
Âèáðàöèîííàÿ çàùèòà ãèäðàâëè÷åñêîé ñèñòåìû ïîäðåññîðèâàíèÿ ìîáèëüíûõ ìàøèí 
ñ ïðèìåíåíèåì àêòèâíîãî ðåãóëèðîâàíèÿ íåéðîñåòåâûì êîíòðîëëåðîì

ISSN 0321-4443 Òðàêòîðû è ñåëüõîçìàøèíû, ¹ 4, 2019

Ò
Å

Î
Ð

È
ß

, 
Ê

Î
Í

Ñ
Ò

Ð
Ó

È
Ð

Î
Â

À
Í

È
Å

, 
È

Ñ
Ï

Û
Ò

À
Í

È
ß

43

ÓÄÊ 62-51:62-56

DOI: 10.31992/0321-4443-2019-4-43-49

ÂÈÁÐÀÖÈÎÍÍÀß ÇÀÙÈÒÀ ÃÈÄÐÀÂËÈ×ÅÑÊÎÉ 
ÑÈÑÒÅÌÛ ÏÎÄÐÅÑÑÎÐÈÂÀÍÈß ÌÎÁÈËÜÍÛÕ ÌÀØÈÍ 
Ñ ÏÐÈÌÅÍÅÍÈÅÌ ÀÊÒÈÂÍÎÃÎ ÐÅÃÓËÈÐÎÂÀÍÈß 
ÍÅÉÐÎÑÅÒÅÂÛÌ ÊÎÍÒÐÎËËÅÐÎÌ

VIBRATION PROTECTION OF THE HYDRAULIC 
SUSPENSION SYSTEM OF MOBILE VEHICLES 
USING ACTIVE REGULATION BY A NEURAL NETWORK 
CONTROLLER

Ç.À. ÃÎÄÆÀÅÂ, ä.ò.í.
Ñ.Å. ÑÅÍÜÊÅÂÈ×, ê.ò.í.
Â.À. ÊÓÇÜÌÈÍ 
Ôåäåðàëüíûé íàó÷íûé àãðîèíæåíåðíûé öåíòð ÂÈÌ, 
Ìîñêâà, Ðîññèÿ

Z.A. GODZHAEV, DSc in Engineering
S.E. SEN'KEVICH, PhD in Engineering
V.A. KUZ'MIN
Federal Scientific Agroengineering Center VIM, Moscow, Russia, 
fic51@mail.ru

Áîëüøóþ ÷àñòü âðåìåíè ýêñïëóàòàöèè êîëåñíûå ñåëüñêîõîçÿéñòâåííûå òðàêòîðû ðàáîòàþò íà ïîëÿõ ñ ðàçíû-
ìè ïî÷âåííûìè ôîíàìè, à ïðè âûïîëíåíèè òðàíñïîðòíûõ ðàáîò – íà ãðóíòîâûõ äîðîãàõ ëèáî â óñëîâèÿõ áåçäî-
ðîæüÿ. Â ýòèõ óñëîâèÿõ íåîáõîäèìà ñèñòåìà ïîäðåññîðèâàíèÿ, ïîçâîëÿþùàÿ îáåñïå÷èòü ðåãëàìåíòèðîâàííóþ 
ïëàâíîñòü õîäà è ýôôåêòèâíóþ âèáðîçàùèòó îïåðàòîðà. Öåëü èññëåäîâàíèÿ – ðàçðàáîòàòü íîâûé êîíòðîëëåð, 
ñêîëüçÿùåãî ðåæèìà íà îñíîâå ðàäèàëüíûõ áàçèñíûõ ôóíêöèé â íåéðîííîé ñåòè (ÐÁÔÍÑ), ðåàëèçîâàííûé äëÿ 
àêòèâíîé ñèñòåìû ïîäðåññîðèâàíèÿ ¼ ÷àñòè ìîáèëüíîãî ýíåðãåòè÷åñêîãî ñðåäñòâà (ÌÑ). Àëãîðèòì óïðàâëå-
íèÿ îñíîâàí íà ðàäèàëüíûõ áàçèñíûõ ôóíêöèÿõ è ñî÷åòàåò â ñåáå ïðåèìóùåñòâî àäàïòèâíîé ñèñòåìû óïðàâëå-
íèÿ è óïðàâëåíèÿ ðåæèìîì ñêîëüæåíèÿ. Ïðàâèëî àäàïòàöèè èñïîëüçóåòñÿ äëÿ ðåãóëèðîâàíèÿ áàçèñíûõ ôóíê-
öèé íà îñíîâàíèè èíôîðìàöèè î çàäàííîé ïîâåðõíîñòè ñêîëüæåíèÿ â ðåæèìå ðåàëüíîãî âðåìåíè. Òàê êàê òàêîé 
ïîäõîä îáëàäàåò ñïîñîáíîñòüþ ê îáó÷åíèþ, òî åãî ðåàëèçàöèÿ ìîæåò áûòü íà÷àòà áåç êàêèõ-ëèáî íà÷àëüíûõ 
çíà÷åíèé ÐÁÔÍÑ. Ïðåäëàãàåòñÿ äëÿ óïðàâëåíèÿ ïàðàìåòðàìè ñêîëüçÿùåãî ðåæèìà èñïîëüçîâàòü íåéðîííóþ 
ñåòü. Äëÿ óïðàâëåíèÿ àêòèâíîé ñèñòåìîé ïîäðåññîðèâàíèÿ ÌÑ ïðåäëàãàåòñÿ àäàïòèâíûé êîíòðîëëåð ðåæèìà 
ñêîëüçÿùåãî ðåæèìà ÐÁÔÍÑ. Ðåãóëèðóåìûé ïàðàìåòð äëÿ êîíòðîëëåðà ÐÁÔSM âûáèðàåòñÿ êàê g

