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ÓÄÊ 629.113

ÑÐÀÂÍÈÒÅËÜÍÀß ÎÖÅÍÊÀ ÝÔÔÅÊÒÈÂÍÎÑÒÈ 
ÂÈÁÐÎÇÀÙÈÒÛ ÀÊÒÈÂÍÎÉ ÑÈÑÒÅÌÛ 
ÏÎÄÐÅÑÑÎÐÈÂÀÍÈß Ñ ÏÈÄ-ÐÅÃÓËÈÐÎÂÀÍÈÅÌ

COMPARATIVE EVALUATION OF THE EFFECTIVENESS 
OF THE VIBRATION PROTECTION OF THE ACTIVE 
SUSPENSION SYSTEM WITH PID CONTROL

Ïíåâìîïîäâåñêà èñïîëüçóåòñÿ äëÿ ãàøåíèÿ âèáðàöèé è îáåñïå÷åíèÿ êîìôîðòíûõ óñëîâèé òðóäà äëÿ îïåðàòîðà 
òðàíñïîðòíîãî ñðåäñòâà. Ïðè÷èíîé ïîâûøåííîé âèáðàöèè òðàêòîðà çà÷àñòóþ ÿâëÿþòñÿ íåïðàâèëüíî 
ïîäîáðàííûå óïðóãîäåìïôèðóþùèå õàðàêòåðèñòèêè ïîäóøåê àêòèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ, êîòîðûå 
íå ñïðàâëÿþòñÿ (èëè ñïðàâëÿþòñÿ êðàéíå íåýôôåêòèâíî) ñ êîëåáàíèÿìè, ïîñòóïàþùèìè îò âíåøíåãî ôîíà. 
Ïîñêîëüêó ïðîâåäåíèå ýêñïåðèìåíòà äëÿ äèíàìè÷åñêîãî àíàëèçà ïíåâìîïîäâåñêè çàíèìàåò ìíîãî âðåìåíè, 
òî äëÿ ïîëó÷åíèÿ ïàðàìåòðîâ îòêëèêà ïíåâìîïîäâåñêè èñïîëüçóþò ìàòåìàòè÷åñêèå ìîäåëè ñèñòåìû 
ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà. Â äàííîé ñòàòüå ïðèâåäåíà ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ñèñòåì 
ïîäðåññîðèâàíèÿ ñ öèëèíäðè÷åñêîé ïðóæèíîé è ëèíåéíîé ïíåâìàòè÷åñêîé ðåññîðîé â êà÷åñòâå ñèñòåìû 
ïîäðåññîðèâàíèÿ. Äëÿ ïðîâåäåíèÿ ìîäåëèðîâàíèÿ èñïîëüçîâàëñÿ ïðîãðàììíûé êîìïëåêñ Matlab/Simulink, â 
êîòîðîì íà îñíîâàíèè ðàíåå ïîëó÷åííûõ çíà÷åíèé ýêâèâàëåíòíîé æåñòêîñòè áûëà ïîñòðîåíà èìèòàöèîííàÿ 
ìîäåëü òðàêòîðà. Òàê êàê òðàêòîð â äàííîé ìîäåëè ðàññìàòðèâàåòñÿ êàê ëèíåéíàÿ ñèñòåìà, òî áûëà ðàññ÷èòàíà 
åãî ñïåêòðàëüíàÿ ôóíêöèÿ ïî ñïåêòðó âõîäíûõ ïàðàìåòðîâ íåðîâíîñòåé ïóòè è À×Õ òðàêòîðà. Ýòè ïàðàìåòðû 
èñïîëüçîâàëèñü äëÿ àíàëèçà âèáðàöèîííîãî îòêëèêà ñèñòåìû ïîäðåññîðèâàíèÿ äëÿ îöåíêè ýôôåêòèâíîñòè 
ñèñòåìû è, êàê ñëåäñòâèå, îöåíêè êîìôîðòà îïåðàòîðà. Òàêæå áûë ðåàëèçîâàí àëãîðèòì ïðîïîðöèîíàëüíî-
èíòåãðàëüíî-äèôôåðåíöèðóþùåãî (ÏÈÄ) ðåãóëèðîâàíèÿ ñèñòåìû ïîäðåññîðèâàíèÿ â ôóíêöèè âûõîäíûõ 
ïàðàìåòðîâ. Â ñðàâíèòåëüíîì èññëåäîâàíèè ïîêàçàíî, êàê ëèíåéíàÿ ìîäåëü ïíåâìàòè÷åñêîé ñèñòåìû 
ïîäðåññîðèâàíèÿ, êîíòðîëèðóåìàÿ ÏÈÄ-ðåãóëÿòîðîì, ñïîñîáíà ãàñèòü êîëåáàíèÿ, âîçíèêàþùèå îò íåðîâíîñòåé 
äîðîãè, è íàñêîëüêî îíà áîëåå ýôôåêòèâíà ÷åì ïàññèâíàÿ ñèñòåìà ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà ñ 
öèëèíäðè÷åñêîé ïðóæèíîé. Êðèòåðèåì ýôôåêòèâíîñòè â äàííîé ðàáîòå áûë ïîêàçàòåëü âûñîòû ïåðåìåùåíèÿ 
îñòîâà òðàêòîðà.
Êëþ÷åâûå ñëîâà: ñðàâíèòåëüíàÿ îöåíêà, ïíåâìîïîäâåñêà, ñèñòåìà ïîäðåññîðèâàíèÿ, ÏÈÄ-ðåãóëÿòîð.

