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I 

 

   

 ԍᴇ ̂Inertial Navigation System̆ INS̃̆

MEMS-INSץῒ ᵞȁr ȁ ᴨל ҹ ȁ ‰῾ҙ

ҙ Ȃ ̆ᵞ MEMS

∆ ‰̕ғ ‰῾ҙ ᵞꜚ Ҭ̆ ԍ ᵞ̂

ҹ 1m/s̃̆ GNSS Ӟ ᵞȂ ľ̆ᵞ Ŀ ľᵞ

ꜚ Ŀ MEMS-INS ∆ ‰ ₮ԅ Ȃ ҍ ‰῾ҙ

⌠ ѿ ̆ ȁᴨ ԅң ԍ

ᵣᵞꜚ ᴆҊᵞ MEMS-INS/GNSS ꜚ ∆ ‰ Ȃ   

 ῒѿ̆ ԍ ԋӗ Ạ ᴨ ᴨᵀ

‰̂Optimization-Based Alignment̆ OBÃ ᶭ ᵣ

GNSS ̆ ԅѿ ԍ Ḥ ᴨᵀ ‰ Ȃ

ῃ № ̆ ԅ ᴨᵀ ‰ ᵣΐ ⱴ

ꜚ ᴆ̆ ᴨᵀ ‰ ᵣΐ Ȃᴏ

̆ ҹ 1m/s ᵞꜚ ꜚ ᴆҊ̆ ᴨᵀ ‰

ꜚ ┴ ‰ 60sῤ ԍ 4°Ȃ 

 ῒԋ̆ ᵝ ‰ ∆ ‰ ̆ № ̆

ԅ ̂Strapdown Inertial Navigation System̆SINS̃

ᵝ ‰ ᴰ GNSSᵝ Ȃ ҉̆ ⱴ

ԅ ᵣ ꜚ ĺĺ ̂Nonholonomic Constraint̆NHC̃̆

ῃ № ΐ NHC Ḥ ץ ᵞꜚ ̂ ꜚ̃ ᴆ

Ҋ ‰ Ȃᴏ ̆ ҹ 1m/s ᵞꜚ ꜚ ᴆ

Ҋ̆ ⱴ NHC ‰ 80sῤ  ῤȂץ2°

  

ῗ ЕMEMS-INS/GNSS̕ ꜚ ∆ ‰̕ ᴨᵀ ‰̕ῃ №  ̕

ᵝ ‰ ̕  
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Abstract 

 Compared with the expensive and high performance inertial navigation systems 

(INSs), MEMS-INSs are considered as the first choice in the field of car navigation, 

precision agriculture and other commercial civil application for its low cost, small 

volume, light weight and other advantages. However, the low quality MEMS gyro canôt 

realize the initial alignment on the static base by detecting the earth rotation. And in the 

low dynamic application scenarios (the velocity is about 1m/s), the commonly used 

attitude determination method using GNSS velocity is also less reliable. Aiming at this 

practical problem encountered in the precision agriculture project , this paper designed, 

optimized and validated two sets of in-motion initial alignment schemes for the low 

cost MEMS-INS/GNSS integrated navigation system on the ground vehicle. 

 For the first, the optimization-based alignment (OBA) algorithm is based on the 

least squares theory, attitude determination method using GNSS velocity depends on 

the velocity vector observations. combining their advantages, an improved OBA 

algorithm based on velocity vector observations was derived. By the means of an 

intuitive global observability  analysis, the OBA algorithm was proved to require 

variable acceleration maneuvers, while the improved OBA algorithm only requires the 

carrier to have the speed. Simulation and experiments results showed that if not at a 

quick turn the heading alignment error of the improved OBA algorithm can be reduced 

to within 4 deg in 60s under low dynamic conditions with about 1m/s velocity. 

Secondly, the large heading uncertainty model was used to design an initial 

alignment algorithm. Ignoring some small variables, both the large heading uncertainty 

error propagation model for the strapdown inertial navigation system (SINS) and the 

GNSS position and velocity observation equations were deduced. In addition, the 

nonholonomic constraints (NHC) observation equation was also deduced. By the 

means global observability analysis, NHC was proved capable of improving the 

heading alignment accuracy in low dynamic conditions. Simulation and experiments 

results showed that heading alignment error with NHC can be reduced to below 2 deg in 

80s under low dynamic conditions with about 1m/s velocity.  

