èìååò ãàðìîíè÷å-
ñêèé âèä;

10) ñâÿçü êîëåñ ñ ãðóíòîì íå íàðóøàåòñÿ.
Äëÿ èçó÷åíèÿ ñâîéñòâ äàííîé ðàñ÷åòíîé 

ñõåìû âîñïîëüçóåìñÿ ðåçóëüòàòàìè àíàëèòè÷å-
ñêîãî èññëåäîâàíèÿ êîëåáàíèé áîëåå ñëîæíîé 
äâóõñåêöèîííîé ìíîãîîïîðíîé ïîäðåññîðåííîé 
ìàøèíû ñ óãëîâîé óïðóãîäåìïôèðóþùåé ñâÿçüþ 
(ÓÓÄÑ), ïðèâåäåííûìè â ðàáîòàõ [1, 8], êîòîðûå 
ïîëó÷åíû äëÿ ñëó÷àÿ ñèììåòðè÷íîñòè ëèíåéíîé 
ñèñòåìû ïîäðåññîðèâàíèÿ è îäèíàêîâîñòè ñîá-
ñòâåííûõ ÷àñòîò è êîýôôèöèåíòîâ äåìïôèðîâà-
íèÿ ïî óãëîâûì êîîðäèíàòàì êàæäîé ñåêöèè.

Â îáùåì âèäå äëÿ êîëåáàòåëüíîé ñèñòåìû 
íà ðèñ. 1 äèôôåðåíöèàëüíîå óðàâíåíèå è åãî 
ðåøåíèå äëÿ óãëà ñêëàäûâàíèÿ ñåêöèé χ èìåþò 
ñëåäóþùèé âèä:

 
 22 sin

2
j

j j j

hQ
k t

            
 
, (1)

  sinj j j jA t         , (2)

 
 22 2 2 22 4

j
j

j j

hQ
A

k




 


   

, (3)

ãäå j – èíäåêñ ñðàâíèâàåìûõ âàðèàíòîâ ( j = 1, 
2 è 3); εχ j 

– êîýôôèöèåíò çàòóõàíèÿ óãëîâûõ 
êîëåáàíèé ïî êîîðäèíàòå χ äëÿ j-ãî âàðèàíòà; 
kχ j

 – ñîáñòâåííàÿ ÷àñòîòà óãëîâûõ êîëåáàíèé 
ìàøèíû ïî óãëó χ (χ = φ – ) äëÿ j-ãî âàðèàíòà; 
hQχ j

/2 – àìïëèòóäà ñèëîâîé ôóíêöèè äëÿ j-ãî 
âàðèàíòà; γχ j 

– ôàçîâûé ñäâèã ôóíêöèè Qχ j
 îò-

íîñèòåëüíî ïðîôèëÿ äîðîãè äëÿ j-ãî âàðèàíòà; 
δχ j

 – ôàçîâûé ñäâèã êîëåáàíèé ìàøèíû ïî óãëó 
χ îòíîñèòåëüíî ôóíêöèè Qχ j

 äëÿ j-îãî âàðèàí-
òà; ω – óãëîâàÿ ÷àñòîòà êîëåáàíèé. 

Äëÿ ïîëó÷åíèÿ àíàëèòè÷åñêèõ ñîîòíîøå-
íèé, ïîçâîëÿþùèõ ñðàâíèâàòü ïåðå÷èñëåííûå 
âûøå âàðèàíòû, ðàññìîòðèì ÷àñ òíûé ñëó÷àé 
(ðèñ. 1), êîãäà â ïðåäåëàõ êàæäîãî âàðèàíòà 
îñåâûå ìîìåíòû èíåðöèè, ñîáñòâåííûå ÷àñòî-
òû è êîýôôèöèåíòû çàòóõàíèÿ óãëîâûõ êîëåáà-
íèé ñåêöèé ïî êîîðäèíàòàì φ,  è χ îäèíàêîâû:

1 2J J J  ;
24 /j j j j jk k k k c l J      ,

22 2 2   4 /j j j jr l J       ,

 
2 2 2 /j jr J    ø ,  (4)