The pneumatic suspension is used to absorb vibration and provide comfortable labor conditions for transportation 
vehicle drivers. The cause of increased vibration of the tractor, often, are incorrectly matched elastic-damping char-
acteristics of the cushions of the active suspension system, which can not cope (or cope extremely ineffectively) with 
fluctuations coming from the external background. Since the realization of an experiment for the dynamic analysis 
of pneumatic suspension takes a long time, the mathematical models of the vehicle suspension system are used to 
obtain the response parameters of the pneumatic suspension. In the given article the comparative characteristic of 
spring’s systems with a cylindrical spring and a linear pneumatic spring as a suspension system is given. To carry out 
the simulation, the Matlab/Simulink software complex was used, in which, based on the previously obtained values 
of equivalent rigidity, a simulation of the tractor was built. Since the tractor in this model is considered as a linear 
system, its spectral function was calculated from the spectrum of the input parameters of the path unevenness and the 
frequency response of the tractor. These parameters were used to analyze the vibration response of the suspension 
system to assess the effectiveness of the system and, as a result, assessment of the operator comfort. The algorithm 
of the proportional integral differentiating (PID) regulation of the suspension system was implemented depending 
on their output parameters as well. The comparative study shows how the linear model of the pneumatic suspension 
system controlled by a PID-regulator is able to suppress fluctuations arising from road roughness and whether it is 
effective than a passive suspension system for a vehicle with a coil spring. The criterion of efficiency in this work was 
the indicator of the tractor's displacement height.
Keywords: comparative assessment, air-cushion suspension, cushion system, PID-regulator.
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Ââåäåíèå
Êîíñòðóêöèÿ ñèñòåìû ïîäðåññîðèâàíèÿ 