Keywords: MEMS-INS/GNSS̕ in-motion initial alignment̕ optimization-based 

alignment̕ global observability̕ large heading uncertainty̕nonholonomic 

constraint 
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҅   

1.1 ӎ 

ԍ ‰῾ҙ῾ ꜚ Ȃ

̆ ᵝ ҙ ⌠ ̆ᶛ ‰῾ҙ̆

ꜚ ȁ ȁ ȁ ֲ Ȃῃ ᵝ ̂Global 

Navigation Satellite System̆GNSS̃ ̂Inertial Navigation System̆

INS̃ץῒ ᴨלԑ ҹѿ ᶃ ̆ ԅ ѿ

Ҍ ̆ ῏ ᶏ Ȃ 

҈ ᵝ ̂Dead Reckoninğ DR̃ ̆

ᾝ̂Inertial Measurement Unit̆ IMŨ ȂIMU 3

ת 3 ⱴ ̆ ̂ ȁḲᴀ ̃

ⱬ ṿ ⌠ Ҭ̆ №ⱴ ⌠ ̆ № ⌠

ᵝ ̂Groves̆ 2008̃Ȃ ̆ ῀ ᵝ ᵬ ӊ╠ INS

∆ Ȃ∆ ᵝ ᴰ ̆ ∆

‰ Ȃ ∆ ҹ ∆ ‰ Ӟ̆ ∆

̂Brittinğ1971̕ Titterton and Weston̆ 2004̃Ȃ∆ ‰

Һ ӊѿ̆ ‰ ῏ ⌠ ᵬ ̆ ‰

ⱬȂ ̆∆ ‰ ῏ ӊѿ̆Ӟ

ӊѿ̂҆ ̆1998̕ Aggarwal̆ 2010̃Ȃ 

20ҕ 80 ̆ף └ └

MEMS ₮ ̆ └ MEMS ᴆ̆

ⱴ ̂ ᾝ̆2014̃ȂMEMS ᴆץῒ ᵞȁᵣ ȁ ԍ

ȁ ‖₯ȁ ֟ ѿ ↓ᴨל ȁ ‰῾ҙȁ Ⱶ

ֲ ⌠ ȂMEMS ⱴ ̆ᵖ

└ MEMS Ȃ ̆MEMSⱴ

Ẓ 0.1mğ҉ץ ץ ᴆҊ ⱴ ⱬ ∆

Ḳᴀ ̕ M̆EMS Ẓ 10°/ĥ҉ץ Perlmutter 

and Breit̆ 2016̃̆ ᴆҊ ̂ 15°/h̃

‰Ȃ ̆ᵞ MEMS-INS ∆ ‰ ₮ԅ Ȃ 

ᵞ MEMS-INS ∆ ‰ ᶫ ꜛ̆

Һ ‰ ȂῒҬ̆GNSS ꜛḤ ̆GNSS/INS

ῒ ᴨלԑ ᵣҬ ⌠ ̆

MEMS-INS/GNSS ∆ ‰ ΐ ҹ ӈȂ ғ ĞNSS
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ꜛ MEMS-INS ‰ ᵣ ꜚ Ҭ ≠ץ̆ Ḥ ̂ᵝ

̃̆ ̆ ꜚ ∆ ‰ Ȃ׆

̆ ꜚ ‰ Ӟ ≠ԍ ᵬ ⱬ̆ ҹ ױ Ҍ

Ả Ҋ ∆ ‰ ῀ ᵬ ғ̆ ף

ҹḠ ΐ ꜚ ⱬ̂Sergio and Javier̆ 2005̃Ȃ

MEMS-INS ̆ ᵞ MEMS-INS/GNSS ꜚ

∆ ‰ ΐ ᴇṿȂ 

̆ ᵞꜚ Ҭ̆ ᵣ ꜚ ᴆᶏ

̂Honğ 2005̃̆ ѿ ⱴ ԅ MEMS-INS∆ ‰ Ȃ ᵣᵞꜚ

ꜚ ҬҌ ᾧ ̆ᶛ ‰῾ҙ ȁ Ȃ

׆ ҍ ‰῾ҙ ѿ ₮ ̆ ᵣᵞꜚ ᴆҊ

ᵞ MEMS-INS/GNSS ꜚ ∆ ‰ Ȃ 

1.2 Ὺ  

ᵣ ꜚ Ҭ MEMS-INS ‰ ̆ ᶫ ꜛḤ Ȃ

ȁGNSS ȁᴰ ‰̆ / GNSS ̆ Ḥ

ᵀ ‰ Ȃ 

̂2010̃ ׃ ԅ MEMS-INS

∆ ‰ ̆ ԅ ̂Particle Filter̆ PF̃

ȂLi and Wanĝ 2013̃ ᵞ MEMS-INS

̂Attitude and Heading Reference System̆AHRS̃ ₮ԅ

̂Adaptive Kalman Filter̆ AKF Ȃ̃ ᴰ ȁ ȁ ȁ

ֲ ֟ Ҍ ̂Mather et al.̆ 2006̃Ȃ

Shin̂ 2001̃ ׃ ԅᶏ GNSS Ḥ ̆ ’Ҋ

≠ץ ∆ INS Ḳᴀ ̆p ῒ ‰ ⁞

ᵞ̆ ṕ 180° ғ̆ ԍ ̆

Ҍ ̂Groves̆ 2008̃ȂTitterton̂ 2004̃ ׃ ԅᴰ ‰

̆D ‰Ҭ ‰ ≠ ‰ Һ ∆ ̆

Һ ᵬҹ ̆ѿ ԍ Ȃ ̂2015̃ ׃

ԅץ ᵝ ṿҹ ̆ қ Ҭ ῏

̆ ᵣ Ȃ / GNSS ᴆ

̆ ᵣ↨ ᴆ ̆ѿ Ҍ ԍ ᵣ̂Gadĕ

2016̃Ȃ ҉ ҉ץ̆ ῒ Ȃ ҉ץ

ᶫ Ḥ ̆ ᶏץ ᴨᵀ ̂ ԋӗȁ ̃

MEMS-INS ῒז ꜛᴰ Ḥ ᵀ ‰Ȃ Һ
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ҹ Ḥ ᵀ ‰ ̆Ҋ ׃ Ȃ 