s
 = 8,5, ÷òî-

áû ïîêðûòü äèàïàçîí ãàóññîâñêèõ ôóíêöèé. 
Ïðåäëîæåí íîâûé êîíòðîëëåð ðåæèìà ñêîëüæåíèÿ ãèäðàâëè÷åñêè àêòèâíîé ñèñòåìû ïîäðåññîðèâàíèÿíà îñíî-
âå íåéðîííîé ñåòè. Ðåçóëüòàòû èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïîêàçûâàþò, ÷òî áëàãîäàðÿ èñïîëüçîâàíèþ äàí-
íîãî íåéðîñåòåâîãî êîíòðîëëåðà ñèñòåìà ïîäðåññîðèâàíèÿ äîñòàòî÷íî ýôôåêòèâíî ñíèæàåò âèáðîàêòèâíîñòü 
êîëåáàòåëüíîé ñèñòåìû èññëåäóåìîãî ÌÑ îò íåðîâíîñòåé äîðîãè.
Êëþ÷åâûå ñëîâà: ñðàâíèòåëüíàÿ îöåíêà, ãèäðîïîäâåñêà, àêòèâíàÿ ñèñòåìà ïîäðåññîðèâàíèÿ, íåéðîííàÿ ñåòü.

Most of the time of operation, wheeled agricultural tractors work in fields with different soil back-grounds and 
in transport on dirt roads or even off-road. Under these conditions, a suspension system is needed to ensure the 
smoothness ride and effective vibration protection of the operator. Purpose of the study. To develop a new sliding 
mode controller based on radial basis functions in a neural network (RBFNN), implemented for an active suspension 
system of ¼ of a part of a mobile energy facility (MF). Materials and methods. The control algorithm is based on 
radial basis functions and combines the advantage of an adaptive control system and slip mode control. The adapta-
tion rule is used to regulate basic functions based on information about a given sliding surface in real time. Since this 
approach has the abil-ity to learn, its implementation can be started without any initial RBFNN values. It is proposed 
to use the neural network to control the parameters of the sliding mode. Results and discussion. To control the active 
MF suspension system, an adaptive RBFNN sliding mode controller is proposed. The adjustable parameter for the 
RBFSS controller is selected as g

s
 = 8,5 to cover the range of Gaussian functions. Conclusions. A new controller 

for the sliding mode of a hydraulically active suspension system based on a neural network is proposed. Simulation 
results show that due to the use of this neural network controller, the suspension system quite effectively reduces the 
vibrational activity of the oscillatory system of the studied MF from road irregularities.
Keywords: comparative evaluation, hydraulic suspension, active suspension system, neural network.
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 Ââåäåíèå
Áîëüøóþ ÷àñòü âðåìåíè ýêñïëóàòàöèè êî-

ëåñíûå ñåëüñêîõîçÿéñòâåííûå òðàêòîðû ðàáî-
òàþò íà ïîëÿõ ñ ðàçíûìè ïî÷âåííûìè ôîíàìè, 
à ïðè âûïîëíåíèè òðàíñïîðòíûõ ðàáîò – íà 
ãðóíòîâûõ äîðîãàõ ëèáî â óñëîâèÿõ áåçäî-
ðîæüÿ. Â ýòèõ óñëîâèÿõ íåîáõîäèìà ñèñòåìà 
ïîäðåññîðèâàíèÿ, ïîçâîëÿþùàÿ îáåñïå÷èòü 
ðåãëàìåíòèðîâàííóþ ïëàâíîñòü õîäà è ýôôåê-
òèâíóþ âèáðîçàùèòó îïåðàòîðà.

Âëèÿíèå âèáðàöèè íà îðãàíèçì ÷åëîâåêà, 
â îñîáåííîñòè íà ïàññàæèðîâ ÒÑ, áûëî ðàññìî-
òðåíî âî ìíîãèõ èññëåäîâàíèÿõ [1–4]. Ïðè ýòîì 
òåëî ÷åëîâåêà ïî-ðàçíîìó ðåàãèðóåò íà ðàç-
ëè÷íûå âèáðàöèè. Ýòî çàâèñèò îò íàïðàâëåíèÿ 
è ÷àñòîòû êîëåáàíèé. Ñîãëàñíî èññëåäîâàíèÿì 
[5, 6, 7–15], òåëî ÷åëîâåêà áîëåå ÷óâñòâèòåëü-
íî ê ãîðèçîíòàëüíûì êîëåáàíèÿì, ÷åì ê âåð-
òèêàëüíûì. Â âåðòèêàëüíîì íàïðàâëåíèè 
íàèáîëåå ÷óâñòâèòåëüíûì ÿâëÿåòñÿ äèàïàçîí 
4–8 Ãö, êîòîðûé ñîîòâåòñòâóåò ðåçîíàíñíûì 
÷àñòîòàì îðãàíîâ áðþøíîé ïîëîñòè. ×óâñòâè-
òåëüíîñòü æå â ãîðèçîíòàëüíûõ íàïðàâëåíèÿõ 
íàèáîëåå âûñîêàÿ â äèàïàçîíå 1–2 Ãö. Äèàïà-
çîí 0,5–0,75 Ãö âûçûâàåò «ìîðñêóþ áîëåçíü». 
Òàêèì îáðàçîì, ñàìûå «íåóäîáíûå» ÷àñòîòû 
äëÿ ÷åëîâåêà è òå, êîòîðûå äîëæíà îñëàáëÿòü 
ñèñòåìà ïîäðåññîðèâàíèÿ, íàõîäÿòñÿ â äèàïà-
çîíå 0,5–10 Ãö. Èñõîäÿ èç ýòîãî ñèñòåìà ïîä-
ðåññîðèâàíèÿ òðàêòîðà â äàííîé ðàáîòå îöåíè-
âàëàñü â ýòîì äèàïàçîíå ÷àñòîò [5].