îêàçûâàåò ïðÿìîå âëèÿíèå íà ýêñïëóàòàöè-
îííûå ñâîéñòâà òðàíñïîðòíîãî ñðåäñòâà â 
ò.÷. íà êîìôîðò îïåðàòîðà è ýôôåêòèâíîñòè 
ðàáîòû òðàíñïîðòíîãî ñðåäñòâà. Èçâåñòíî [1, 
2], ÷òî ýôôåêòèâíîñòü âîæäåíèÿ è áåçîïàñ-
íîñòü òðàíñïîðòíîãî ñðåäñòâà î÷åíü âàæíû 
è ìîãóò áûòü óñîâåðøåíñòâîâàíû ïóòåì àíà-
ëèçà ðåç óëüòàòîâ äèíàìè÷åñêîãî ìîäåëèðî-
âàíèÿ ñèñòåìû ïîäðåññîðèâàíèÿ àâòîìîáèëÿ. 
Èç-çà òîãî, ÷òî ïíåâìîïîäâåñêà ñ ýëåêòðîííûì 
óïðàâëåíèåì èìååò ðÿä íåîñïîðèìûõ ïðå-
èìóùåñòâ, òàêèõ êàê, íàïðèìåð, ðåãóëèðóåìàÿ 
æåñòêîñòü, òî ìíîãèå ïðîèçâîäèòåëè ñòàëè èñ-
ïîëüçîâàòü åå â ñâîèõ òðàíñïîðòíûõ ñðåäñòâàõ. 
Èñïîëüçîâàíèå ïíåâìàòè÷åñêîé àêòèâíîé ñè-
ñòåìû ïîäðåññîðèâàíèÿ âìåñòî ïàññèâíîé ñè-
ñòåìû ïîäðåññîðèâàíèÿ ìîæåò â çíà÷èòåëüíîé 
ñòåïåíè ñíèçèòü åãî âèáðàöèþ [3]. 

Ìåòîä èññëåäîâàíèÿ 
Èñïîëüçîâàëñÿ ìåòîä ìàòåìàòè÷åñêîãî ìî-

äåëèðîâàíèÿ ñ ïîñòðîåíèåì ìàòåìàòè÷åñêîé 
ìîäåëè â ïðîãðàììíîì êîìïëåêñå Matlab/
Simulink.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü 
Ñõåìà ïíåâìîïîäâåñêè ñ óêàçàíèåì äåéñòâó-

þùèõ íà íåå ñèë [3] ïðåäñòàâëåíà íà ðèñ. 1.

Ðèñ. 1. Áëîê-ñõåìà ïíåâìîïîäâåñêè: 
P

a
 – àòìîñôåðíîå äàâëåíèå, A

1
 – ïëîùàäü 

ïîïåðå÷íîãî ñå÷åíèÿ ïîäóøêè; P
1
(t), 

V
1
(t) – äàâëåíèå è îáúåì ïîäóøêè â òåêóùèé 

ìîìåíò âðåìåíè ñîîòâåòñòâåííî; y(t), h(t), 
z(t) – ðàññòîÿíèå îò çåìëè äî ïîðøíÿ 

ïíåâìîïîäóøêè, âåëè÷èíà ðàáî÷åãî îáúåìà 
ïíåâìîïîäóøêè è êëèðåíñ ñîîòâåòñòâåííî; 

f(t) – ÷àñòîòà âèáðàöèè â òåêóùèé ìîìåíò âðåìåíè; 
m – ïîäðåññîðåííàÿ ìàññà

Íà îñíîâàíèè ñõåìû ïíåâìîïîäâåñêè, ïî-
êàçàííîé íà ðèñ. 1, áûëî âûâåäåíî óðàâíåíèå 
äâèæåíèÿ (1): 

 

 


0 0

1( ) ( ) ( ) ( )

( ( ) ( )) ( ) .

equy t k y t z t y z
m

c y t z t f t

      

   



 
 

(1)

Óðàâíåíèå ïîêàçûâàåò, êàê êîýôôèöèåíò 
äåìïôèðîâàíèÿ ïðóæèíû ñâÿçàí ñ ïëîùàäüþ 
ïîðøíÿ (A

1
), âûñîòîé ïíåâìîïðóæèíû (h

0
) è 

âíóòðåííåì äàâëåíèåì (p
1
) [4]. 

Â ýòîì óðàâíåíèè èñïîëüçóåòñÿ ýêâèâà-
ëåíòíàÿ æåñòêîñòü ïðóæèíû, ïîëó÷åííàÿ äëÿ 
ëèíåéíîé ìîäåëè ïðóæèíû [5] â ðåçóëüòàòå åå 
ëèíåàðèçàöèè îòíîñèòåëüíî öåíòðà ìàññ ñè-
ñòåìû:

1 1

0
equ

n A pk
h

 
 ,

ãäå n – ÷àñòîòà âèáðàöèè òðàíñïîðòíîãî ñðåä-
ñòâà.