̆₮ ԅѿ ṿ ῏ ԍ ԋӗ ᴨᵀ ꜚ ‰ ̆

ԍ ᾝ ԋӗ ᴨᵀ ‰ ̂ ᴨᵀ ‰

OBA ̆Optimization-Based Alignment̃ȂWu M et al.̂ 2011̃ Ὲ ԅ

῏ ̆ № № ₮∆ ┴ ṿ ̂Direction Cosine Matrix̆

DCM̃̆ ᶏ Davenport ᾝ ̂Davenport̆ 1968̃ ԋӗ ᴨ

̆ ∆ ‰ ҹ ̆

҉ ̂ Ẓ ҹ 0.01°/h̃ ԅ ȂWu Y and Pan X

̂2013̃ ׃҉ ԅ ԍ /ᵝ № ᴨᵀ ‰ ץ̆

ᾧ ̆ ᴏ ̆

̂ Ẓ 0.01°/h̃ ᵝ GNSŜ ‰ ҹ 0.1m/s̆ ᵝ

‰ ҹ 2m̃ ԅ ̆ ҉̆

10sῤ 1 ̂.ҊȂChang et alץ 2015̕ 2016̃ UKF ԍ ᴨᵀ

‰ Ạԅ ῀ ̆ Ạ ᵀ ᵞ MEMS Ẓ̆ ⱴ

Ạ ꜚ №/֜ № ῃף ╝ץ№ ⱬ Ȃ

Huang et al.̂ 2017̃ ₮ԅ ԍ ꜛ SINS ᴨᵀ ‰ ̆ҹ

ễ ▲ ꜚ ᴆҊ ꜚ ̆ b ꜚ ԅѿҩ

̆ Ẓ 0.01°/h ᾣ ̆ ꜚ

‰ ԍ ╠ ‰ 20 ⁞ ⌠ 1 ῤȂץ

҉ ̆⌠ ╠ҹ ̆ ᴨᵀ ‰ Һ ԍ ̆

ᵞ MEMS-INS ↕ ҹ UKF ̆

ѿ ╠ ΐ ѿ Ȃ 

̆ ∆ ‰ ̆SINS ᵝ ‰ Ӟ ṿ ᶏ Ȃ

Ҍ ԍ ‰ ᶏ ῖ ‰ ̆ ‰

ױ ᾢ ҳ ‰ ᴆҊ ’̆ ῒ

Ȃ̓͂ ԍ ‰ ῒ ∆ ‰Ҭ ̆ ῏

ȂPham̂ 1992̃ ԅ ᵝ Ҭ ̆

ᵝ ҈ ₱ ᵬҹ ̆ ̂Extended 

Kalman Filter̆ EKF̃ ԅ ҉ ‰ȂScherzinger̂ 1996̃

ԅ ᵝ ‰ ᴆҊ y ῒ ̆ ᵝ ‰ zy

ҹ zsiny zcos 1y -ңҩ҈ ₱ ̆ ⌠ ץ

Ḃ ̆ ᵝ ‰ ᴇԍ ῖ ‰ ̆

̆ ‰ ⌠ ȂKong et al.̂ 1999̃ ԅ

‰ ̆ Ҭ ‰ ׅ ҈ҩ № ̆p
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ȂShin et al.̂ 2004̃ ԅ ̂Unscented Kalman 

Filter ŬKF̃ ԍᵞ MEMS-INS ꜚ ∆ ‰ ̆ ԅ UKF ∆

ᴆҊ ȂHong et al.̂ 2004̃ ԅѿ Ҍ

̆ № ҹ ң № ׆̆ ᵩ

₮ ̆ ᵩ ꜚ̆ ⌠ № ̆

ᴏ Ҋ ֲ ԅ ȂҤ ̂2007̃ ҉ ԅ

№ ̆ ԅ 6 ̆ ᴏ

ԅ ᵞ ̂ ṿ Ẓ 10°/h̆ ‰ 1°/h̃ Ȃ

Han and Wanĝ 2010̃ Scherzinger̂ 1996̃ ԍ ‰ ׆̆

ꜚ ῏ ̆ № ⌠ ꜚ ᵝ Ҭ

̆ ╠ ̆ ᴨ̆ ≠ԍ ‰ ̆

MEMS-INS ԅ ѿ ꜚ̂ῇ ꜚ

ꜚ̃ ᴆҊ ȂBurak et al.̂ 2015̃ Hong et al.̂ 2004̃ ҉

ᵞ GNSS/INS ԅ Ȃץᵬ

⌠̆ ╠ҹ ̆̓͂ ԍ ‰ ԍ ∆ ‰ ꜚ

̂ ȁֲҹ ꜚ ̃ ̆ ӎ ԍ ҬҌ

ᾧ ᵞꜚ ̂ ‰῾ҙ ȁ ̃ Ȃ 

1.3 ғ Ὺ  

1Є  

ᵣᵞꜚ ᴆҊᵞ MEMS-INSꜚ ∆ ‰ ѿ

̆ ҍ ҹ ẫ ԍᵞ MEMS-INS/GNSS

ꜚ ∆ ‰ ̆ № ׆ ҉№ ᵣ ꜚȁ ᴰ

‰ ̆ҹ ᶫѿ ᴇṿȂ 

2Є Ὺ  

ᵣᵞꜚ ᴆҊᵞ MEMS-INSꜚ ∆ ‰ ̆

ῤ Һ Ҋңץ ̔ 

1̃ ᴨᵀ ‰ ᵞ MEMS-INS Ҭ̂ ῒ

ᵞꜚ ̃ Ҍ ȁ ‰ ᵞ ̆ ԍ ⱬ/ⱴ Ḥ

ᴨᵀ ‰ GNSS ᴨ̆ל ₮ԅѿ ԍ

Ḥ ᴨᵀ ‰ ̆ ῃ № ԅ ᴨ

ᵀ ‰ ᵣ ꜚ ᴆ ᵞȂᴏ Ӟ ᵞꜚ ᴆ

̂ ‰῾ҙ Ҋ̃ ᴨᵀ ‰ ‰ ԍ ᴨᵀ

‰ GNSS ̆ ץ ∆ ‰Ȃ 

2̃ ᵝ ‰ ԍ MEMS-INS/GNSS ∆ ‰̆
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҉ ҹ̆ ᵞꜚ Ҭ ̆ ⱴ ᵣ