Âåðõíÿÿ ãðàíèöà äèàïàçîíà ÷àñòîò, â ïðåäå-
ëàõ êîòîðîãî ðàáîòàþò ñèñòåìû ïîäðåññîðèâà-
íèÿ, îáû÷íî íå ïðåâûøàåò 25 Ãö. Ïëàâíîñòü 
õîäà ÒÑ çàâèñèò â çíà÷èòåëüíîé ìåðå îò äèíà-
ìè÷åñêîãî ïîâåäåíèÿ êóçîâà ÒÑ (ò.å. ïîäðåñ-
ñîðåííîé ìàññû), êîòîðûé âî âðåìÿ ðàáîòû 
ïîäâåðæåí âîçäåéñòâèþ êîìáèíàöèè âåðòè-
êàëüíûõ, ïðîäîëüíî-óãëîâûõ è ïîïåðå÷íî-óã-
ëî âûõ êîëåáàíèé.

Êîëåáàíèÿ îñòîâà äîëæíû èçìåðÿòüñÿ 
â äâóõ íàïðàâëåíèÿõ: ïî âåðòèêàëè è ïî ãîðè-
çîíòàëè. Íàèáîëåå ÷àñòî èñïîëüçóåìûé ìåòîä 
èçìåðåíèÿ – ñðåäíåêâàäðàòè÷íîå óñêîðåíèå 
(RMS). Îïðåäåëÿåòñÿ êàê:

 

2

0

1 ( )
T

RMS a t dt
T
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Îäíàêî, ÷òîáû óïðîñòèòü ïðîâåäåíèå ýêñïå-
ðèìåíòà, ÷àñòî èçìåðÿþò òîëüêî âåëè÷èíó âåð-
òèêàëüíîãî âèáðîóñêîðåíèÿ. Äàííûå çàìåðû ïðî-
âîäèëè òîëüêî ïî âåðòèêàëüíîé ñîñòàâëÿþùåé. 

Îáîáùåííàÿ ôîðìóëà (1) èñïîëüçóåòñÿ äëÿ 
îïðåäåëåíèÿ âåëè÷èíû ñðåäíåêâàäðàòè÷íîãî 
óñêîðåíèÿ è îöåíêè ñèñòåìû ïîäðåññîðèâàíèÿ 
ñ òî÷êè çðåíèÿ ïëàâíîñòè õîäà. Ñóùåñòâóþò 
îïðåäåëёííûå ñòàíäàðòû, êàñàþùèåñÿ èçìåðå-
íèÿ âåëè÷èíû ïëàâíîñòè õîäà íà ñåëüñêîõîçÿé-
ñòâåííûõ ÒÑ è ïðåäåëüíî äîïóñòèìûõ âåëè÷èí 
âèáðîóñêîðåíèé, âîñïðèíèìàåìûõ îïåðàòîðîì 
ÒÑ. Ñðåäè íèõ îáû÷íî âûäåëÿþò 2 ISO ñòàíäàð-
òà: ISO 2631-74, êîòîðûé ðåãóëèðóåò îñíîâíûå 
âîïðîñû, ñâÿçàííûå ñ èçìåðåíèåì óðîâíÿ âèáðà-
öèè è âëèÿíèåì âèáðàöèè íà çäîðîâüå ÷åëîâåêà; 
ISO 5008-74, îïèñûâàþùèé ìåòîäèêó èçìåðåíèÿ 
è àíàëèçà âèáðîíàãðóæåííîñòè îïåðàòîðà ÒÑ. 

Äëÿ óïðàâëåíèÿ äèíàìè÷åñêèìè ñèñòåìàìè 
â óñëîâèÿõ íåîïðåäåëåííîñòè áûëè ïðåäëî-
æåíû òðàäèöèîííûå ñõåìû óïðàâëåíèÿ àäàï-
òèâíûì ðåæèìîì ñèñòåìû ïîäðåññîðèâàíèÿ, 
îäíàêî èì äëÿ ñîçäàíèÿ àëãîðèòìà óïðàâëå-
íèÿ äîïîëíèòåëüíî íåîáõîäèìà èíôîðìàöèÿ 
î ðàáîòå ñèñòåìû. Êàê ñëåäñòâèå, òåìà ðàçðà-
áîòêè ìîäåëè ñ àäàïòèâíîé ñòðóêòóðîé óïðàâ-
ëåíèÿ ñåé÷àñ ÿâëÿåòñÿ àêòóàëüíîé.