Äëÿ óïðîùåíèÿ ðàñ÷ёòîâ âëèÿíèå àòìîñ-
ôåðíîãî äàâëåíèÿ è ñèëû, âîçíèêàþùèå âñëåä-
ñòâèå òåðìîäèíàìè÷åñêèõ èçìåíåíèé, íå ó÷è-
òûâàëèñü. 

Äëÿ îáåñïå÷åíèÿ êîìôîðòà ðàáîòû îïåðà-
òîðà ðåøàþùèì ôàêòîðîì ÿâëÿåòñÿ ÷àñòîòà 
âèáðàöèè òðàíñïîðòíîãî ñðåäñòâà. ×àñòîòà 
âåðòèêàëüíûõ êîëåáàíèé äîëæíà áûòü ïðèáëè-
æåíà ê ñîáñòâåííîé ÷àñòîòå ÷åëîâåêà, òî åñòü 
êîëåáàòüñÿ â ïðåäåëàõ îò 1 äî 1,6 Ãö [5–8]. Äëÿ 
äàííîé ìîäåëè òðàíñïîðòíîå ñðåäñòâî ðàññìà-
òðèâàåòñÿ êàê åäèíàÿ ñèñòåìà, è åãî ÷àñòîòà 
îïðåäåëÿåòñÿ ïî ôîðìóëå:

1
2

equk
n

m
 


.

Ñîáñòâåííàÿ ÷àñòîòà ïíåâìîïîäâåñêè â 
äàííîé ìîäåëè n = 1,53 Ãö.

Åñëè òðàíñïîðòíîå ñðåäñòâî ðàññìàòðèâà-
åòñÿ êàê ëèíåéíàÿ ñèñòåìà, òî ìîæíî ðàññ÷è-
òàòü åãî ñïåêòðàëüíóþ ôóíêöèþ ïî ñïåêòðó 
âõîäíûõ ïàðàìåòðîâ íåðîâíîñòåé ïóòè è À×Õ 
òðàíñïîðòíîãî ñðåäñòâà. Ýòè ïàðàìåòðû èñ-
ïîëüçóþòñÿ äëÿ àíàëèçà âèáðàöèîííîãî îò-
êëèêà ïàðàìåòðîâ ñèñòåìû è îöåíêè êîìôîðòà 
ðàáîòû îïåðàòîðà.

Ðåçóëüòàòû è îáñóæäåíèÿ 
Äëÿ ñîçäàíèÿ ìîäåëè ïîäâåñêè ìîãóò áûòü 

èñïîëüçîâàíû êàê óðàâíåíèÿ ñîñòîÿíèÿ, òàê 
è äèôôåðåíöèàëüíûå óðàâíåíèÿ. Â äàííîé 
ðàáîòå èñïîëüçîâàëèñü äèôôåðåíöèàëüíûå 
óðàâíåíèÿ, âûïîëíåííûå â ïðîãðàììíîé 
ñðåäå Matlab/Simulink. Ìîäåëü, ïîêàçàííàÿ 
íà ðèñ. 2, áûëà ðàçðàáîòàíà â ïðîãðàììíîé 
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ñðåäå Simulink. Íà íåé ïðåäñòàâëåíà ëèíåéíàÿ 
ìîäåëü ¼ ÷àñòè òðàíñïîðòíîãî ñðåäñòâà.

Ñ ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà 
Matlab/Simulink áûëà ïîäãîòîâëåíà ïðîôèëî-
ãðàììà íåðîâíîñòåé ïóòè, ïðåäñòàâëåííàÿ íà 
ðèñ. 3.