̂Nonholonomic Constraint̆ NHC̃Ḥ ̆ ῃ №

ԅ ⱴ NHC ץ ᵞ ᵣ ꜚ ᴆ Ȃᴏ Ӟ

ᵞꜚ ᴆ̂ ‰῾ҙ ̃Ҋ ⱴ NHC ץ ‰

Ȃ 

1.4  

ᵞ MEMS-INS/GNSS ꜚ ∆ ‰

̆ῃ ῍№ҹΈ Ȃ 

ѿ ҹ ׃̆№ ӈȁ ῤ ȁ

ȁ ῤ ῃ Ȃ 

ԋ ׃ ̆ ῒ

῏ ̆ ῒ ῏ ̆ ץ̆

Ҭ Ȃ 

҈ ᴨᵀ ‰̂ OBÃ GNSS ̆ ₮ѿ

ԍ ᵞꜚ ᴆҊᵞ MEMS-INS/GNSS ꜚ

∆ ‰ ĺĺ ᴨᵀ ‰ Ȃ ῃ № №

ᴰ ᵣ ꜚ ᴆ ‰ Ȃ 

ᵝ ‰ ̆ ῒ ԍ ᵞ

MEMS-INS/GNSS ∆ ‰Ȃ GNSSᵝ ȁ Ḥ

҉ ⱴ NHC ᵣ Ḥ ᵬҹ ̆ 16

Ȃ ̆ᶏ ῃ № № ⱴ NHC╠ ᵣꜚ ᴆ

Ȃ 

ԓ ᴏ ╠ ‰

№ ̆№ ᴨᵀ ‰ ⱴ NHC Ḥ ᵝ

‰ ∆ ‰ ‰ Ȃ 

Έ ῃ ᵬ̆ ҉̆ ѿ ᵬ ԅ Ȃ 
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ԑ   

ᴆ ⱴ ̆ ∆ ҉̆

₮ Ῥ̆ ⱴ ₮ Ҋ

₮ ᵣ ᵝ Ȃ Ҍ №ҹң

̔

Ȃ ΐ ᴇ ȁ ȁᵣ ȁ

̆ ץ └ ̆ ҩ

ף Ȃ ᴨ Һ ȁꜚ ȁ Ḥ

ῃ ғ ₮ ̆ᵖῒ Ҍ ̆ Ȃ ̆

ῒז ̂ ᾝ̆2014̃Ȃ  

׃ ῏ ̆ ῒ

῏ ̆ ῒ ῏ ̆ ץ̆

Ҭ ῖ ‰ Ȃ 

2.1  ῗ  

ѿҩ ̆ ꜚ ԍ ҩ ̆

↕ ӈȂ ̆ Ҍ ӊ ῏ ̂Groves̆ 2008̃Ȃ

Ҋ ᶭ ׃ Ҭ ⌠ ₃ Һ ῒ ԑ ῏ Ȃ 

1Є Ѓi Є 

̂Inertial Framẽ ԍ ⱴ ̂Ḡ

ꜚ̃ ̆ ᵬ i Ȃ ̂Earth-Centered Inertial 

Framẽ ҹ ̆z ҍ ѿ ׆̆ ̂

̆ ̃̆ x № ̆y ᵝԍ ῤҍ x z

Ȃ 

2Є Ѓe Є 

̂Earth-Centered Earth-Fixed Framẽ ѿ ̆

ᵬ e Ȃe ҍ ̆ ᵝԍ ̆z ҍ ѿ ̆x

̆y ҍ x z Ȃ 

3Є Ѓn Є 

ԍ ̆ -қ- ̂N-E-D̃

ᵬҹ ̆ ᵬ n Ȃn ᵝԍ ҉ ѿ

̂ ᵣ ̃̆ z ̆ ̆x

̆y ҍ x z Ȃ 
n

iew
n

enɤ ̆ῒ Ҋ 
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 [ ]0
Tn n e

ie e ie e ecosű sinűw w w w= = -C  (2.1) 

 

T

n NE E
en

N M N

vv v tan

R h R h R h
w

è ø- -
=é ù

+ + +ê ú

j
  (2.2) 

Ҭ hҹ ̂ ̃̆ Ev , Nv ҹқ ṿ̆ M NR ,R №≢ҹ

̆ 

 
( )

( )

2

M 3/ 2
2 2

a 1 e
R =

1 e sin

-

- j
Ї

( )
1N / 2

2 2

a
R

1 e sin
=
- j

 (2.3) 

Ҭ aҹ ĕҹ ѿẒ Ȃ ҉ ̆
n

iew
n

enɤ ᵝ ₱ Ȃ 

4Є Ѓc Є 

₮ᵝ ̆ ᵬ c Ȃ

⌠ n ԍ e ҉ c ԍ e ̆

῏  

 e e e e

n c n c
Ĕ Ĕ  = Ú =C C q q   (2.4) 

Ҭ e

cC e

cq №≢ҹ ᵩ ᾝ ̂ 2.2 ̃̆ e

n
ĔC e

n
Ĕq

ṿȂc ̂ n ̃ INS ᵝ

‗ ̆ ץ qd ̆ Ҋ   

 

( )

( )

( )

E N

N M

E N

r / R hcos

r / R h

sin r tan / R h

q

+è øè ø
é ùé ù

= - = - +é ùé ù
é ùé ù- - +ê úê ú

ddl j

d dj d

dl j d j

  (2.5) 

Ҭ̆djȁdl№≢ҹ ̆ Nrd ȁ
Erd №≢ҹ ᵝ қ

ᵝ Ȃ n ⌠ c ᵩ Ώҹ 

 c

n q= - ³C I d  (2.6) 

 

0

0

0

z y

z x

y x

        

          

       

q q

q q q

q q

-è ø
é ù

³= -é ù
é ù-ê ú

d d

d d d

d d

 (2.7) 

ῒҬ̆()Ö ³ ̆ΐ ( ) ( )
T
³ =- ³v v Ȃ 

5Є Ѓp Є 

Ҭ̆ ԅף ᵣ Ȃ ῀ ҹԅḂԍ

№ Ȃ ԍ ᴆ ̆

₮ ᵣ ҍ n Ẓ ̆ҹԅ №ԋ ̆

ױ ₮ ᵬ ̆ ᵬ

p Ȃ ⌠ b ԍ n ҉ b ԍ p

̆  
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 n p p n

b b n b
Ĕ= =C C C C  (2.8) 

p ҍ c n ӊ ῏ 2-1 ̂Shin̆ 2005̃ ̆

№≢ y f  

 p

c y= - ³C I  (2.9) 

 p

n f= - ³C I  (2.10) 

dq
fy

dq p

c

n

 

2-1 Е n ɻc ɻp Ӑ ῗ  

6Є Ѓ 'c Є 

ҹԅ ᵝ ‰ ѿҩ

̆ ᵬ 'c Ȃ 'c ᵝ p ᵝ ̆ 'c x-y c

x-y ῍ ̆ ̂ Ḳᴀ ̃ ̆ Ҋ῏  

 ( )p p c c

c c c xy cy
¡ ¡

¡= = - ³C C C I C  (2.11) 

Ҭ̆

0

x

xy y

y

y y

è ø
é ù
=é ù
é ù
ê ú

̆

0

0

z z

c

c z z

 cos    sin   

sin   cos   

     0            0       1

¡

è ø
é ù
= -
é ù
é ùê ú

C

y y

y y Ȃ 

7Єᴶ Ѓb Є 

ᴰ ᴰ ̆ҍ ᴰ ̆ ᵬ b Ȃ

b ᵝԍ IMU Ҭ ̆ ԍ ֜ ᴰ ₮ ̆ ╠ Ҋ

Ȃ ᴰ ṿѿ b Ҋ Ȃ 

8Є ᵩ Ѓv Є 

ᵣ ᵣ ̆ҍ ᵣ ̆ ᵬ v Ȃ ᵣ

ᵝԍ ᵣ x̆ ᵣ╠ y̆ ᵣ z̆ ᵣҊ ̆

╠ Ҋ Ȃѿ ’Ҋ̆ ץ ҹᴰ ҍ ᵣ

ѿ ̆ᵖ №ᴰ ҍ ᵣ Ȃ 

2. 2 ῗ  

ȁ ᵝ Ҭ̆ ҩ

̆ Ȃ ∆ ‰ ̆ ‰
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Ҭӊ Ȃ ̆ ᾢ ῀ ̆ ӊ ῏ Ȃ