Äëÿ ñîçäàíèÿ êîíòðîëëåðîâ ñèñòåì ïîäðåñ-
ñîðèâàíèÿ ñ àêòèâíûì óïðàâëåíèåì â îñíîâ-
íîì èñïîëüçîâàëèñü ñëîæíûå äèíàìè÷åñêèå 
ñèñòåìû ñ íå÷åòêîé ëîãèêîé [8] è íåéðîñåòå-
âûì óïðàâëåíèåì [9], à òàêæå èõ êîìáèíàöèè. 
Äëÿ êîìáèíèðîâàííûõ ïîäõîäîâ íåîáõîäèì 
ñëîæíûé ìåõàíèçì îáó÷åíèÿ èëè êîíêðåòíàÿ 
áàçà ýôôåêòèâíûõ ðåøåíèé, ñîçäàííàÿ ìåòî-
äîì ïðîá è îøèáîê [9]. 

Öåëü èññëåäîâàíèÿ
Ðàçðàáîòêà íîâîãî êîíòðîëëåðà ñêîëüç-

ÿùåãî ðåæèìà íà îñíîâå ðàäèàëüíûõ áàçèñíûõ 
ôóíêöèé â íåéðîííîé ñåòè (ÐÁÔÍÑ), ðåàëèçî-
âàííîãî äëÿ àêòèâíîé ñèñòåìû ïîäðåññîðèâà-
íèÿ ¼ ÷àñòè ÌÑ. 

Ìàòåðèàëû è ìåòîäû
Àëãîðèòì óïðàâëåíèÿ îñíîâàí íà ðàäèàëü-

íûõ áàçèñíûõ ôóíêöèÿõ è ñî÷åòàåò â ñåáå ïðå-
èìóùåñòâî àäàïòèâíîé ñèñòåìû óïðàâëåíèÿ 
è óïðàâëåíèÿ ðåæèìîì ñêîëüæåíèÿ. Ïðàâèëî 
àäàïòàöèè èñïîëüçóåòñÿ äëÿ ðåãóëèðîâàíèÿ 
áàçèñíûõ ôóíêöèé íà îñíîâàíèè èíôîðìàöèè 
î çàäàííîé ïîâåðõíîñòè ñêîëüæåíèÿ â ðåæèìå 
ðåàëüíîãî âðåìåíè. Òàê êàê òàêîé ïîäõîä îáëà-
äàåò ñïîñîáíîñòüþ ê îáó÷åíèþ, òî åãî ðåàëèçà-
öèÿ ìîæåò áûòü íà÷àòà áåç êàêèõ-ëèáî íà÷àëü-
íûõ çíà÷åíèé ÐÁÔÍÑ [6].
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Ðàäèàëüíàÿ áàçîâàÿ ôóíêöèÿ 
ðåæèìà ñêîëüæåíèÿ êîíòðîëëåðà 
Ïðåäëàãàåòñÿ äëÿ óïðàâëåíèÿ ïàðàìåòðàìè 

ñêîëüçÿùåãî ðåæèìà èñïîëüçîâàòü íåéðîííóþ 
ñåòü. Äëÿ ñîçäàíèÿ íåëèíåéíîãî êîíòðîëëå-
ðà òðåáóåòñÿ äâå ïåðåìåííûå ñîñòîÿíèÿ: z

s
, z

u
 

íà îñíîâå íåëèíåéíîãî èçìåíÿþùåãîñÿ âî âðå-
ìåíè äèíàìè÷åñêîãî óðàâíåíèÿ 3-ãî ïîðÿäêà. 
Äðóãèå ïåðåìåííûå ðàññìàòðèâàþòñÿ êàê èç-
ìåíÿþùàÿñÿ âî âðåìåíè ôóíêöèè:

2

2 3

3 1 1 2 2 3 3

( ) ( ) ( )
( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ),

s

u d

x t z t x t
x t x t
x t a t x t a t x t a t x t
f t b t u t u t

 



    

  

 





 

(2)

ãäå a
i
(t) – èçìåíÿþùàÿñÿ âî âðåìåíè ôóíêöèÿ, 

çàâèñÿùàÿ îò ïàðàìåòðîâ ñèñòåìû ïîäðåññî-
ðèâàíèÿ ÌÑ;  f

u
(t) – ôóíêöèÿ íåêîòîðûõ íåèç-

ìåðèìûõ ïåðåìåííûõ z
u
, êîòîðûå îãðàíè÷åíû 

ýòîé ñèñòåìîé ïîäðåññîðèâàíèÿ; b(t) – ïîëî-
æèòåëüíàÿ èçìåíÿþùàÿñÿ âî âðåìåíè ôóíê-
öèÿ; u

d
(t) – âîçìóùåíèå èç-çà èçìåíåíèÿ ñèëû 

òðåíèÿ â ãèäðàâëè÷åñêîé ñèñòåìå; e
1
 = x

1d
 – x

1
, 

e
2
 = x

2d
 – x

2
 è e

3 
= x

3d
 – x

3
 – îøèáêè ïåðåìåííûõ 

ñîñòîÿíèÿ. Òîãäà óðàâíåíèå ìîæíî ïåðåïèñàòü 
êàê:

3 3 1 1 2 2

3 3

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( ).

d

u d

e t x t a t x t a t x t
a t x t b t u t f t u t

   

   

 
(3)

Åñëè âñå âûøåïåðå÷èñëåííûå ôóíêöèè, èç-
ìåíÿþùèå âî âðåìåíè, èçâåñòíû, òî óðàâíåíèå 
óïðàâëåíèÿ ñèñòåìîé ïîäðåññîðèâàíèÿ áóäåò 
ïðåäñòàâëÿòü ñîáîé:

 





3 1 1 2 2

3 3 3

1( ) ( ) ( ) ( ) ( ) ( )
( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ,

eq u

u d

u t x t a t x t a t x t
b t

a t x t f t u t e t s t s t

   

     



 
 

(4)

+ 

ãäå s(t) – ïîâåðõíîñòü ñêîëüæåíèÿ íà ôàçîâîé 
ïëîñêîñòè, êîòîðàÿ îïðåäåëÿåòñÿ êàê:

 
1 2 1( ) ( ) ( ) ( )ds t e t e t e t

dt
       
 

. (5)

Ïî ðåçóëüòàòàì ïðåäûäóùèõ èññëåäîâàíèé 
[6, 8, 9] èçâåñòíî, ÷òî íåéðîííàÿ ñåòü ÿâëÿåòñÿ 
ìîùíûì àëãîðèòìîì äëÿ ñîçäàíèÿ íåëèíåé-
íîé äèíàìè÷åñêîé ìîäåëè. ÐÁÔÍÑ èñïîëüçó-
åòñÿ äëÿ ìîäåëèðîâàíèÿ íåëèíåéíîãî âçàèìî-
äåéñòâèÿ ïåðåìåííîé ïîâåðõíîñòè ñêîëüæåíèÿ 
s(t) è çàêîíà óïðàâëåíèÿ ñèñòåìîé u(t). Ãàóññî-
âû ôóíêöèè èñïîëüçóþòñÿ êàê ôóíêöèè àêòè-
âàöèè êàæäîãî íåéðîíà â ñêðûòîì ñëîå ýòîãî 
êîíòðîëëåðà. Âåëè÷èíà âîçáóæäåíèÿ ãàóññî-

âûõ ôóíêöèé – ýòî ðàññòîÿíèå ìåæäó âõîäíûì 
çíà÷åíèåì ñêîëüçÿùåé ïåðåìåííîé s(t) è ñðåä-
íèì ïîëîæåíèåì ãàóññîâîé ôóíêöèè:

 
2( )j js c   , (6)

ãäå c
j
 – ñðåäíåå ïîëîæåíèå íåéðîíà j. 

Âåñîâûå êîýôôèöèåíòû w
j
 ìåæäó íåéðîíà-

ìè âõîäíîãî ñëîÿ è íåéðîíàìè ñêðûòîãî ñëîÿ 
óêàçàíû êàê êîíñòàíòà 1,0. Âåñîâûå êîýôôè-
öèåíòû w

k
 ìåæäó íåéðîíàìè ñêðûòîãî ñëîÿ 

è íåéðîíàìè âûõîäíîãî ñëîÿ êîððåêòèðóþòñÿ 
â ñîîòâåòñòâèè ñ ïðàâèëîì àäàïòàöèè. Âûõî-
äîì ôóíêöèè ÐÁÔÍÑ ÿâëÿåòñÿ:

 1
( ) ( )

n

j j j
j

g s w s c


   , (7)

ãäå 
2

2

( )
( ) exp j
j

j

s c
s

 
     

 ÿâëÿåòñÿ ãàóññîâîé 

ôóíêöèåé è j-ì íåéðîíîì âûõîäíîãî ñëîÿ; σ
j
 

è c
j
 – ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå è ìà-

òåìàòè÷åñêîå îæèäàíèå ãàóññîâîé ôóíêöèè, 
ñîîòâåòñòâåííî; n – êîëè÷åñòâî íåéðîíîâ, êî-
òîðîå ÿâëÿåòñÿ âõîäíûì çíà÷åíèåì ÐÁÔÍÑ-
ôóíêöèè.

×òîáû èñïîëüçîâàòü ïðåèìóùåñòâà ðåæèìà 
ñêîëüæåíèÿ è àäàïòèâíûõ ñõåì óïðàâëåíèÿ 
â ÐÁÔÍÑ, ïåðåìåííàÿ ïîâåðõíîñòè ñêîëüæå-
íèÿ çàäàåòñÿ êàê âõîäíîå çíà÷åíèå ÐÁÔÍÑ, 
ââîäèòñÿ ïðàâèëî àäàïòàöèè äëÿ ðåãóëèðîâà-
íèÿ âåñîâ ìåæäó ñêðûòûìè è âûõîäíûìè íåé-
ðîííûìè ñëîÿìè. Äëÿ ñëó÷àÿ ñ îäíèì âõîäîì 
è îäíèì âûõîäîì óïðàâëÿþùèé âõîä êîíòðîë-
ëåðà íåéðîííîé ñåòè ïðåäñòàâëÿåò ñîáîé:

 

2

2
1

( )
exp

n
j

j
j j

s c
u w



 
    
 . (8)