Ïðîâåäÿ ìîäåëèðîâàíèå ðàáîòû ïàññèâíîé 
ñèñòåìû ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåä-
ñòâà ñ öèëèíäðè÷åñêîé ïðóæèíîé, áûëà ïîëó-
÷åíà ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðå-
ìåùåíèÿ ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî 
ñðåäñòâà, ïðåäñòàâëåííàÿ íà ðèñ. 4. 

Ïî ñðàâíåíèþ ñ öèëèíäðè÷åñêîé ïðóæèíîé 
èñïîëüçîâàíèå â êà÷åñòâå ñèñòåìû ïîäðåññîðè-
âàíèÿ òðàíñïîðòíîãî ñðåäñòâà ïíåâìàòè÷åñêîé 
ïðóæèíû ïîçâîëÿåò óìåíüøèòü åãî âåðòèêàëü-
íûå ïåðåìåùåíèÿ ïî÷òè âäâîå (ñì. ðèñ. 5).

Ïî ðåçóëüòàòàì ïîëó÷åííûõ ïåðåìåùåíèé 
ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî ñðåäñòâà 
ñ ïíåâìîïîäâåñêîé â Simulink áûë ðàçðàáîòàí 
ÏÈÄ-êîíòðîëëåð. Ñõåìà ïíåâìîïîäâåñêè ñ 
ÏÈÄ-êîíòðîëëåðîì ïðåäñòàâëåíà íà ðèñ. 6.

Êîíòðîëëåð ñ ÏÈÄ-ðåãóëèðîâàíèåì îáëàäà-
åò âûñîêèì áûñòðîäåéñòâèåì è íàäåæíîñòüþ. 
Ýòèì îáúÿñíÿþòñÿ åãî ïðåèìóùåñòâà ïðè 
óïðàâëåíèè ñèñòåìîé ïîäðåññîðèâàíèÿ òðàíñ-
ïîðòíîãî ñðåäñòâà â ðåæèìå ðåàëüíîãî âðåìå-
íè. Ôîðìèðóåìûé ïðè ýòîì ñèãíàë óïðàâëåíèÿ 
èìååò âèä:

 
p l D

deu k e k edt k
dt

    , (2)

ãäå e – ñèãíàë ðàññîãëàñîâàíèÿ, k
p
 – ïðîïîðöèî-

íàëüíûé êîýôôèöèåíò, k
i
 – ïîñòîÿííàÿ èíòåãðè-

ðîâàíèÿ, k
D
 – ïîñòîÿííàÿ äèôôåðåíöèðîâàíèÿ.

Ðèñ. 2. Ìîäåëü ñèñòåìû ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåäñòâà: 
m

1
, m

2
 – ìàññà ïîäðåññîðåííîé è íåïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî ñðåäñòâà, ñîîòâåòñòâåííî; 

k
1
, k

2
 – êîýôôèöèåíò äåìïôèðîâàíèÿ ïðóæèíû ïîä m

1
 è m

2
, ñîîòâåòñòâåííî; 

b
1
, b

2
 – êîýôôèöèåíò äåìïôèðîâàíèÿ àìîðòèçàòîðà ïîä m

1
 è m

2
, ñîîòâåòñòâåííî

Ðèñ. 3. Ïðîôèëîãðàììà íåðîâíîñòè ïóòè
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Ðèñ. 4. Ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðåìåùåíèÿ ïîäðåññîðåííîé ÷àñòè 
òðàíñïîðòíîãî ñðåäñòâà ñ öèëèíäðè÷åñêîé ïðóæèíîé

Ðèñ. 5. Ïðîôèëîãðàììà ðåçóëüòèðóþùåãî ïåðåìåùåíèÿ ïîäðåññîðåííîé ÷àñòè 
òðàíñïîðòíîãî ñðåäñòâà ñ ïíåâìîïîäâåñêîé

