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Äèíàìè÷íîå ðàçâèòèå íàâèãàöèîííûõ òåõíîëîãèé îòêðûâàåò âîçìîæíîñòè äëÿ óñïåøíîãî ðåøå-
íèÿ øèðîêîãî êðóãà çàäà÷ íàâèãàöèè ïîäâèæíûõ îáúåêòîâ. Â òå÷åíèå äîëãîãî âðåìåíè ðàñøèðå-
íèå îáëàñòè ïðèìåíåíèÿ íàâèãàöèîííûõ ñèñòåì äëÿ òðàíñïîðò-íûõ ïðèëîæåíèé ñäåðæèâàëîñü èõ 
âûñîêîé ñòîèìîñòüþ. Ïîÿâëåíèå ìàëîãàáàðèòíûõ, äå-øåâûõ èíåðöèàëüíûõ äàò÷èêîâ, âûïîëíåí-
íûõ íà îñíîâå òåõíîëîãèè MEMS , ïðèâåëî ê ïîÿâëåíèþ èíòåãðèðîâàííûõ íàâèãàöèîííûõ ñèñòåì, 
îáúåäèíÿþùèõ â ñâîåì ñîñòàâå èíåðöèàëüíûé è ñïóòíèêîâûé GPS/ÃËÎÍÀÑÑ èíåðöèàëüíûå ìî-
äóëè. Äëÿ ðåøåíèÿ çàäà÷ íàâèãàöèè íàçåìíûõ òðàíñïîðòíûõ ñðåäñòâ èíòåãðèðîâàííàÿ ñèñòåìà 
êîìïëåêñèðóåòñÿ ñ îäîìåòðîì. Íà ñåãîäíÿøíèé äåíü ñîçäàí ðÿä àâòîìîáèëüíûõ íàâèãàöèîííûõ 
ñèñòåì, âêëþ÷àþùèõ îäîìåòð íàðÿäó ñ èíåðöèàëüíûì èçìåðèòåëüíûì áëîêîì è ïðèåìíèêîì ñè-
ñòåìû ñïóòíèêîâîé íàâèãàöèè. Òåì íå ìåíåå, áîëüøèíñòâî òàêèõ ñèñòåì ñóùåñòâóåò ëèøü â âèäå 
ìîäåëåé. Â ñòàòüå ïðèâîäèòñÿ âàðèàíò ïîñòðîåíèÿ èíòåãðèðîâàííîé íàâèãà-öèîííîé ñèñòåìû 
òðàíñïîðòíîãî ñðåäñòâà, äîâåäåííûé äî ïðàêòè÷åñêîé ðåàëèçàöèè. Âû-ïîëíåí àíàëèç îøèáîê íà-
âèãàöèîííîé ñèñòåìû. Ïðåäëîæåí ñïîñîá êîððåêöèè ïîãðåøíî-ñòåé çà ñ÷åò äåìïôèðîâàíèÿ êî-
ëåáàíèé îøèáîê ïî ñêîðîñòè ñ ïîñëåäóþùèì ó÷åòîì äåìïôèðóþùèõ ïîïðàâîê. Ñïîñîá îòëè÷àåò 
ïðîñòîòà ðåàëèçàöèè è íàäåæíîñòü ôóíêöèî-íèðîâàíèÿ.
Êîððåêöèÿ íàâèãàöèîííûõ ïàðàìåòðîâ, âû÷èñëåííûõ íà îñíîâå èçìåðåíèé èíåðöè-àëüíûõ äàò-
÷èêîâ è îäîìåòðà, äîïóñòèìà ëèøü òîãäà, êîãäà èçâåñòíî, ÷òî èõ íàêîïëåííûå îøèáêè ïðåâçîø-
ëè ñîîòâåòñòâóþùèå ïîãðåøíîñòè ñïóòíèêîâîãî íàâèãàöèîííîãî ðåøåíèÿ. Ïðèíöèïèàëüíî íîâûì 
äëÿ òåîðèè è ïðàêòèêè ýêñïëóàòàöèè ÍÑ ÿâëÿåòñÿ ââåäåíèå ñèñòåìû êðèòåðèåâ, õàðàêòåðèçóþùèõ 
óñòîé÷èâîñòü ðåæèìà âûðàáîòêè íàâèãàöèîííûõ ïàðàìåòðîâ. Ïðèâåäåííûå â ñòàòüå ÷èñëåííûå 
çíà÷åíèÿ êðèòåðèàëüíûõ îöåíîê ïðåäñòàâ-ëÿþò èíòåðåñ äëÿ ðàçðàáîò÷èêîâ íàâèãàöèîííûõ ñè-
ñòåì, ïîñêîëüêó èõ ó÷åò îáåñïå÷èâàåò íàäåæíîñòü îïðåäåëåíèÿ âûõîäíûõ ïàðàìåòðîâ ñèñòåìû. 
Ïðàêòè÷åñêàÿ öåííîñòü ïðåäñòàâëåííûõ ðåçóëüòàòîâ èññëåäîâàíèé, çàêëþ÷àåòñÿ â òîì, ÷òî îíè 
ìîãóò áûòü èñïîëüçîâàíû ïðè ïîñòðîåíèè âûñîêîòî÷íîé íàâèãàöèîííîé ñè-ñòåìû íàçåìíîãî 
òðàíñïîðòíîãî ñðåäñòâà. 

Êëþ÷åâûå ñëîâà: èíòåãðèðîâàííàÿ íàâèãàöèîííàÿ ñèñòåìà, ñïóòíèêîâàÿ íàâèãàöèÿ, ìèêðîýëåê-
òðîìåõàíè÷åñêèé äàò÷èê, àêñåëåðîìåòð, ãèðîñêîï, îäîìåòð, íàâèãàöèîííûé ïàðàìåòð.