ȁ ᵩ ȁ ᾝ ̆Ҋ ᶭ ׃

ῒ ӈȁ ȁ № ԑ ῏ Ȃ 

1Є  

҈ҩ ̆ Ȃ

̂n ̃⌠ᴰ ̂b ̃ ҹ̔ -Ḳᴀ - Ȃ

ᾢ n z ꜚѿҩ ̂ ̃̆ Ῥ n ̂ z ꜚ n

̃ y ꜚѿҩ ̂ Ḳᴀ ̃̆ n ̂ z y ꜚ

n ̃ x ꜚѿҩ ̂ Ȃ̃ѿ Ḳᴀ ᵬ Ҋ ̔

90 90- ¢ ¢q Ȃ҉ ҈ҩ ѿ b ԍ n Ȃ

№ Ҋ ̂Savagĕ 2000̃  

 
1

0

0

b

nb,x

b

nb,y

b

nb,z

cos   sin sin      cos sin

          cos cos    sin cos
cos

             sin              cos

w

w

w

è øè ø -è ø
é ùé ù é ù

= - é ùé ù é ù
é ùé ù é ùê úé ùê ú ê ú

f q f q f q

q f q f q
q

y f f

 (2.12) 

ṿ ̆ ꜚΐ Ҍ ֜ ̆ Ҍ ҹ

ⱴȂ Ḳᴀ ҹ 90° ̆ № ̆ ṿȂ

ҹ ֓ ̆ ԍ Ȃ 

2Є ᵯ  

ᵩ ̂DCM̃ ѿҩ3 3³ ̆ a ̆b

̆↕ b

aC ׆ a ⌠ b Ȃ 

ᵩ ΐ Ҋץ ̔̂ vҹᴋ ҈ ̃ 

 b b a

a=v C v  (2.13) 

 ( ) ( )b b a a

a b³ = ³v C v C  (2.14) 

 c c b

a b a=C C C  (2.15) 

 ( ) ( )
1T

b a a

a b b

-

= =C C C  (2.16) 

 ( ) 1b

adet =C  (2.17) 

ᴰ ̂b ̃ ԍ ̂n ̃ ᵩ ҍ

ΐ Ҋ ῏ ̂Savagĕ 2000̃  

0 0

0 0

0 0

n

b

cos   sin    cos       sin 1      0          0

sin     cos         0      1       0   cos   sin

   0          0        1 sin       cos   sin     cos

cos cos   

-è øè øè ø
é ùé ùé ù
= -
é ùé ùé ù
é ùé ùé ù-ê úê úê ú

=

C

y y q q

y y f f

q q f f

q y cos sin sin sin cos    sin sin cos sin cos

cos sin     cos cos sin sin sin    sin cos cos sinsin

   sin                       sin cos                              cos cos

- + +è ø
é ù

+ - +
é ù
é ù-ê ú

f y f q y f y f q y

q y f y f q y f y f q y

q f q f q

   (2.18) 
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ᵩ № Ҋ  

 ( ) ( )( )n n b n b n n

b b nb b ib in bw w w= ³ = ³ - ³C C C C  (2.19) 

3Є ᾣ  

ᾝ ̂quaternioñ ԍ ↨ᵣ ꜚ ̆ Ҋ ҩᾝ

↓  

 [ ]0 1 2 3

T
q   q   q   q=q  (2.20) 

ῒҬ 0q №̆ 1q ȁ 2q ȁ 3q №̆ ѿ 2 2 2 2

0 1 2 3 1q +q + q +q =Ȃ 

ᾝ ҹ ₱ ̂Savagĕ 2000̃  

 

( )

( )

cos 0.5

sin 0.5
0.5

0.5

è øf
é ù
= fé ù

fé ù
fê ú

q   (2.21) 

ᵩ ҹ ᾝ ₱  

 

2 2 2 2

0 1 2 3 1 2 0 3 1 3 0 2

2 2 2 2

1 2 0 3 0 1 2 3 2 3 0 1

2 2 2 2

1 3 0 2 2 3 0 1 0 1 2 3

2( ) 2( )

2( ) 2( )

2( ) 2( )

n

b

q q q q q q q q q q q q

C q q q q q q q q q q q q

q q q q q q q q q q q q

è ø+ - - - +
é ù
= + - + - -é ù
é ù- + - - +ê ú

 (2.22) 

ҍ ᵩ ̆ ᾝ ̆ᵖ № Ȃ ᾝ

ⱴ ֜ ̕ҍ ӗ ѿ ̆ ᾝ ӗ ӞҌ ֜ Ȃ

̆ ᾝ ӗ Ώ ̔ 

 [] []

0 1 2 3 0 0 1 2 3 0

1 0 3 2 1 1 0 3 2 1

2 3 0 1 2 2 3 0 1 2

3 2 1 0 3 3 2 1 0 3

p p p p q q q q q p

p p p p q q q q q p

p p p p q q q q q p

p p p p q q q q q p

+ -

- - - - - -è øè ø è øè ø
é ùé ù é ùé ù

- -
é ùé ù é ùé ùÃ = = = =
é ùé ù é ùé ù- -
é ùé ù é ùé ù

- -ê úê ú ê úê ú

p q p q q p (2.23) 

פ [ ]1 2 3

T

v p   p   p=p ̆↕҉ Ώץ  

 
T T T

0 00 0 0 0

0 0 0 0( ) ( )

v v v v

v vv v v v v v v v

q pp q p q

p q q p

è ø è ø è ø- - -è ø è ø
Ã = = =é ù é ù é ùé ù é ù

+ ³ - ³ + + ³ê ú ê úê ú ê ú ê ú

p q p q
p q

q pp I p q I q p q p q
 (2.24) 

ῒҬ̆ 

 []
T

0

0 ( )

v

v v

p

p

+ è ø-
=é ù

+ ³ê ú

p
p

p I p
  (2.25) 

 []
T

0

0 ( )

v

v v

q

q

- è ø-
=é ù

- ³ê ú

q
q

q I q
  (2.26) 

ᾝ № Ҋ  

 
01 1

2 2

n n n

b b bb

nb

è ø
= Ã =é ù

ê ú
q q Wq

ɤ
  (2.27) 
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0

0

0

0

x y z

x z y

y z x

z y x

- - -è ø
é ù

-
é ù=
é ù-
é ù

-é ùê ú

W

w w w

w w w

w w w

w w w

 (2.28) 