Àïïðîêñèìèðîâàííûé çàêîí óïðàâëåíèÿ 
ÐÁÔÍÑ U ìîæåò îòëè÷àòüñÿ îò çàêîíà óïðàâ-
ëåíèÿ u

eq
 èç óðàâíåíèÿ (4):

 2 1( ) ( ) ( )[ ( ) ( )]eqs t e e s t b t u t u t         , (9)

 
( ) ( ) ( )( ( ) ( )[ ( ) ( )])eqs t s t s t s t b t u t u t    . (10)

Èñõîäÿ èç òåîðåìû Ëÿïóíîâà, óñëîâèå äî-
ñòèæåíèÿ ñêîëüçÿùåé ïîâåðõíîñòè 0s s   
[4–6]. Åñëè âûáðàòü óïðàâëÿþùèé âõîäíîé 
ñèãíàë u äëÿ âûïîëíåíèÿ ýòîãî óñëîâèÿ, ñèñòå-
ìà áóäåò ñõîäèòüñÿ ê íà÷àëó ôàçîâîé ïëîñêî-
ñòè. Âåñîâûå êîýôôèöèåíòû ÐÁÔÍÑ ðåãóëè-
ðóþòñÿ íà îñíîâå óñëîâèÿ äîñòèæåíèÿ 0s s  . 
Ïðàâèëî àäàïòàöèè èñïîëüçóåòñÿ äëÿ êîððåê-
òèðîâêè âåñîâ è ïîèñêà èõ îïòèìàëüíûõ çíà-
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÷åíèé, à òàêæå äëÿ äîñòèæåíèÿ ñòàáèëüíîé 
ñõîäèìîñòè. Ïðàâèëî àäàïòàöèè âûâåäåíî 
èç ïðàâèëà íàèñêîðåéøîãî ñïóñêà, ÷òîáû ìè-
íèìèçèðîâàòü çíà÷åíèå s s   îòíîñèòåëüíî w

j
. 

Òîãäà óðàâíåíèå âåñîâûõ êîýôôèöèåíòîâ ïðåä-
ñòàâëÿåò ñîáîé:

  

2

2

( ) ( ) ( ) ( )( ) ( )
( ) ( ) ( )

( )
( )exp ( ) ( ).

j
j j

j
j

j

ds t s t du t du tw b t s t
du t dw t dw t

s c
s t s t s

    

 
        




(11)

Ïàðàìåòð ñêîðîñòè àäàïòàöèè Ã è âõîäíîé 
ïàðàìåòð ñèñòåìû b(t) îáúåäèíåíû â êà÷åñòâå 
ïàðàìåòðà ñêîðîñòè îáó÷åíèÿ γ. Âåñîâûå êî-
ýôôèöèåíòû ìåæäó ñêðûòûìè è âûõîäíûìè 
ñëîÿìè íåéðîííîé ñåòè ìîãóò áûòü îòðåãóëè-
ðîâàíû â ðåæèìå ðåàëüíîãî âðåìåíè. Èç óðàâ-
íåíèÿ (1) ìîæíî ñäåëàòü âûâîä, ÷òî ïåðåìåííàÿ 
b(t) âñåãäà ÿâëÿåòñÿ ïîëîæèòåëüíûì çíà÷åíèåì 
äëÿ ýòîé ñèñòåìû ïîäðåññîðèâàíèÿ. Èç óðàâíå-
íèÿ (9) âèäíî, ÷òî s  óâåëè÷èâàåòñÿ ñ óìåíüøå-
íèåì u è íàîáîðîò. Åñëè s > 0, òî óâåëè÷åíèå 
u èç-çà âîçðàñòàíèÿ w

j
 ïðèâåäåò ê óìåíüøåíèþ

s s  . Êîãäà óñëîâèå s < 0, s s   áóäåò óìåíü-
øàòüñÿ ñ óìåíüøåíèåì u ÷åðåç óìåíüøåíèå w

j
. 

Ñëåäîâàòåëüíî, ïðàâèëî (11) äîñòèæèìî.
Ðàäèàëüíî áàçèñíàÿ ôóíêöèÿ (ÐÁÔ) [5, 7, 8, 

15] è àäàïòèâíàÿ ñòðóêòóðà êîíòðîëëåðà ñêîëü-
æåíèÿ ÐÁÔÐÑ (ðàäèàëüíî-áàçèñíàÿ ôóíêöèÿ 
ðåæèìà ñêîëüæåíèÿ) ïîêàçàíû íà ðèñóíêå 1 è 2, 
ñîîòâåòñòâåííî. Ïàðàìåòðû ãàóññîâûõ ôóíêöèé 
σ

j
 è c

j
 â íåêîòîðûõ ñëó÷àÿõ ìîãóò áûòü çàäàíû 

êàê êîíñòàíòû. Êîýôôèöèåíò ðàñïðîñòðàíåíèÿ 
u

j
 = 0,6, à ñðåäíåå çíà÷åíèå ôóíêöèé c

j
 äëÿ óïðî-

ùåíèÿ çàäàåòñÿ êàê èíòåãðàëüíûå êîíñòàíòû 
îò –5 äî +5. Ìàñøòàáíûé êîýôôèöèåíò g

s
 âû-

áèðàåòñÿ èç äèàïàçîíà òàê, ÷òîáû îòîáðàæàòü 
ïåðåìåííóþ ïîâåðõíîñòè ñêîëüæåíèÿ s. 