ãäå J
1
, J

2 
– îñåâûå ìîìåíòû èíåðöèè ïåðâîé 

è âòîðîé ñåêöèé, ðàâíûå  J; kφj
, kϑj – ñîáñòâåí-

íûå ÷àñòîòû êîëåáàíèé ïåðâîé è âòîðîé ñåêöèé 
ìàøèíû ïî óãëàì φ è , ðàâíûå k

j
 äëÿ j-ãî âà-

ðèàíòà; εφj
,
 
εϑj – êîýôôèöèåíòû çàòóõàíèÿ óãëî-

âûõ êîëåáàíèé ïî êîîðäèíàòàì φ è , ðàâíûå ε
j
 

äëÿ j-ãî âàðèàíòà; ñ
j
 – ïðèâåäåííàÿ æåñòêîñòü 

óïðóãîé õàðàêòåðèñòèêè ïîäâåñêè è øèíû 
äëÿ îäíîãî êîëåñà äëÿ j-ãî âàðèàíòà; r

j
 – ïðè-

âåäåííûé êîýôôèöèåíò íåóïðóãîãî ñîïðî-
òèâëåíèÿ ïîäâåñêè è øèíû äëÿ îäíîãî êîëåñà 
äëÿ j-ãî âàðèàíòà; l – ðàññòîÿíèå îò öåíòðà 
ìàññ ñåêöèè äî îñåé êîëåñ è øàðíèðà; r

øj
 – 

ïðèâåäåííûé êîýôôèöèåíò óãëîâîãî íåóïðó-
ãîãî ñîïðîòèâëåíèÿ â øàðíèðå, ñîçäàâàåìîãî 
àìîðòèçàòîðîì, óñòàíîâëåííûì  íà ïëå÷å h

ø
, 

äëÿ j-ãî âàðèàíòà.
Äëÿ ïåðâîãî âàðèàíòà òðåõîñíîé äâóõñåê-

öèîííîé ñî÷ëåíåííîé ïîäðåññîðåííîé ìàøèíû 
ïðè ñ

j
 = c, r

j 
= r è îòñóòñòâèè ÓÄÑ (r

ø
 = 0):

2
1 1 14 /k k c l J   ,

2
1 1 12 2   4 /r l J    ,

4 2 2
1 1 1

2 4Q k
l     ,

 
 

4 2 2
1 1

1 22 2 2 2
1 1

4
2 4

khA
k


  


   

. (5)

Îáîçíà÷èì: ν
1
 – îòíîñèòåëüíàÿ ÷à ñòîòà, 

1 1/ k   ; σ
1
 – îòíîñèòåëüíûé êîýôôèöèåíò 

çàòóõàíèÿ, 1 1 12 / k   ; βχ1 – êîýôôèöèåíò äè-

íàìè÷íîñòè, 1
1 / 2

A
h


  .

Òîãäà äëÿ ïåðâîãî âàðèàíòà òðåõîñíîé äâóõ-
ñåêöèîííîé ñî÷ëåíåííîé ïîäðåññîðåííîé 
ìàøèíû è ïðè îòñóòñòâèè ÓÄÑ ê îýôôèöèåíò 
äèíàìè÷íîñòè:

 
 

2 2
1 1

1 22 2 2
1 1 1

1

1


  
 

    
, (6)

à åãî ìàêñèìàëüíîå çíà÷åíèå â ðåçîíàíñå (ν
1
 = 1):

 

2
1

1max 2
11

1 1


 
  


. (7)

Äëÿ âòîðîãî âàðèàíòà òðåõîñíîé äâóõñåê-
öèîííîé ñî÷ëåíåííîé êîëåñíîé áåñïîäâåñî÷íîé 
ìàøèíû æåñòêîñòü øèíû áîëüøå ïðèâåäåííîé 
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æåñòêîñòè ïîäâåñêè ïî ïåðâîìó âàðèàíòó â b 
ðàç, à êîýôôèöèåíò íåóïðóãîãî ñîïðîòèâëåíèÿ 
øèíû, íàîáîðîò, â à ð àç ìåíüøå ïðèâåäåííîãî 
êîýôôèöèåíòà ñîïðîòèâëåíèÿ ïîäâåñêè ïîäðåñ-
ñîðåííîé ìàøèíû, ò.å.

2 1c b c  , ãäå b > 1,

2 1r a c  , ãäå a < 1.

Ñ ó÷åòîì ïîñëåäíèõ îáîçíà÷åíèé äëÿ ñî÷-
ëåíåííîé áåñïîäâåñî÷íîé êîëåñíîé ìàøèíû 
áåç ÓÄÑ (r

ø
 = 0):

2 2
2 1k bk  , 2 12 2a   ,

2 4 2 2 2
2 1 1

2 4Q b k a
l     ,

 
 

2 4 2 2 2
1 1

2 22 2 2 2 2
1 1

4
2 4

b k ahA
bk a


  


   

. (8)