Ââåäåíèå
Ñîâðåìåííûé ýòàï ðàçâèòèÿ íàâèãàöèîí-

íûõ òåõíîëîãèé äëÿ òðàíñïîðòíûõ ïðèëîæå-
íèé õàðàêòåðèçóåòñÿ äèíàìè÷íûì ðàçâèòèåì 
öåëîãî ðÿäà íàïðàâëåíèé â äàííîé îòðàñëè. Ê 
÷èñëó íàèáîëåå ïåðñïåêòèâíûõ íàïðàâëåíèé 
ñëåäóåò îòíåñòè ñîçäàíèå èíòåãðèðîâàííûõ 
íàâèãàöèîííûõ ñèñòåì (ÈÍÍÑ) [1–3]. Äàííûå 
ñèñòåìû ïîñòðîåíû ïî ïðèíöèïó ôóíêöèî-
íàëüíîãî è êîíñòðóêòèâíîãî ñîïðÿæåíèÿ äâóõ 
ñàìîñòîÿòåëüíûõ ñèñòåì – èíåðöèàëüíîé íà-
âèãàöèîííîé ñèñòåìû (ÈÍÑ) è ñïóòíèêîâîé 
íàâèãàöèîííîé ñèñòåìû (ÑÍÑ). Îáúåäèíåíèå â 
åäèíûé êîìïëåêñ èíåðöèàëüíîé è ñïóòíèêîâîé 

ñèñòåì ïîçâîëÿåò ýôôåêòèâíî èñïîëüçîâàòü 
ôóíêöèîíàëüíûå ïðåèìóùåñòâà è êîìïåíñèðî-
âàòü íåäîñòàòêè, ïðèñóùèå êàæäîé èç ñèñòåì â 
îòäåëüíîñòè.

Ìàãèñòðàëüíîå íàïðàâëåíèå ðàçâèòèÿ 
ÈÍÍÑ äëÿ íàçåìíûõ òðàíñïîðòíûõ ñðåäñòâ 
(ÒÑ) ñâÿçàíî ñ ðàçðàáîòêîé ìàëîãàáàðèòíûõ 
ñèñòåì. Ïîÿâëåíèå íà ðûíêå íàâèãàöèîííîãî 
îáîðóäîâàíèÿ èíåðöèàëüíûõ äàò÷èêîâ âûïîë-
íåííûõ íà áàçå òåõíîëîãèè ìèêðîýëåêòðî-
ìåõàíè÷åñêèõ ñèñòåì – MEMS (Micro-Electro 
Mechanical Systems) [1–4], îáåñïå÷èâàåò ðå-
øåíèå çàäà÷è ïî ñîçäàíèþ ìàëîãàáàðèòíîé 
ÈÍÍÑ. 
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Äàò÷èêè, îòíîñÿùèå ê êëàññó ýëåìåíòîâ 
MEMS, îáëàäàþò ðÿäîì íåîñïîðèìûõ ïðåèìó-
ùåñòâ, ê êîòîðûì îòíîñÿò – âûñîêóþ íàäåæ-
íîñòü, ìàëóþ ìàññó è ãàáàðèòíûå ðàçìåðû [3, 4], 
ìàëîå ýíåðãîïîòðåáëåíèå, íåâîñïðèèì÷èâîñòü 
ê âèáðîóäàðíûì íàãðóçêàì, íèçêóþ ñòîèìîñòü. 
Íåñìîòðÿ íà ðÿä íåîñïîðèìûõ òåõíîëîãè÷å-
ñêèõ ïðåèìóùåñòâ MEMS äàò÷èêè îòíîñÿòñÿ ê 
îáëàñòè ñåíñîðîâ ñ íèçêèì óðîâíåì òî÷íîñòè, 
÷òî ÿâëÿåòñÿ ñäåðæèâàþùèì ôàêòîðîì íà ïóòè 
ìàññîâîãî ïðèìåíåíèÿ ìàëîãàáàðèòíûõ íàâè-
ãàöèîííûõ ñèñòåì äëÿ øèðîêîãî êëàññà ïîä-
âèæíûõ íàçåìíûõ îáúåêòîâ. Â ñâÿçè ñ ýòèì âîç-
íèêàåò àêòóàëüíàÿ çàäà÷à ïîâûøåíèÿ òî÷íîñòè 
îïðåäåëåíèÿ íàâèãàöèîííûõ ïàðàìåòðîâ ìàëî-
ãàáàðèòíûõ ÈÍÍÑ. Îïòèìèçàöèÿ òî÷íîñòíûõ 
õàðàêòåðèñòèê íàâèãàöèîííûõ ñèñòåì íà áàçå 
MEMS äàò÷èêîâ âîçìîæíà ïóòåì ðåàëèçàöèè 
àëãîðèòìè÷åñêèõ ìåòîäîâ ïîâûøåíèÿ òî÷íîñòè 
[1, 2, 7, 8], ïîñêîëüêó âîçìîæíîñòè êîíñòðóêòîð-
ñêèõ è òåõíîëîãè÷åñêèõ ðåøåíèé ïðè ñèíòåçå 
ìàëîãàáàðèòíûõ íàâèãàöèîííûõ ñèñòåì ïðàê-
òè÷åñêè èñ÷åðïàíû. 

Ñëåäóåò îòìåòèòü, ÷òî ïðèìåíèòåëüíî ê 
àâòîòðàíñïîðòó, ýêñïëóàòèðóåìîìó â ñëîæ-
íûõ óñëîâèÿõ (ïëîòíàÿ çàñòðîéêà ñ íàëè÷èåì 
òóííåëåé, ëåñèñòàÿ ìåñòíîñòü, íåáëàãîïðèÿò-
íàÿ êîíôèãóðàöèåé îðáèòàëüíîé ãðóïïèðîâêè 
ñïóòíèêîâ ÑÍÑ) èñïîëüçîâàíèå â èíòåãðèðî-
âàííûõ ñèñòåìàõ òîëüêî ñèãíàëîâ ÑÍÑ íå îáå-
ñïå÷èâàåò íåîáõîäèìóþ òî÷íîñòü è íåïðåðûâ-
íîñòü îïðåäåëåíèÿ íàâèãàöèîííûõ ïàðàìåòðîâ 
[1, 2, 5, 6]. 