Òåîðåòè÷åñêè ÐÁÔÍÑ ìîæåò èñïîëüçî-
âàòüñÿ äëÿ ìîäåëèðîâàíèÿ è àïïðîêñèìàöèè 
ëþáîãî íåëèíåéíîãî êîíòðîëëåðà. Êîýôôèöè-
åíò ˆW W W   ïîêàçûâàåò ðàçíèöó ìåæäó îï-
òèìàëüíûì çíà÷åíèåì âåñîâîãî êîýôôèöèåí-
òà è åãî òåêóùèì çíà÷åíèåì. Ŵ ïðåäñòàâëÿåò 
ñîáîé òåêóùåå çíà÷åíèå âåñîâîãî êîýôôèöèåí-
òà íåéðîííîé ñåòè. Âûáåðåì ôóíêöèþ Ëÿïóíî-
âà êàê

 

21
2 2

TbV s W W 

  . (12)

Ìîæíî ñêàçàòü, ÷òî ôóíêöèÿ Ëÿïóíîâà ïî-
ñòåïåííî óìåíüøàåòñÿ, à ñèñòåìà óïðàâëå-
íèÿ óñòîé÷èâà. Ñêîëüçÿùàÿ ïîâåðõíîñòíàÿ 
ïåðåìåííàÿ s(t) ñõîäèòñÿ ïî ãðàíè÷íîìó ñëîþ 
s = 0 â ôàçîâîé ïëîñêîñòè, à W  îñòàåòñÿ îãðà-
íè÷åííîé.

Ðåçóëüòàòû è îáñóæäåíèå
Äëÿ óïðàâëåíèÿ àêòèâíîé ñèñòåìîé ïîäðåñ-

ñîðèâàíèÿ ÌÑ ïðåäëàãàåòñÿ àäàïòèâíûé êîí-
òðîëëåð ðåæèìà ñêîëüçÿùåãî ðåæèìà ÐÁÔÍÑ. 
Ðåãóëèðóåìûé ïàðàìåòð äëÿ êîíòðîëëåðà 
ÐÁÔÍÑ âûáèðàåòñÿ êàê g

s
 = 8,5, ÷òîáû ïîêðûòü 

äèàïàçîí ãàóññîâñêèõ ôóíêöèé. Ïàðàìåòð λ 
â óðàâíåíèè ñêîëüæåíèÿ (2) çàäàåòñÿ ðàâíûì 
0,5; ýòî çíà÷åíèå îáîçíà÷àåò íàêëîí ïîâåðõíî-
ñòè ñêîëüæåíèÿ â ôàçîâîé ïëîñêîñòè, çíà÷åíèå 
ïàðàìåòðà ñêîðîñòè îáó÷åíèÿ γ áûëî âûáðàíî 
ðàâíûì 0,6, êîýôôèöèåíò óðàâíåíèÿ óïðàâëå-
íèÿ ñêîëüçÿùèì ðåæèìîì íà îñíîâå íåéðîííîé 
ñåòè g

u
 ðàâåí 0,8. Êîýôôèöèåíò ðàñïðåäåëåíèÿ 

Ðèñ. 2. Ñòðóêòóð à àäàïòèâíîãî íåéðîñåòåâîãî êîíòðîëëåðà

Ðèñ. 1. Ãàóññîâà  ôóíêöèÿ ÐÁÔ



Âèáðàöèîííàÿ çàùèòà ãèäðàâëè÷åñêîé ñèñòåìû ïîäðåññîðèâàíèÿ ìîáèëüíûõ ìàøèí 
ñ ïðèìåíåíèåì àêòèâíîãî ðåãóëèðîâàíèÿ íåéðîñåòåâûì êîíòðîëëåðîì
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ãàóññîâñêèõ ôóíêöèé çàäàåòñÿ êàê êîíñòàíòà 
0,6. ×òîáû èññëåäîâàòü ïàðàìåòðû óïðàâëÿ-
þùåãî ñèãíàëà íà îñíîâå äèíàìè÷åñêîãî ïî-
âåäåíèÿ ïðóæèíû, âûïîëíÿëèñü ñëåäóþùèå 
ýêñïåðèìåíòû. ×àñòîòà äèñêðåòèçàöèè â ýêñïå-
ðèìåíòàõ ñîñòàâëÿåò 150 Ãö. 

Íà ðèñ. 3 ïîêàçàíî äèíàìè÷åñêîå èçìåíåíèå 
ïîëîæåíèÿ ïðóæèíû ïðè äâèæåíèè ÌÑ ïî ñè-
íóñîèäàëüíîé äîðîæíîé ïîâåðõíîñòè ñ àì-
ïëèòóäîé êîëåáàíèé 40 ìì, èñïîëüçóÿ ñõåìó 
óïðàâëåíèÿ ÐÁÔÍÑ. Íà ñïëîøíîé ëèíèè ïîêà-
çàí ïðîôèëü äîðîãè, øòðèõïóíêòèðíàÿ ëèíèÿ 
îáîçíà÷àåò ïàññèâíîå ïåðåìåùåíèå ïîäðåññî-
ðåííîé ìàññû, à òîíêàÿ ëèíèÿ îáîçíà÷àåò èç-
ìåíåíèå ïîëîæåíèÿ ìàññû ïðóæèíû ñ àêòèâ-
íîé ñèñòåìîé ïîäðåññîðèâàíèÿ. 