Òîãäà äëÿ âòîðîãî âàðèàíòà òðåõîñíîé äâóõ-
ñåêöèîííîé ñî÷ëåíåííîé áåñïîäâåñî÷íîé 
ìàøèíû áåç ÓÄÑ êîýôôèöèåíò äèíàìè÷íîñòè:

 
 

2 2 2 2
1 1

2 22 2 2 2
1 1 1

b a

b a


  
 

    
, (9)

à åãî ìàêñèìàëüíîå çíà÷åíèå â ðåçîíàíñå 
( 1 b  ):

 

2 2
1

2max 2 2
11

b a b
aa

 
  


. (10)

Â òðåòüåì âàðèàíòå óñòàíîâêà àìîðòè-
çàòîðà â óçëå ñî÷ëåíåíèÿ ñåêöèé ïðèâîäèò 
ê óâåëè÷åíèþ ãàøåíèÿ óãëîâûõ êîëåáàíèé, 
ïîñêîëüêó îí â ñîîòâåòñòâèè ñ ôîðìóëîé (4) 
ðàáîòàåò ïàðàëëåëüíî ñ íåóïðóãèì ñîïðîòèâ-
ëåíèåì øèí. Ïðåäïîëîæèì, ÷òî àìîðòèçàòîð 
óçëà ñî÷ëåíåíèÿ îáåñïå÷èâàåò â n ðàç áîëåå 
ìîùíîå ñîïðîòèâëåíèå, ÷åì àìîðòèçàòîð ïîä-
âåñêè îäíîãî êîëåñà â ïåðâîì âàðèàíòå. Òîãäà: 

2
1r r nhø ø ,

2 2
1 1 1

3 1 1 2
1

2 2
1

1 12 2

2 22 2 2
2

2 2 .
2

r nh r nha a
J r l

nh nha a
l l




       

 
      

 

ø ø

ø ø

Îáîçíà÷èì: 
2

22
nhA a
l

  ø . Ñ ó÷åòîì ýòîãî 

îáîçíà÷åíèÿ äëÿ òðåõîñíîé äâóõñåêöèîííîé 
ñî÷ëåíåííîé áåñïîäâåñî÷íîé ìàøèíû ñ ÓÄÑ: 

2 2
3 1k bk  , 3 12 2A   ,

2 4 2 2 2
3 1 1

2 4Q b k a
l     ,

 
 

2 4 2 2 2
1 1

3 22 2 2 2 2
1 1

4
2 4

b k ahA
bk A


  


   

. (11)

Òîãäà äëÿ òðåòüåãî âàðèàíòà òðåõîñíîé 
äâóõñåêöèîííîé ñî÷ëåíåííîé áåñïîäâåñî÷íîé 
ìàøèíû ñ ÓÄÑ êîýôôèöèåíò äèíàìè÷íîñòè:

 
 

2 2 2 2
1 1

3 22 2 2 2
1 1 1

b a

b A


  
 

    
, (12)

à åãî ìàêñèìàëüíîå çíà÷åíèå â ðåçîíàíñå 
( 3 b  ):

 

2 2
1

3max 2 2
11

b a b
AA

 
  


. (13)

Äëÿ ñðàâíåíèÿ òðåõ ðàññìîòðåííûõ âûøå 
âàðèàíòîâ ñî÷åòàíèé ïàðàìåòðîâ ïîäðåññîðè-
âàíèÿ è ñî÷ëåíåíèÿ ñåêöèé íàéäåì îòíîøåíèÿ 
ìàêñèìàëüíûõ êîýôôèöèåíòîâ óñèëåíèÿ óãëî-
âûõ êîëåáàíèé â ðåçîíàíñàõ:

 

2 2
2max 1

21 2 2 2
1max 1 1

1
( 1) 1
b a b

aa





  
   

    
, (14)

 

2
2max

23 2 2
3max

1
2
nhA

a l a






    


ø , (15)

 

2 2
3max 1

31 2 2
1max 1 1

1 1
1 1

b a b
A A






  
   

    
. (16)

Èç ïîñëåäíåé çàâèñèìîñòè ìîæíî íàéòè 
óñëîâèå ðàâåíñòâà êîýôôèöèåíòîâ óñèëåíèÿ 
êîëåáàíèé â ðåçîíàíñàõ äëÿ ñî÷ëåíåííîé ïîä-
ðåññîðåííîé êîëåñíîé ìàøèíû áåç ÓÄÑ è ñî÷-
ëåíåííîé áåñïîäâåñî÷íîé êîëåñíîé ìàøèíû 
ñ ÓÄÑ. Ïðè 31 1   è èçâåñòíûõ ïàðàìåòðàõ 
l, h