Äîïîëíèòåëüíûì èñòî÷íèêîì ïîâûøåíèÿ 
òî÷íîñòè è îáåñïå÷åíèÿ óñòîé÷èâîñòè ðàáîòû 
èíòåãðèðîâàííîé ñèñòåìû íàçåìíîãî ÒÑ ÿâëÿ-
åòñÿ êîìïëåêñèðîâàíèå èíåðöèàëüíî-ñïóòíè-
êîâûõ ñåãìåíòîâ ñèñòåìû ñ äîïîëíèòåëüíûìè 
èñòî÷íèêàìè èíôîðìàöèè, ê êîòîðûì îòíîñèò-
ñÿ îäîìåòðè÷åñêèé äàò÷èê. Íà ñåãîäíÿøíèé 
äåíü ñîçäàí ðÿä àâòîìîáèëüíûõ íàâèãàöèîí-
íûõ ñèñòåì, âêëþ÷àþùèõ îäîìåòð íàðÿäó ñ 
èíåðöèàëüíûì èçìåðèòåëüíûì áëîêîì è ïðè-
åìíèêîì ñèñòåìû ñïóòíèêîâîé íàâèãàöèè. 

Òàêèì îáðàçîì, íàèáîëåå îïòèìàëüíûì è 
ôóíêöèîíàëüíî ïîëíûì ðåøåíèåì ïîñòðîå-
íèÿ ÍÑ äëÿ íàçåìíîãî òðàíñïîðòíîãî ñðåäñòâà 
ÿâëÿåòñÿ êîìïëåêñèðîâàíèå ÈÍÍÑ ñ äîïîë-
íèòåëüíûì èñòî÷íèêîì èíôîðìàöèè. Ïîñòðî-
åíèå êîìïëåêñèðîâàííîé ÈÍÍÑ òðåáóåò ðå-
øåíèÿ öåëîãî ðÿäà ÷àñòíûõ çàäà÷, ê êîòîðûì 
ñëåäóåò îòíåñòè çàäà÷è ïîâûøåíèÿ òî÷íîñòè 
îïðåäåëåíèÿ íàâèãàöèîííûõ ïàðàìåòðîâ ïðè 
îáåñïå÷åíèè íàäåæíîñòè ïðîöåññà ôîðìèðîâà-
íèÿ èíôîðìàòèâíûõ ïàðàìåòðîâ.

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ àíàëèç âîç-
ìîæíîñòåé ñïîñîáà êîððåêöèè ïîãðåøíîñòåé 
ÈÍÍÑ ïóòåì ñîâìåñòíîãî èñïîëüçîâàíèÿ èç-
ìåðåíèé, ôîðìèðóåìûõ ñåãìåíòàìè íàâèãàöè-
îííîé ñèñòåìû. 

Ñòðóêòóðà èíòåãðèðîâàííîé 
íàâèãàöèîííîé ñèñòåìû 
êîìïëåêñèðîâàííîé ñ îäîìåòðîì
Èíòåãðèðîâàííàÿ íàâèãàöèîííàÿ ñèñòåìà 

ïîñòðîåíà ïî ïðèíöèïó ñõåìíîãî è ïðîãðàìì-

Ðèñ. 1. Èíòåãðèðîâàííàÿ íàâèãàöèîííàÿ ñèñòåìà
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íîãî îáúåäèíåíèÿ èíåðöèàëüíîãî ìîäóëÿ, 
ïðèåìíèêà GPS è îäîìåòðà. Áëîê – ñõåìà èí-
òåãðèðîâàííîé íàâèãàöèîííîé ñèñòåìû ïðåä-
ñòàâëåíà íà ðèñ. 1.

Â êà÷åñòâå ÷óâñòâèòåëüíûõ ýëåìåíòîâ 
èíåðöèàëüíîãî èçìåðèòåëüíîãî ìîäóëÿ ÈÍÍÑ 
èñïîëüçóþòñÿ àêñåëåðîìåòðû ADXRS-300 è 
ãèðîñêîïû ADXL-210, âûïîëíåííûå ïî ÌÅÌÑ 
òåõíîëîãèè. Ñïóòíèêîâûé êàíàë ÈÍÑ îñíà-
ùåí ïðèåìíèêàìè GPS Cresent A-100 (ëèáî 
Smart-V1). Â êà÷åñòâå âû÷èñëèòåëüíîãî óñòðîé-
ñòâà â íàâèãàöèîííîé ñèñòåìå èñïîëüçóåòñÿ 
ñèãíàëüíûé ìèêðîïðîöåññîð ADSP-2188M. 

Äàííîå êîíñòðóêòèâíîå ðåøåíèå îáåñïå÷è-
âàåò èçìåðåíèå óñêîðåíèÿ ÒÑ ïî ïîêàçàíèÿì 
àêñåëåðîìåòðîâ – [ , , ]TE N UPf f f f , óãëîâîé 
ñêîðîñòè ÒÑ ïî ïîêàçàíèÿì ãèðîñêîïîâ –

[ , , ]TE N UP     è ñêîðîñòè ÒÑ – 
ODV  ñ ïî-

ìîùüþ îäîìåòðà.
Ïî ðåçóëüòàòàì èçìåðåíèé îïðåäåëÿþòñÿ:

• 
Ãë
TRH  – ïóòåâîé óãîë îáúåêòà, îïðåäåëÿå-

ìûé ïî ïîêàçàíèÿì Ãëîíàññ;
• ÅÃë, NÃë – êîîðäèíàòû ìåñòîïîëîæåíèÿ 

ÒÑ, îïðåäåëÿåìûå ïî ïîêàçàíèÿì Ãëî-
íàññ;

•   – øèðîòà,   – äîëãîòà, H  – ïóòåâîé 
óãîë ÒÑ, ïîëó÷åííûå ñ ó÷åòîì êîððåê-
öèè,   – òàíãàæ,   – êðåí;

• ;OUTE
OUTN  – âû÷èñëåííûå âûõîäíûå êî-

îðäèíàòû ìåñòîïîëîæåíèÿ.