Ìàêñèìàëüíîå ñìåùåíèå ïîäðåññîðåííîé 
ìàññû ñîñòàâëÿåò 7,5 ìì äëÿ íà÷àëüíîãî ïåðè-
îäà îáó÷åíèÿ. Ïîñëå ýòîãî êîëåáàíèå ïîäðåñ-
ñîðåííîé ÷àñòè ÌÑ ñîñòàâëÿåò ìåíåå 1,5 ìì. 
Ýòî íåáîëüøîå êîëåáàíèå âûçâàíî äèíàìè÷å-
ñêèì èçìåíåíèåì äåôîðìàöèè øèíû. Íà ðèñ. 4 

ïîêàçàíî óñêîðåíèå ìàññû ïðóæèíû ñ ðàçëè÷-
íûì êîëè÷åñòâîì ÐÁÔ, ÷òîáû îöåíèòü âëèÿíèå 
êîëè÷åñòâà óçëîâ ýòîé íåéðîííîé ñåòè.

Ñðåäíåêâàäðàòè÷íûå çíà÷åíèÿ àìïëè-
òóä êîëåáàíèé óñêîðåíèÿ ñîñòàâëÿþò 16,61 
è 10,31 ìì/ñ2 ñîîòâåòñòâåííî äëÿ 5 è 11 óçëîâ 
ÐÁÔ. Ïîëîæåíèå ïîäðåññîðåííîé ìàññû è äè-
íàìè÷åñêèå õàðàêòåðèñòèêè óñêîðåíèÿ ýòîé 
ñèñòåìû ïîäðåññîðèâàíèÿ âî âðåìÿ äâèæåíèÿ 
ÌÑ ïî íåðîâíîé äîðîãå ñî ñëó÷àéíîé àìïëè-
òóäîé ïîêàçàíû íà ðèñ. 5 è 6 ñîîòâåòñòâåííî. 

Ìîæíî çàìåòèòü, ÷òî àìïëèòóäà êîëåáà-
íèé óñêîðåíèÿ íàõîäèòñÿ â ïðåäåëàõ 18 ìì/ñ2, 
çà èñêëþ÷åíèåì íà÷àëüíîãî ïåðèîäà îáó÷åíèÿ. 
Ñðåäíåêâàäðàòè÷íûå çíà÷åíèÿ ïåðåìåùåíèÿ 
è óñêîðåíèÿ ñîñòàâëÿþò 1,04 ìì è 8,52 ìì/ñ2 
ñîîòâåòñòâåííî.

Âûâîäû
1. Ïðåäëîæåí íîâûé êîíòðîëëåð ðåæèìà 

ñêîëüæåíèÿ ãèäðàâëè÷åñêè àêòèâíîé ñèñòåìû 
ïîäðåññîðèâàíèÿíà îñíîâå íåéðîííîé ñåòè. 

Ðèñ. 3. Äèíàìè÷åñêî å ïåðåìåùåíèå ïîäðåññîðåííîé ìàññû âî âðåìåíè

Ðèñ. 4. Èçìåíåíèå ó ñêîðåíèÿ ïîäðåññîðåííîé ìàññû ïðè êîëè÷åñòâå óçëîâ ÐÁÔ n = 5 è 11
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Äàííûé àëãîðèòì óïðàâëåíèÿ ñî÷åòàåò â ñåáå 
ìåòîäû àäàïòàöèè è ìåòîä óïðàâëåíèÿ ðåæè-
ìîì ñêîëüæåíèÿ, óñòàíàâëèâàåò ñîîòâåòñòâó-
þùèå âåñîâûå çíà÷åíèÿ ÐÁÔ ïóòåì îáó÷åíèÿ 
àëãîðèòìà â ðåæèìå ðåàëüíîãî âðåìåíè. 

2. Ðåçóëüòàòû èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ ïîêàçûâàþò, ÷òî áëàãîäàðÿ èñïîëüçîâàíèþ 
äàííîãî íåéðîñåòåâîãî êîíòðîëëåðà ñèñòåìà 
ïîäðåññîðèâàíèÿ äîñòàòî÷íî ýôôåêòèâíî ñíè-
æàåò âèáðîàêòèâíîñòü êîëåáàòåëüíîé ñèñòåìû 
èññëåäóåìîãî ÌÑ îò íåðîâíîñòåé äîðîãè. 

3. Ðàçðàáîòàííûé àëãîðèòì è ìåòîä óïðàâ-
ëåíèÿ, ñ ïðèìåíåíèåì íåéðîñåòåâîãî êîíòðîë-
ëåðà ìîæåò óñïåøíî ïðèìåíÿòüñÿ ïðè ñîçäàíèè 
è ìîäåðíèçàöèè ñèñòåì ïîäðåññîðèâàíèÿ ìî-
áèëüíûõ ìàøèí è ýíåðãåòè÷åñêèõ ñðåäñòâ. Ýòî 
ïîçâîëèò ïîâûñèòü òî÷íîñòü ðàñ÷åòíûõ ïîêàçà-
òåëåé ñèñòåìû è ñîêðàòèò âðåìÿ èõ îöåíêè.
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