ø
, b, a, σ

1
 â óçëå ñî÷ëåíåíèÿ áåñïîäâåñî÷-

íîé òðåõîñíîé êîëåñíîé ìàøèíû äîëæåí áûòü 
óñòàíîâëåí äåìïôåð, ýêâèâàëåíòíûé ñëåäóþ-
ùåìó ÷èñëó àìîðòèçàòîðîâ ïîäâåñêè ïîäðåññî-
ðåííîé ñî÷ëåíåííîé ìàøèíû áåç ÓÄÑ:

2 22 2
1

2 2 2 2
1 1

2 2
1 1

b al l bn a a
h h

    
      

        ø ø

. (17)

Íàïðèìåð, åñëè σ = 0,5, b = 4, à = 0,2, l 
= h

ø
, òî n = 3,2; åñëè æå l = 1,5h

ø
, òî n = 7,2. 
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Òàêèì îáðàçîì, â îáîèõ ñëó÷àÿõ ìîùíîñòü 
äåìïôåðà â óçëå ñî÷ëåíåíèÿ äâóõñåêöèîííîé 
áåñïîäâåñî÷íîé òðåõîñíîé êîëåñíîé ìàøèíû 
ñ ÓÄÑ îêàçàëàñü ìåíüøå ñóììàðíîé ìîùíîñòè 
íåóïðóãîãî  ñîïðîòèâëåíèÿ ïîäâåñîê 8 êîëåñ 
ñî÷ëåíåííîé ïîäðåññîðåííîé ìàøèíû. È ýòà 
ìîùíîñòü òåì ìåíüøå, ÷åì áîëüøå ïëå÷î h

ø
 

óñòàíîâêè äåìïôåðà â óçëå ñî÷ëåíåíèÿ.
Îòíîñèòåëüíûå êîýôôèöèåíòû çàòóõàíèÿ 

êîëåáàíèé ïî óãëó χ äëÿ òðåõ ðàññìîòðåííû õ 
âàðèàíòîâ îïðåäåëÿþòñÿ ïî ñëåäóþùèì çàâè-
ñèìîñòÿì:

1
1

1k



  , 2 1

a
b    , 3 1

A
b    ,

ãäå 1 1 / 2    – êîýôôèöèåíò àïåðèîäè÷íîñòè 
äëÿ ïåðâîãî âàðèàíòà ðàñ÷åòà.

Ðåçóëüòàòû è îáñóæäåíèå
Íà ðèñ. 2 ïðåäñòàâëåíû àìïëèòóäíî-÷àñòîò-

íûå õàðàêòåðèñòèêè (À×Õ) óãëîâûõ êîëåáàíèé 
òðåõîñíîé äâóõñåêöèîííîé ñî÷ëåíåííîé êîëåñ-
íîé ìàøèíû ñ ðàçíûì ñî÷åòàíèåì ïàðàìåòðîâ 
ÓÄÑ (êðèâûå 3, 4, 5 è 6). Äëÿ ñðàâíåíèÿ çäåñü 
òàêæå ïîêàçàíû À×Õ óãëîâûõ êîëåáàíèé ïîä-
ðåññîðåííîé ñî÷ëåíåííîé ìàøèíû áåç ÓÄÑ 
(êðèâûå 1 è 2). 

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîçâîëÿåò 
ñäåëàòü ñëåäóþùèå âûâîäû.

1. Ââåäåíèå ÓÄÑ äëÿ êîëåñíîé áåñïîäâåñî÷-
íîé ìàøèíû ïîçâîëÿåò óìåíüøèòü àìïëèòóäó 
óãëîâûõ êîëåáàíèé â ðåçîíàíñå â 10 ðàç (êðè-
âàÿ 5). Ïðè÷åì ýòà àìïëèòóäà îêàçûâàåòñÿ äàæå 
íåñêîëüêî ìåíüøå, ÷åì àìïëèòóäà óãëîâûõ êîëå-
áàíèé ó ñî÷ëåíåííîé ïîäðåññîðåííîé ìàøèíû 
áåç ÓÄÑ (êðèâàÿ 1) ïðè îäèíàêîâûõ îòíîñèòåëü-
íûõ êîýôôèöèåíòàõ çàòóõàíèÿ (ψχ = 0,25). 

2. Óâåëè÷åíèå êîýôôèöèåíòà çàòóõàíèÿ 
çà ñ÷åò ââåäåíèÿ ÓÄÑ óìåíüøàåò êîëåáà-
íèÿ íå òîëüêî â äîðåçîíàíñíîé è ðåçîíàíñíîé 
çîíàõ, íî è â çàðåçîíàíñíîé çîíå. 