ᾝ ҉ Ҭ ̆ Ҍ ֜

ễ Ҍ ̆ ץ ԍᵞꜚ ꜚ ᴆҊ ̆ ꜚ ᵣ̆

Ҭ ᴪ №Ҥ ̂ ᾝ̆2014̃Ȃ 

4Є  

ꜚΐ Ҍ ֜ ̆ң ҉ץ Ҍ ꜚҌ ⱴ̂ Ḥ ̆

1985̃ Ȃ ҉ № ӈ ̆

№ ῤ ᵌ ᵬ Ҍ ̆ № Ȃ ᵩ

№ ᾝ № ̆ ᴪᶏ №̆ ᴪ ѿ

Ҍ ֜ Ȃҹԅ Ҍ ֜ ̆ ᶏ ̂ Ḥ ̆

1985̃ Ȃ 

̂Rotation Vector̃ ѿҩ҈ᾝ ̆ f Ȃ

₮ԅ ̆ ṿ ₮ԅ ꜚ Ȃѿ

ꜚ ṿ ҹ0 2́¢f<Ȃ ᵩ ӊ ѿѿ

῏ ̆ Ҋ  

 2

2

sin 1 cos
( ) ( )n

b

f f
f f

f f

-
= + ³ + ³C I  (2.29) 

Ҭf n ҍ b ̆fҹf Ȃ

f f Ҭ ӈҌѿ Ȃ 

№ Ҋ ̔ 

 
2

1 1
1 cot ( )

2 2 2

f f
f f f f

f

å õ
= + ³ + - ³ ³æ ö

ç ÷
ɤ ɤ ɤ  (2.30) 

҉ ≠ ꜚҌ ֜ ễ ̆

ԍ 1971 John E. Bortz ₮̆ ӊҹ Bortz Ȃ ꜚ

fҹ ̆ Bortz Ҋ ᵌ̔ 

 
1 1

( )
2 12

f w f w f f wº + ³ + ³ ³ (2.31) 

Ҍ ֜

ễ̆ ԍ ꜚ Ҥ ꜚ ᵣ ̂ ᾝ̆

2014̃Ȃ 

2.3  

Ҭ̆ ᴆ̂ ⱴ ̃ ҍ ᵣ Ȃ
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ⱴ №≢ ԍ ᵣ ꜚ ꜚ̆ ֓

Ḥ ṿ № ̆ ȁ ᵝ

̂ ᾝ̆2014̃Ȃ 

1Є  

№ ᵝ ̆n Ҋ

№ Ҋ 

 ( )n n b n n n n

b ie en lw w= - 2 + ³ +v C f v g  (2.32) 

҉ № ̆ ̂Shin̆2005̃  

 
( )2

k

k-1

t
n n n b n n n n

k k-1 b ie en l
t

n n n

k-1 f,k g cor,k

dt

   

è ø= + - + ³ +
ê ú

= +D +D

ñv v C f ɤ ɤ v g

v v v
 (2.33) 

Ҭ2 n n

ie³ɤ v ҹ ᵣ ꜚ ⱴ ̆
n n

en³ɤ v ҹ ᵣ

ꜚ ⱴ Ȃ
n

k-1v ҹ҉ѿ ┴ k-1t ̆
n

kv ҹ

╠ ┴ Ȃ
n

f,kDv ҹ ⱬ ̆ ҹ ⱬ № Ȃ
n

g cor,kDv

ҹ ⱴ ȁ ⱴ ⱬⱴ ῍ ̆ ҹ ⱬ/

№ ȂҊ Һ
n

f,kDv n

g cor,kDv ṿ № Ȃ 

ⱬ/ № Ҭ ₱ ̆ 1 2 1 2k / k kt ( t t ) /- -= +

┴ ṿ ᵌף ̆ ᵌҹ 

 ( )2
k 1/ 2

n n n n n

g cor,k l ie en k
t
ȹt

-

è øD = - + ³
ê ú

v g ɤ ɤ v  (2.34) 

̂Ẋ [ ]2k kt ,t- ῤ ⱬ ̆Ӟ

ᵬľ +╠ѿ Ŀ ̃̆ ⱬ № ᵌҹ 

 
( )()( ) ( )

( ) ( )
1 1

0 5
2 12

n k 1n

f,k k k k k-1 k k-1 kn k-1 ,n k b k 1
. z q q q

-

-

å õè øD = - ³ D + D ³D + D ³D +D ³Dæ öê ú ç ÷
v I C v v v v  (2.35) 

ῒҬ̆
1

2
k kqD ³Dv ҹ ễ ̆ ( )

1

12
k-1 k k-1 kq qD ³D +D ³Dv v ҹ⅞

ễ ̆ ( )() ( )
k-1/2

n n

ie en kn k-1 ,n k t
ȹtz w w= + n ᾝ Ȃ 

2Єᵣ  

ԍ ᵝ ̂Savagĕ 2000̃ ̆

ᵝ ᾝ ᵝ ̆ ≠ n ⌠ e ᾝ

ᵝ Ḥ ѿ ̆ΐᵣ Ҋ  

 ()
()

( )
()

( )
( )

()
( )e k e k e k-1 n k-1

n k e k-1 n k-1 n k
= Ã Ãq q q q  (2.36) 

ῒҬ̆ 

 
()
( )

0 5

0 5
0 5

0 5

k

n k-1

kn k

k

k

cos .

sin .
.

.

è ø
é ù
=é ù
é ù
ê ú

ɕ

q ɕ
ɕ

ɕ

 (2.37) 
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 ( )
()

0 5

0 5
0 5

0 5

k

e k

ke k-1

k

k

cos .

sin .
.

.

è ø
é ù
=é ù-
é ù
ê ú

ɝ

q ɝ
ɝ

ɝ

 (2.38) 

ῒҬ̆
e

k ie kt= Dɝ ɤ e ᾝ Ȃ ̆ ׆
e

nq Ҭ

̆ Ҋ ̂Shin̆ 2005̃  

 
( )

( )

2 0

3 0

2 2

2

e e

n n

e e

n n

atan q / q /

      atan2 q ,q

pj

l

è ø- -è ø
é ù=é ù
é ùê úê ú

  (2.39) 

̆ № ̆ Ҋ 

 1 1 2k k D,k / kh h v t- -= -  (2.40) 

3Є  

ᾝ Ὲ Ҋ  

 ()
()

( )
()

( )
( )

()
( )n k n k n k-1 b k-1

b k n k-1 b k-1 b k
Ã= Ãq q q q  (2.41) 

҉ Ҭ b ᾝ ҹ 

 
()
( )

0 5

0 5
0 5

0 5

k

b k-1

b k k

k

k

cos .

sin .
.