Êîððåêöèÿ íàâèãàöèîííûõ 
ïàðàìåòðîâ
Îñíîâíàÿ èäåÿ èíåðöèàëüíîé íàâèãàöèè ñî-

ñòîèò â èíòåãðèðîâàíèè óñêîðåíèÿ ïîäâèæíîãî 
îáúåêòà. Îäíîêðàòíîå èíòåãðèðîâàíèå ïîçâî-
ëÿåò ïîëó÷èòü ñêîðîñòü îáúåêòà, äâóêðàòíîå – 
ïðèðàùåíèå åãî êîîðäèíàò ïî îòíîøåíèþ ê íà-
÷àëüíîìó ìåñòîïîëîæåíèþ. Ïðè âû÷èñëåíèè 
ñêîðîñòåé ïîñòîÿííàÿ îøèáêà îïðåäåëåíèÿ 
óñêîðåíèé ïðåîáðàçóåòñÿ â íåïðåðûâíî íàðàñ-
òàþùèå îøèáêè ñêîðîñòåé. Òàêàÿ æå ñèòóàöèÿ 
ñêëàäûâàåòñÿ ñ îøèáêàìè ïðè îïðåäåëåíèè 
óãëîâ îðèåíòàöèè. Íåòî÷íîñòü çàäàíèÿ íà-
÷àëüíûõ óñëîâèé íà ìîìåíò âêëþ÷åíèÿ ÈÍÑ, 
à òàêæå íåêîìïåíñèðîâàííûå ñîáñòâåííûå ïî-
ãðåøíîñòè èíåðöèàëüíûõ äàò÷èêîâ âûçûâàþò 
íåçàòóõàþùèå êîëåáàíèÿ ñ ïåðèîäîì Øóëåðà 
(84,4 ìèí). [1, 2]. Ýòè êîëåáàíèÿ ñîçäàþò ïî-
ãðåøíîñòè â ïîêàçàíèÿõ îðèåíòàöèè, ñêîðîñòè 
è êîîðäèíàò. Êðîìå òîãî, èç-çà íàëè÷èÿ ñëó-
÷àéíûõ ïîãðåøíîñòåé â âûõîäíûõ ñèãíàëîâ 
èíåðöèàëüíûõ äàò÷èêîâ àìïëèòóäà ýòèõ êî-

ëåáàíèé ñî âðåìåíåì óâåëè÷èâàåòñÿ. Ìîæíî 
óòâåðæäàòü, ÷òî ÈÍÑ ïðåäñòàâëÿþò ñîáîé êî-
ëåáàòåëüíûå ñèñòåìû è ïðè äëèòåëüíîé ðàáîòå 
íóæäàþòñÿ â ôîðìèðîâàíèè êîððåêòèðóþùèõ 
âîçäåéñòâèé, äåìïôèðóþùèõ êîëåáàíèÿ.

Ïðèíöèï ðàáîòû ëþáîãî àëãîðèòìà êîððåê-
öèè ïîãðåøíîñòè ÈÍÑ ïðåäïîëàãàåò èñïîëü-
çîâàíèå äîïîëíèòåëüíîé èíôîðìàöèè î ïàðà-
ìåòðàõ äâèæåíèÿ òîãî îáúåêòà, íà êîòîðîì 
óñòàíîâëåíà ñèñòåìà. Ýòà èíôîðìàöèÿ ìîæåò 
áûòü èçâëå÷åíà ëèáî èç ïîêàçàíèé èíåðöèàëü-
íûõ äàò÷èêîâ, ëèáî èç âíåøíèõ èñòî÷íèêîâ. 
Â êà÷åñòâå òàêèõ èñòî÷íèêîâ â ñèñòåìå äëÿ 
íàçåìíîãî ÒÑ ìîãóò èñïîëüçîâàòüñÿ ñèãíàëû 
îäîìåòðà è ïðèåìíèêà GPS. Ïåðâûå èìåþò òî 
ïðåèìóùåñòâî, ÷òî äîñòóïíû âñåãäà, áåçîò-
íîñèòåëüíî ê îêðóæàþùåé îáñòàíîâêå, îäíàêî 
îíè ñîäåðæàò äàííûå ëèøü î âåëè÷èíå ñêîðî-
ñòè èëè ïðîéäåííîãî ïóòè, íî íå î êîîðäèíàòàõ 
èëè óãëå êóðñà. Âòîðûå æå ïîçâîëÿþò íåïî-
ñðåäñòâåííî êîððåêòèðîâàòü âûõîäíóþ èíôîð-
ìàöèþ èíòåãðèðîâàííîé ñèñòåìû î ìåñòîïîëî-
æåíèè îáúåêòà, îäíàêî ïîäâåðæåíû âëèÿíèþ 
ïîìåõ, êîòîðûå ïðèîáðåòàþò îñîáîå çíà÷åíèå â 
óñëîâèÿõ ãîðîäà èëè ìîðñêîãî ïîðòà. Ñ öåëüþ 
îïòèìèçàöèè òî÷íîñòíûõ õàðàêòåðèñòèê ïðåä-
ëàãàåòñÿ ñïîñîá êîððåêöèè îøèáîê.