3. Ïðèìåíåíèå ñî÷ëåíåííîé ñõåìû ðàìû 
ìàøèíû ñ ÓÄÑ îñîáåííî öåëåñîîáðàçíî 
äëÿ êîëåñíûõ òðàêòîðîâ è áîëüøåãðóçíûõ àâ-
òîìîáèëåé, øèíû êîòîðûõ èìåþò áîëüøèå 
äèàìåòð è âûñîòó ïðîôèëÿ, à çíà÷èò, îáåñïå÷è-
âàþò íèçêèå ÷àñòîòû ñîáñòâåííûõ êîëåáàíèé 
(1,5...2,5 Ãö), áëèçêèå ê ÷àñòîòàì ñîáñòâåííûõ 
êîëåáàíèé ñîâðåìåííûõ ãðóçîâûõ àâòîìîáèëåé.

4. Ïðè ïðèìåíåíèè êîëåñ, æåñòêîñòü êîòî-
ðûõ áóäåò ðàâíà æåñòêîñòè ïîäâåñêè, äëÿ áåñ-
ïîäâåñî÷íûõ ñî÷ëåíåííûõ ìàøèí âîçìîæíî 
åùå áîëüøåå óìåíüøåíèå óãëîâûõ êîëåáàíèé, 
êîòîðûå áóäóò íèæå âî âñåì ÷àñòîòíîì äèàïà-
çîíå (êðèâàÿ 6).  

Ðèñ. 2. À×Õ óãëîâûõ êîëåáàíèé òðåõîñíîé äâóõñåêöèîííîé ñî÷ëåíåííîé ïîäðåññîðåííîé 
è íåïîäðåññîðåííîé êîëåñíîé ìàøèíû ñ óãëîâîé äåìïôèðóþùåé ñâÿçüþ è áåç íåå: 

1 – ñ ïîäâåñêîé áåç ÓÄÑ ïðè ψ
1
 = 0,25; 2 – ñ ïîäâåñêîé áåç ÓÄÑ ïðè ψ

1
 = 0; 3 – áåç ïîäâåñêè 

è áåç ÓÄÑ ïðè ψχ2 = 0,025 (b = 4, a = 0,2); 4 – áåç ïîäâåñêè ñ ÓÄÑ ïðè ψχ3 = 0,15 (b = 4, a = 0,2, 
l = 2 ì; h

ø
 = 1 ì, n = 8); 5 – áåç ïîäâåñêè ñ ÓÄÑ ïðè ψχ3 = 0,25 (b = 4, a = 0,2, l = 1,5 ì; h

ø
 = 1 ì, n = 8); 

6 – áåç ïîäâåñêè ñ ÓÄÑ ïðè ψχ3 = 0,3 (b = 1, a = 0,2, l = 2 ì; h
ø
 = 1 ì, n = 8)
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5 . Ó êîëåñíûõ áåñïîäâåñî÷íûõ ñî÷ëåíåí-
íûõ ìàøèí ñ ÓÄÑ íåò âûñîêî÷àñòîòíîãî ðåçî-
íàíñà êîëåñ, ÷òî âûãîäíî èõ îòëè÷àåò îò ïîä-
ðåññîðåííûõ àâòîìîáèëåé.

Çàêëþ÷åíèå
Ðàçðàáîòêà òðåõîñíûõ äâóõñåêöèîííûõ áåñ-

ïîäâåñî÷íûõ êîëåñíûõ ìàøèí ñ óãëîâîé äåìï-
ôèðóþùåé ñâÿçüþ â óçëå ñî÷ëåíåíèÿ áåçóñëîâ-
íî ÿâëÿåòñÿ ïåðñïåêòèâíûì è èííîâàöèîííûì 
íàïðàâëåíèåì ñîçäàíèÿ ìàøèí òàêîãî êëàññà. 
Äàííóþ êîëåñíóþ áåñïîäâåñî÷íóþ òåõíèêó 
öåëåñîîáðàçíî ïðèìåíÿòü ïðè âûïîëíåíèè 
ñåëüñêîõîçÿéñòâåííûõ ðàáîò è â äîðîæíîì 
ñòðîèòåëüñòâå, à òàêæå îíè ìîãóò ñóùåñòâåííî 
óïðîñòèòü öåëûé êëàññ êàðüåðíûõ àâòîñàìîñâà-
ëîâ òèïà ÁåëÀÇ, èìåþùèõ ñëîæíóþ ïíåâìîãè-
äðàâëè÷åñêóþ ïîäâåñêó.
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