.

f

f
f

f

è ø
é ù
é ù=
é ù
é ùê ú

q   (2.42) 

ῒҬ kf k -1t ┴⌠ kt ┴ b Ȃ Ҭ̆

№ (2.31)Ạ Ҋ ᵌ  

 ()
1 1 1

2 12 2

b b b b b

k ib k ib k k ib ib ibȹ tf f f f qº + ³ + ³( ³ )º + ³ɤ ɤ ɤ ɤ ɤ  (2.43) 

Ẋ ̆ ҉ № ̂Shin̆ 2005̃  

 
()

1

1

1

2

1

12

k

k

t
b b

k ib ib
t

k k k

ȹ t dt

   ȹ ȹ ȹ

f q

q q q

-

-

è ø
º + ³é ù

ê ú

º + ³

ñɤ ɤ
 (2.44) 

Ҭ 1

1

12
k kȹ ȹq q-³ ҹԋ ễ Ȃ (2.41)Ҭ n ᾝ ҹ 

 
( )
()

0 5

0 5
0 5

0 5

k

n k

kn k-1

k

k

cos .

sin .
.

.

è ø
é ù
=é ù-
é ù
ê ú

ɕ

q ɕ
ɕ

ɕ

  (2.45) 

(2.42) ῀ף(2.45) (2.41) ╠ ┴ ᾝ Ȃᵖ

̆ Ҭ ԍ ̆

ᾝ
n

bq ᴪ ѿ ̆ ᾝ
n

bq Ạ ѿ ̆ Ҋ 

 ( )
1

1
2

T
n n

q b be è ø= -
é ùê ú

q q  (2.46) 

 ( )1n n

b q be= -q q  (2.47) 
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2. 4 Ҳ  

2.4.1  

1960 ̆R. E. Kalman ₮ԅ ῤ ᵀ Ȃ ‰

ᵀ ԍ ᴰ ̆ ∆ Ḥ

ᾢ ᴨᵀ Ȃ ԍ ѿ̆

̂Extended Kalman Filter̆EKF̃̆ יּ Ḡ

ѿ ⌠ ᵌ ̂ ᾝ ̆2015̃ Ȃ 

Ẋ ̆ῒ №≢ҹ  

 () ()() ()()t t t t t= +x F x G w  (2.48) 

 () ()() ()tt t t= +xz H v   (2.49) 

Ҭ ()tx ҹ ᵀ ̕ ()tF ҹ ꜚ ̆ ӈԅ

̕ ()tG ҹ ꜚ ̕ ()tw ҹ ̆ῒ ҹ ()tQ  ̕

()tz ҹ ̕ ()tH ҹ ̆ ӈԅ ҍ ῏ ̕ ()tv ҹ

̆ῒ ҹ ()tR Ȃ ()tw ҍ ()tv Ҍ ῏̆ғ ҹ

ṿ Ȃ 

№ ץ ⌠  

 k k,k k k k-1 -1 -1 -1= +x ū x ũ w  (2.50) 

 k k k k= +z H x v  (2.51) 

ῒҬ̆
kx ҹ k ┴ ̆ k,k-1ū ҹ k-1⌠ k ┴ ѿ ̕

( )( ) ( )1 1k,k k k k kexp t t t t-1 - -= D º + Dū F I F ̆ k-1ũ ҹ ꜚ ̕ kz ҹ k ┴

̕
kH ҹ ̕ kw ҹ ̆ ҹ kQ ̕ kv ҹ ̆

ҹ kR ̕ kw ҍ kv ԑҌ ῏̆ғ ҹ ṿ ↓Ȃ ѿ

ҩ ῤ̆ ңҩ Ȃ

ԍ Ạѿ ̆ ⌠ ṿ 1k k
Ĕ
/ -x ῒ ṿ

1k k/ -P ̂Brown̆ 1997̃̆ Ҋ 

 1 1 1k k k k k
Ĕ Ĕ
/ - / - -=x ū x  (2.52) 

 1 1 1 1 1 1 1

T

k k k k k k k k k k

T

/ - / - - / - - - -= +ū ũ ũP P ū Q  (2.53) 

Ḥ ̂ҍ ῏̃ ṿ ⱴ ̆ ⌠

ᴨᵀṿ
k
Ĕx ῒ ᴨᵀṿ kP ̆ Ҋ 

 ( )
1

1 1

T T

k k k k k k k k k

-

/ - / -= +K P H H P H R  (2.54) 

 ( )1 1k k k k k k k k
Ĕ Ĕ Ĕ

/ - / -= + -x x K z H x  (2.55) 

 ( ) ( )1

T T

k k k k k k k k k k= / -- - +P I K H P I K H K R K  (2.56) 

(2.55)Ҭ 1k k k k
Ĕ
/ --z H x ҹ ᵀ ̆Ӟ ᵬ Ȃ kK ҹⱴ ̆Ӟ
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ҹ ̆ ᶏ ᵀ ⌠ Ȃ (2.52) ~ (2.56)

̆ ∆ṿ 0
Ĕx 0P ̆ k ┴

ᴋ ┴ k ᵀ k
Ĕx Ȃ 2-2 Ȃ   

k,k k k kū ,H ,Q ,R-1

0 0
Ĕx ,P

k k 1 k k 1 k 1

T

k k 1 k k 1 k 1 k k 1 k 1 k 1 k

T

1

Ĕ Ĕ              x ū x

P P ū Qū ũ ũ

/ - / - -

/ - / - - / - - - -

=

= +

( )
1

T T

k k k 1 k k k k 1 k kK P H H P H R
-

/ - / -= +

( )

( ) ( )

k k k 1 k k k k k 1

T T

k k k k k 1 k k k k k

Ĕ Ĕ Ĕ           x x K z H x

P = I K H P I K H K R K

/ - / -

/ -

= + -

- - +

∆

 