Äëÿ ïîÿñíåíèÿ ñóòè ïðåäëàãàåìîãî ñïîñîáà 
êîððåêöèè îáðàòèìñÿ ê óðàâíåíèÿì îøèáîê [1, 2]:

EV  = –gÔ
N
 + f

E
; NV   = –gÔ

E
 + f

N
;

E
N N

V
Ô

R


   ; N

E E

V
Ô

R


    ,

ãäå NÔ , EÔ  – óãëû îòêëîíåíèÿ ïëàòôîðìû 
îò ïëîñêîñòè ãîðèçîíòà; Nf , Ef  – ñìåùåíèå 
íóëåé ñèãíàëîâ àêñåëåðîìåòðîâ; N , E  – 
ñìåùåíèå íóëåé èçìåðèòåëåé óãëîâîé ñêîðî-
ñòè; NV , EV – îøèáêà îïðåäåëåíèÿ ñêîðîñòè 
â ñåâåðíîì è âîñòî÷íîì êàíàëàõ.

Ïðîàíàëèçèðóåì óðàâíåíèÿ îøèáîê âîñ-
òî÷íîãî êàíàëà. Ïðîäèôôåðåíöèðóåì ïåðâîå 
óðàâíåíèå è ïîäñòàâèì â åãî ïðàâóþ ÷àñòü 
âòîðîå. Òîãäà:

2
E E N EV V f       .

Ìû ïîëó÷èëè íåîäíîðîäíîå ëèíåéíîå äèô-
ôåðåíöèàëüíîå óðàâíåíèå âòîðîãî ïîðÿäêà, 
äëÿ êîòîðîãî ñâîáîäíûì ðåøåíèåì ñëóæèò 

óðàâíåíèå íåçàòóõàþùèõ ãàðìîíè÷åñêèõ êîëå-

áàíèé ñ ÷àñòîòîé Øóëåðà 
g

R
   è ïåðèîäîì 

2
84.4SCHT


 


 ìèí.
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Ñõåìà íà ðèñ. 2 ïîÿñíÿåò ôèçè÷åñêèé ñìûñë 
âîçíèêíîâåíèÿ ïîãðåøíîñòåé, îïèñûâàåìûõ 
ïðèâåäåííûìè óðàâíåíèÿìè, íà ïðèìåðå âîñ-
òî÷íîãî êàíàëà ýêâèâàëåíòíîé ïëàòôîðìåííîé 
ñèñòåìû. 

Ñóùåñòâåííî óëó÷øèòü òî÷íîñòü îïðåäå-
ëåíèÿ âûõîäíûõ ïàðàìåòðîâ íàâèãàöèîííîé 
ñèñòåìû âîçìîæíî ñ ïîìîùüþ äåìïôèðîâàíèÿ 
øóëåðîâñêèõ êîëåáàíèé. Ýòî îòíîñèòåëüíî 
ïðîñòîé è äåøåâûé ñïîñîá, ðåàëèçîâàòü êîòî-
ðûé, âîçìîæíî, âûäåëèâ îøèáêè ïî ñêîðîñòè 

EV  è NV  â âûõîäíûõ ïàðàìåòðàõ ÈÍÑ è 
ââåäÿ â ñèñòåìó äîïîëíèòåëüíûå ñèãíàëû îá-
ðàòíîé ñâÿçè. Âûäåëèòü îøèáêè â ÈÍÑ âîç-
ìîæíî ñ ïîìîùüþ èçìåðåíèé ÑÍÑ. Î÷åâèäíî, 
÷òî ïîêàçàíèÿ ÑÍÑ òî÷íåå, ÷åì ïîêàçàíèÿ àê-
ñåëåðîìåòðîâ. Òîãäà ðàçëè÷èÿ äàííûõ ÑÍÑ è 
ÈÍÑ îáðàçóþò îøèáêó ïî ñêîðîñòè:

ÑÍÑ ÁÈÍÑ
E E EV V V   ; ÑÍÑ ÁÈÍÑ

N N NV V V   .

Ïîñêîëüêó ñìåùåíèå íóëÿ íàáëþäàåòñÿ ó 
ãèðîñêîïîâ è àêñåëåðîìåòðîâ, ââåäåì äâå ïàðû 
äîïîëíèòåëüíûõ ñèãíàëîâ â ñèñòåìó. Ïåðâóþ 
ïàðó ïîäàäèì íà âõîä ïåðâîãî èíòåãðàòîðà 
ÈÍÑ. Âòîðóþ ïàðó ïîäàäèì íà ïðèâîä óïðàâ-
ëåíèÿ ïëàòôîðìû, òåì ñàìûì ñêîìïåíñèðîâàâ 
ïîãðåøíîñòè ãèðîñêîïîâ. Çàïèøåì óðàâíåíèå 
îøèáîê ñ ó÷åòîâ ââåäåííûõ êîýôôèöèåíòîâ. 
Äëÿ ïðèìåðà áóäåì ðàññìàòðèâàòü òîëüêî âîñ-
òî÷íûé êàíàë:

EV  = –gÔ
N
 + f

E
 – K

1
V

E
.

Ïðèíöèï ðàáîòû ÈÍÑ ñ ââåäåííûìè äåìï-
ôèðóþùèìè ñèãíàëàìè ïîÿñíÿåò ðèñ. 3. Ïðî-
äèôôåðåíöèðîâàâ óðàâíåíèÿ îøèáîê ñ ââå-
äåííûìè äîïîëíèòåëüíûìè äåìïôèðóþùèìè 
êîýôôèöèåíòàìè, ìîæíî ïîëó÷èòü ñëåäóþùåå 
óðàâíåíèå:

2
1 2( )E E E N EV K V K g V f            .

Ëåâàÿ ÷àñòü ïîëó÷åííîãî óðàâíåíèÿ, åñëè 
ïðèíÿòü ïðàâóþ ÷àñòü ðàâíîé íóëþ, îïèñûâà-
åò êîëåáàíèÿ, çàòóõàþùèå ñ òå÷åíèåì âðåìåíè 
(ðèñ. 4).