Ðèñ. 6. Ïíåâìîïîäâåñêà ñ ÏÈÄ-êîíòðîëëåðîì
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Ïîëó÷åííûé â (2) ñèãíàë u îòïðàâëÿåòñÿ 
íà âõîä, îêàçûâàÿ ïðè ýòîì âîçäåéñòâèå íà ñè-
ñòåìó ïîäðåññîðèâàíèÿ. Âûõîäíîé ñèãíàë ïî-
âòîðíî îòïðàâëÿåòñÿ íà êîíòðîëëåð, êîòîðûé, 
ïðèíèìàÿ ýòîò ñèãíàë, âû÷èñëÿåò åãî ïðîèç-
âîäíóþ, ñíîâà áåðåò èíòåãðàë è îòïðàâëÿåò â 
ñèñòåìó ñêîððåêòèðîâàííûé ñèãíàë u. Ýòîò 
ïðîöåññ ïðîäîëæàåòñÿ âñå âðåìÿ, ïîêà ñèñòåìà 
àêòèâíà.

Íà ðèñ. 7 ïîêàçàíû ïîëó÷åííûå âåðòèêàëü-
íûå êîëåáàíèÿ ïîäðåññîðåííîé ÷àñòè òðàíñ-
ïîðòíîãî ñðåäñòâà ïðè èñïîëüçîâàíèè ÏÈÄ-
êîíòðîëëåðà.

Èòàê, àêòèâíîå óïðàâëåíèå ñèñòåìîé ïîäðåñ-
ñîðèâàíèÿ îáåñïå÷èâàåò çíà÷èòåëüíîå óìåíü-
øåíèå âèáðàöèé òðàíñïîðòíîãî ñðåäñòâà. 

Çàêëþ÷åíèå
Ïî äàííûì ñðàâíèòåëüíîãî ìàòåìàòè÷å-

ñêîãî ìîäåëèðîâàíèÿ áûëè îöåíåíû ñ òî÷êè 
çðåíèÿ âåðòèêàëüíûõ ïåðåìåùåíèé ïàññèâíàÿ 
ñèñòåìà ïîäðåññîðèâàíèÿ òðàíñïîðòíîãî ñðåä-
ñòâà, ïàññèâíàÿ ïíåâìîïîäâåñêà è ïíåâìîïîä-
âåñêà ñ àêòèâíûì óïðàâëåíèåì ïîñðåäñòâîì 
ÏÈÄ-êîíòðîëëåðà. Êàê âèäíî èç ïðèâåäåííûõ 
ãðàôèêîâ, íàèëó÷øèé ðåçóëüòàò ïîêàçàëà ïíåâ-
ìîïîäâåñêà ñ àêòèâíûì óïðàâëåíèåì ïîñðåä-
ñòâîì ÏÈÄ-êîíòðîëëåðà. Îíà ãîðàçäî ýôôåê-
òèâíåå ïàññèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ. 
Óìåíüøåíèå âåëè÷èíû âèáðàöèè äåëàåò áîëåå 
êîìôîðòíîé ðàáîòó îïåðàòîðà è óâåëè÷èâàåò 
ñðîê ñëóæáû òðàíñïîðòíîãî ñðåäñòâà 

Èç ðåçóëüòàòîâ äèíàìè÷åñêîãî ìîäåëèðîâà-
íèÿ ïîäâåñêè âèäíî òàêæå, ÷òî äèíàìè÷åñêîå 
ìîäåëèðîâàíèå ïîäâåñêè ÿâëÿåòñÿ ýôôåêòèâ-

íûì ñïîñîáîì îöåíêè ðàáîòû ñèñòåìû ïîä-
ðåññîðèâàíèÿ. Ýòîò ìåòîä ïîçâîëÿåò ëåãêî 
èçìåíÿòü óïðóãîäåìïôèðóþùèå õàðàêòåðè-
ñòèêè ñèñòåìû ïîäðåññîðèâàíèÿ è îöåíèâàòü, 
íàñêîëüêî ïðè ýòîì èçìåíÿåòñÿ âåëè÷èíà âè-
áðàöèè ïîäðåññîðåííîé ÷àñòè òðàíñïîðòíîãî 
ñðåäñòâà.
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