Èç ïîñëåäíåãî óðàâíåíèÿ ñëåäóåò, ÷òî 
îøèáêà â ïîêàçàíèÿõ èíåðöèàëüíîé ñèñòåìû 
ïî ñêîðîñòè óáûâàåò ñ òå÷åíèåì âðåìåíè, à 
ñîáñòâåííàÿ ÷àñòîòà ñâîáîäíûõ êîëåáàíèé çíà-
÷èòåëüíî ïðåâîñõîäèò ÷àñòîòó øóëåðîâñêèõ 
êîëåáàíèé, ÷òî îáåñïå÷èâàåò äèíàìèêó çàòóõà-
íèÿ êîëåáàíèé:

2
0 2K g      .

Ýôôåêò ââåäåíèÿ äåìïôèðóþùèõ ñèãíàëîâ 
ïîÿñíÿåò ðèñ. 4, ãäå ïóíêòèðîì ïðîâåäåíû ýêñ-
ïîíåíòû, õàðàêòåðèçóþùèå äèíàìèêó óáûâà-
íèÿ àìïëèòóä îøèáîê ïî ñêîðîñòè. 

Êîððåêöèÿ íàâèãàöèîííûõ ïàðàìåòðîâ, âû-
÷èñëåííûõ íà îñíîâå èçìåðåíèé èíåðöèàëüíûõ 
äàò÷èêîâ è îäîìåòðà, äîïóñòèìà ëèøü òîãäà, 
êîãäà èçâåñòíî, ÷òî èõ íàêîïëåííûå îøèáêè 
ïðåâçîøëè ñîîòâåòñòâóþùèå ïîãðåøíîñòè 
ñïóòíèêîâîãî íàâèãàöèîííîãî ðåøåíèÿ.

Ðèñ. 2. Ê ïîÿñíåíèþ øóëåðîâñêîé 
ñîñòàâëÿþùåé ïîãðåøíîñòåé

Ðèñ. 3. Çàìêíóòàÿ ñõåìà êîððåêöèè ïîãðåøíîñòåé

Ðèñ. 4. Äåìïôèðîâàíèå îøèáîê ïî ñêîðîñòè

Îáåñïå÷åíèå íåïðåðûâíîñòè 
âûðàáîòêè íàâèãàöèîííîãî 
ðåøåíèÿ
Ñ ôîðìàëüíîé òî÷êè çðåíèÿ, ïðèåìíèê 

ñèñòåìû Ãëîíàññ ñïîñîáåí îïðåäåëèòü ãîðè-
çîíòàëüíûå êîîðäèíàòû ïîäâèæíîãî îáúåêòà, 
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èìåÿ èíôîðìàöèþ îò òðåõ ñïóòíèêîâ îðáè-
òàëüíîé ãðóïïèðîâêè. Äåéñòâèòåëüíî, â ýòîì 
ñëó÷àå ìîæåò áûòü ïîñòðîåíà è îäíîçíà÷íî 
ðåøåíà ñèñòåìà èç òðåõ íåçàâèñèìûõ óðàâíå-
íèé ñ òðåìÿ íåèçâåñòíûìè: øèðîòîé, äîëãîòîé 
è äðåéôîì ÷àñîâ ïðèåìíèêà. Òåì íå ìåíåå, â 
ïðîöåññå ðåøåíèÿ æåëàòåëüíî âîâëå÷åíèå íå-
êîòîðîé èçáûòî÷íîé èíôîðìàöèè ñ òåì, ÷òîáû 
ñíèçèòü âåðîÿòíîñòü èñêàæåíèÿ íàâèãàöèîí-
íûõ äàííûõ íåâåðíûìè ïîêàçàíèÿìè Ãëîíàññ 
(ëîæíîé êîððåêöèè). Ïîýòîìó ïðåäëàãàåòñÿ 
ñ÷èòàòü ïðèåìëåìûì êîëè÷åñòâî îäíîâðåìåí-
íî íàáëþäàåìûõ íàâèãàöèîííûõ ñïóòíèêîâ, 
ðàâíîå ïÿòè è áîëåå.

Äàëåå, íåîáõîäèìî ó÷èòûâàòü ïðèçíàê äî-
ñòîâåðíîñòè âû÷èñëåííûõ ïðèåìíèêîì Ãëî-
íàññ êîîðäèíàò è ñêîðîñòè, ñîäåðæàùèõñÿ â 
ñîîáùåíèÿõ òèïà RMC, à òàêæå âåëè÷èíó 
ãåîìåòðè÷åñêîãî ôàêòîðà ïî ãîðèçîíòàëüíûì 
êîîðäèíàòàì HDOP (Horizontal DOP). Åñëè 
ãåîìåòðè÷åñêèé ôàêòîð, ïåðåäàííûé â ñîîáùå-
íèÿõ òèïà GSA, ðàâåí íóëþ, òî ñïóòíèêîâîå 
íàâèãàöèîííîå ðåøåíèå íåäîñòóïíî. Åñëè æå 
åãî çíà÷åíèå ïðåâîñõîäèò 4, òî êîíôèãóðàöèÿ 
ñîçâåçäèÿ ñïóòíèêîâ òàêîâà, ÷òî óðîâåíü ïî-
ãðåøíîñòåé ðåøåíèÿ íå ïîçâîëÿåò èñïîëü-
çîâàòü åãî äëÿ êîððåêöèè èíåðöèàëüíî-îäî-
ìåòðè÷åñêîãî êîìïîíåíòà èíòåãðèðîâàííîé 
íàâèãàöèîííîé ñèñòåìû. Òàêèì îáðàçîì, êðè-
òåðèé êà÷åñòâà ïðèíèìàåò âèä äâîéíîãî íåðà-
âåíñòâà

0 4HDOP  .

Ïðàêòèêà ïîêàçàëà, ÷òî ïðèíÿòèå âî âíèìà-
íèå âñåõ ïåðå÷èñëåííûõ ïðèçíàêîâ îñòàâëÿåò 
âåðîÿòíîñòü ëîæíîé êîððåêöèè. Ïîýòîìó äî-
ïîëíèòåëüíî ââîäÿòñÿ êðèòåðèè, çàïðåùàþùèå 
êîððåêöèþ ïðè ñêà÷êîîáðàçíîì èçìåíåíèè ïî-
êàçàíèé ïðèåìíèêà Ãëîíàññ ïî êîîðäèíàòàì è 
ñêîðîñòè.

Ïóñòü øàã äèñêðåòèçàöèè ïî âðåìåíè, 
ïðèíÿòûé â íàâèãàöèîííîì àëãîðèòìå, åñòü 
Ò = 0,1 ñ , à ïîêàçàíèÿ ïðèåìíèêà Ãëîíàññ îá-
íîâëÿþòñÿ êàæäûå N = 10 øàãîâ. Òîãäà äëÿ âû-
ïîëíåíèÿ êîððåêöèè òðåáóåòñÿ:

1Ãë Ãë
k N k     ; 1Ãë Ãë

k N k     ;

4,5Ãë Ãë
k N kV V   ì/ñ.

Êðîìå òîãî, íåîáõîäèìûì óñëîâèåì ðàç-
ðåøåíèÿ êîððåêöèè ñëóæèò òî, ÷òî âåëè÷èíû 
ïåðåìåùåíèÿ, âû÷èñëåííûå çà N øàãîâ àëãî-
ðèòìà ïî èçìåðåíèÿì èíåðöèàëüíî-îäîìåòðè-

÷åñêîé ÷àñòè è ïî äàííûì ïðèåìíèêà Ãëîíàññ, 
ðàçëè÷àþòñÿ ìåíåå ÷åì íà 5 ì:

2 2( ) ( )k N k k N kE E N N    

2 2( ) ( ) 5Ãë Ãë Ãë Ãë
k N k k N kE E N N       ì.

Ñ öåëüþ äàëüíåéøåãî ïîâûøåíèÿ íàäåæ-
íîñòè àëãîðèòìà óñòàíàâëèâàåòñÿ òðåáîâàíèå, 
ñîãëàñíî êîòîðîìó âñå ïåðå÷èñëåííûå óñëîâèÿ 
äîëæíû âûïîëíÿòüñÿ íåïðåðûâíî íà ïðîòÿæå-
íèè ïî ìåíüøåé ìåðå 3 ñ.

Ïðèåìíèê Crescent A-100 ïîääåðæèâàåò 
ôîðìèðîâàíèå è âûäà÷ó ïîëüçîâàòåëþ ñîîáùå-
íèé òèïà GST. Ñîîáùåíèå ñîäåðæèò ñðåäíå-
êâàäðàòè÷åñêèå îöåíêè òåêóùèõ ïîãðåøíîñòåé 

,    ðàñ÷åòà øèðîòû è äîëãîòû, äîñòóï ê 
êîòîðûì îòêðûâàåò âîçìîæíîñòü ââåñòè äî-
ïîëíèòåëüíûé êðèòåðèé, ñíèæàþùèé âåðîÿò-
íîñòü ëîæíîé êîððåêöèè êîîðäèíàò. Òàê, åñëè

2 2 20      ì,

òî èñïîëüçîâàíèå ñïóòíèêîâûõ äàííûõ â àëãî-
ðèòìå íàâèãàöèîííîé ñèñòåìû çàïðåùàåòñÿ.

Ðåàëüíàÿ òî÷íîñòü ïðèåìíèêà Smart-VI îêà-
çûâàåòñÿ íèæå, ÷åì åãî àíàëîã Crescent A-100, 
è â çíà÷èòåëüíîé ìåðå çàâèñèò îò âíåøíèõ 
óñëîâèé. Ýòî òðåáóåò âûðàáîòêè ñâîáîäíîãî 
ïîäõîäà ê êîìïëåêñèðîâàíèþ åãî ïîêàçàíèé ñ 
äàííûìè èíåðöèàëüíî-îäîìåòðè÷åñêîãî êîì-
ïîíåíòà íàâèãàöèîííîé ñèñòåìû.

Âûâîäû
1. Óñòàíîâëåíî, ÷òî íà ñåãîäíÿøíèé äåíü 

äîñòóïíûå äëÿ ìàññîâîãî èñïîëüçîâàíèÿ ÍÑ 
â àâòîìîáèëüíûõ ïðèëîæåíèÿõ ðåàëèçîâàíû 
íà îñíîâå èíòåãðàöèè èíåðöèàëüíî-ñïóòíè-
êîâûõ ñèñòåì, ïðè êîìïëåêñèðîâàíèè ñ âíåø-
íèìè èçìåðèòåëÿìè â êà÷åñòâå äîïîëíèòåëü-
íîãî èñòî÷íèêà èíôîðìàöèè. Èñïîëüçîâàíèå 
â êà÷åñòâå èíåðöèàëüíûõ äàò÷èêîâ ãðóáûõ 
MEMS ñåíñîðîâ íå ïîçâîëÿåò ñ äîñòàòî÷íîé 
òî÷íîñòüþ îïðåäåëÿòü íàâèãàöèîííûå ïàðà-
ìåòðû íàçåìíûõ òðàíñïîðòíûõ ñðåäñòâ. Äëÿ 
îïòèìèçàöèè òî÷íîñòíûõ õàðàêòåðèñòèê èí-
òåãðèðîâàííîé ñèñòåìû òðåáóåòñÿ ñèíòåç 
ñïåöèàëèçèðîâàííûõ àëãîðèòìîâ îáðàáîòêè 
èçìåðèòåëüíîé èíôîðìàöèè â ñî÷åòàíèè ñ ðàç-
ðàáîòêîé ñïîñîáîâ ïîâûøåíèÿ òî÷íîñòè, çà 
ñ÷åò ñîâìåñòíîé îáðàáîòêè äàííûõ, ôîðìèðó-
åìûõ ðàçíîðîäíûìè èçìåðèòåëüíûìè ìîäóëÿ-
ìè èíòåãðèðîâàííîé ñèñòåìû. 

2. Ïðåäëîæåí ñïîñîá êîððåêöèè îøèáîê çà 
ñ÷åò äåìïôèðîâàíèÿ êîëåáàíèé îøèáîê ïî ñêî-



Ïîâûøåíèå òî÷íîñòè è íàäåæíîñòè îïðåäåëåíèÿ âûõîäíûõ ïàðàìåòðîâ 
èíòåãðèðîâàííîé íàâèãàöèîííîé ñèñòåìû íàçåìíîãî òðàíñïîðòíîãî ñðåäñòâà
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ðîñòè ñ ïîñëåäóþùèì ó÷åòîì äåìïôèðóþùèõ 
ïîïðàâîê,, îòëè÷àþùèéñÿ ïðîñòîòîé ðåàëèçà-
öèè è íàäåæíîñòüþ ôóíêöèîíèðîâàíèÿ.

3. Ïðèíöèïèàëüíî íîâûì äëÿ òåîðèè è 
ïðàêòèêè ýêñïëóàòàöèè ÍÑ ÿâëÿåòñÿ ââåäåíèå 
ñèñòåìû êðèòåðèåâ, õàðàêòåðèçóþùèõ óñòîé-
÷èâîñòü ðåæèìà âûðàáîòêè íàâèãàöèîííûõ 
ïàðàìåòðîâ. Ïðèâåäåííûå â ñòàòüå ÷èñëåííûå 
çíà÷åíèÿ êðèòåðèàëüíûõ îöåíîê ïðåäñòàâëÿþò 
èíòåðåñ äëÿ ðàçðàáîò÷èêîâ ÈÍÍÑ, ïîñêîëüêó 
èõ ó÷åò îáåñïå÷èâàåò íàäåæíîñòü îïðåäåëåíèÿ 
âûõîäíûõ ïàðàìåòðîâ ñèñòåìû.

4. Ðåçóëüòàòû íàòóðíûõ èñïûòàíèé ÈÍÍÑ 
ñ èñïîëüçîâàíèåì ïðåäëàãàåìûõ òåõíè÷åñêèõ 
ðåøåíèé ïîçâîëÿþò ðàññìàòðèâàòü ðåàëèçî-
âàííûé âàðèàíò ñèñòåìû â êà÷åñòâå áàçîâîãî 
ïðè ïîñòðîåíèè óíèâåðñàëüíîé ÈÍÑ. Õàðàê-
òåðèñòèêè óíèâåðñàëüíîé ñèñòåìû äîëæíû 
áûòü â ðàâíîé ìåðå ïðèåìëåìûìè äëÿ ëþáûõ 
íàçåìíûõ òðàíñïîðòíûõ ñðåäñòâ. Ñîçäàíèå 
óíèâåðñàëüíîé ÈÍÍÑ íà îñíîâå ïîëó÷åííûõ 
ðåçóëüòàòîâ ñëåäóåò ðàññìàòðèâàòü â êà÷åñòâå 
ïåðñïåêòèâíîé è àêòóàëüíîé çàäà÷è â îáëà-
ñòè ïîñòðîåíèÿ ñîâðåìåííûõ íàâèãàöèîííûõ 
ñèñòåì äëÿ íàçåìíûõ òðàíñïîðòíûõ ñðåäñòâ.
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INCREASE OF THE ACCURACY AND RELIABILITY OF OUTPUT PARAMETERS 
DETERMINATION OF VEHICLE INTEGRATED NAVIGATION SYSTEMS

P.V. Novikov, Dr.Eng. A.A. Sheypak, Ph.D. V.N. Gerdi, Ph.D V.V. Novikov
Moscow Polytechnic University

NovikoF_08@mail.ru

Dynamic development of navigation technologies opens up possibilities for the successful solution of a 
wide range of navigation tasks of mobile objects. For a long time the extension of the scope of navigation 
systems for transport applications was constrained by their high cost. The emergence of a small cheap 
inertial sensors, based on MEMS technology have resulted in integrated navigation systems, including 
the inertial and satellite GPS/GLONASS inertial mod-ules. For solving problems of navigation of ground 
vehicles the integrated system is combinated with odometer. Nowadays a number of car navigation 
systems were made including the odome-ter along with the inertial measurement unit and a receiver of a 
satellite navigation system. However, most of these systems only exists in the form of models. The article 
provides the op-tion of constructing the integrated navigation system of a vehicle brought to practical 
implemen-tation. The analysis of the errors of the navigation system was made. The method of correction 
of errors due to the damping of the errors in speed with subsequent consideration of the damping of the 
amendments was proposed. Method is distinguished by ease of implementation and reliability.
Correction of the navigation parameters calculated on the base of measurements of inertial sensors 
and odometer is permissible only when it is known that their accumulated errors have exceeded the 
corresponding error of the satellite navigation solution. Essentially new to the the-ory and practice 
of operation of vehicle is the introduction of a system of criteria characterizing the stability of mode 
generation navigation parameters. In article the numerical value of criteria-based assessments are of 
interest to developers of navigation systems, since accounting provides the reliability of the determination 
of output parameters of the system.
The practical value of the presented research results, is that they can be used in the construction of high-
precision navigation system of a ground vehicle.

Keywords: integrated navigation system, satellite navigation, microelectromechanical sensor, 
accelerometer, gyroscope, odometer, navigation parameter.