2-2  

2.4.2 Ҳ ῝  

GNSS Ȃ ץ ̂ᵝ ȁ

ȁ ̃ᵬҹ ᵀ ̆↕ᴪ ⌠ ̆

֓ № Ȃ ҹץ ѿ̆

ᵬҹ ᵀ Ȃ ԍ ԍ ̆

יּ ԋ ԋ ҉ץ ӗ ҹ Ȃ

̆ ҹ ̆ ץ ᶏ ‰

̂ ᾝ ̆2015̃ Ȃ ԍ GNSS/INS ̆ ῖ

ᴰ f y ̂Shin̆ 2005̃̕

ѿ GNSSᵝ ̆Ҋ №≢ ׃ Ȃ 

1̃f  

f ץ n ҹ ꜚ№ ̂ ᴇԍ יּ

ѿ ̃ ⌠ ̆ ԍ ҹ Ẋ Ȃ ԍץf ᵬҹ ̆

ץ ҹf ̆ΐᵣῈ Ҋ 

 ( ) ( )

n n n n n

en

n n b n b n n n n n n n

b b ie en ie en

n n n b

in in b ib

f f

w d q

f w w w w

f w f w w

=- ³ + ³ +

= + ³ + - + ³ - + ³

=- ³ + -

r r v v

v C C g v v

C

d d d

d d d d d d

d d

 (2.57) 
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Ҭ̆ [ ]n T

N E Dr  r  r=rd d d d̕ d ꜚ̕ ⱬ ҹ 

 ( )2 /
T

n

D M N0  0  g r R R hdè ø= +
ê ú

gd   (2.58) 

f Ҋ 

 ( )n n b

r IMU b GNSS rd f= + ³ -z r C l ed  (2.59) 

 ( )( ) ( ) ( )n n b b b n b b

v IMU in GNSS GNSS ib b GNSS ib vw f w f w= - ³ ³ - ³ ³ + ³ -z v l l C l ed d d  (2.60) 

Ҭ̆ b

GNSSl ҹ GNSS ̆ ׆ IMU Ҭ GNSS ᵝҬ

b Ҋ Ȃ 

2̃y  

y ץ c ҹ ꜚ№ ̂ ᴇԍ יּ

ѿ ̃ ⌠ ̆Ӟ ԍ ҹ Ẋ Ȃ ԍץy ᵬҹ ̆

ץ ҹy ̆ΐᵣῈ Ҋ 

 ( )

c c

ec

c p b c b c c c

b b ie ec

c p b

ic b ib

v

w

y 2w w

y w y w

=- ³ +

= + ³ + - + ³

=- ³ -

c c

c

r r v

C f C f g v

C

d d d

d d d d

d

 (2.61) 

Ҭ̆ ⱬ ҹ 

 
2

T
cc c
yc x z

M N M N

g rg r g r
    

R h R h R R h

è ø--
=é ù

+ + +é ùê ú

g
dd d

d  (2.62) 

y Ҋ 

 ( )c c b

r IMU b GNSS ry= + ³ -z r C l ed d  (2.63) 

 ( )( ) ( ) ( )c c b b b c b b

v IMU ic GNSS GNSS ib b GNSS ib vz w y w y w= - ³ ³ - ³ ³ + ³ -v l l C l ed d d  (2.64) 

҉ ң SINS ΐ ᴇ ̂Benson̆ 1975̃̆ᵖy

ⱴ ȁ Ḃԍ Ȃ ң҉ץ̆ SINS

‰ ̆ Ẋ SINS ҹ Ȃ   
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Ҏ  ᴮᵆ ‼ЃOBAЄ Ὶ  

∆ ‰ ᵣ ̂b ̃⌠

̂n ̃ ῏ ∆̆ ‰ Ȃ

1.1 № ̆γ MEMS-INS ᴆҊ

‰ ∆ ̆ ᶫ ꜛ Һ

‰ ȂGNSSᵬҹ ꜛḤ ῒ̆ ꜛ MEMS-INS ‰

ꜚ Ҋ ̆ғ ꜚ ̂ ԍ ̃ ‰ ԍ

ΐ ᴇṿȂ  

҈

ᴨᵀ ‰̂ OBÃ

ѿ̔ ԋ̔

ῃ №

OBA OBA

ᴨᵀ ‰̂OBÃ GNSS

╠∆                    

№ ᴨלҍ

 

3-1 Ҏ Ὺ  

ᾢ׃ № ѿ ԍ ᾝ ԋӗ ᴨᵀ ꜚ ‰

̂ ᴨᵀ ‰ OBA ̆Optimization-Based Alignment̃̆

‰ ԍᵞ MEMS-INS/GNSS ̂ ῒ

ꜚ Ҭ̃ Ȃ ҉̆ GNSS ̆



ᵝ  

18 

 

₮ѿ ԍ Ḥ ᴨᵀ ‰ ף̆ ⱴ

̂ ⱬ̃ Ḥ Ȃ ᶏ ῃ № ̆ ᴨᵀ

‰ ‰ ꜚ ᴆ Ȃ 3-1ҹ ῤ ̆

ᵬҹѿҩץ Ȃ  

3.1 ᴮᵆ ‼  

Wu M et al.̂ 2011̃ ₮ ᾝ ᴨᵀ ‰ ̆ ᴨ

ᵀ ‰ ̕Wu and Pan̂ 2013̃ Wu M et al.̂ 2011̃ ҉ ῀ №

׃̆ ԅ ԍ /ᵝ № ᴨᵀ ‰ ץ̆ ᾧ GNSS

№ Ҥ ȂҊ ׃ ᴨᵀ ‰ ԍ Ȃ

ᴨᵀ ‰ ҉ ѿҩ ῒ̆ ԋӗ

ᴨ Ȃ 

3.1.1   

ᴨᵀ ‰ ԍ n Ҋ № (2.32) ̆

Ώ Ҋ 

 ( )n n b n n n n

b ie en lf w w= - 2 + ³ +v C v g  (3.1) 

Ҭ̆ n
v ҹ IMU ̕ᴋ ┴

n

bC ץ ӗ Ώ Ҋ

 

 () ()
() () ()

()0
0

0
n t bn n

b bn b t
t =C C C C  (3.2) 

ῒҬ̆ ()
()
0

n t

n
C ()

()0b

b t
C №≢ 0⌠ t ┴ῤ n b

Ȃ ᵩ № (2.19)̆ΐ ῏Ҋץ  

 
()
()

()
()( )0 0n n n

inn t n t
w= ³C C  (3.3) 

 
()
()

()
()( )0 0b b b

ibb t b t
w= ³C C  (3.4) 

Ҭ̆
n

inw n ԍ i n Ҋ ̆
b

ibw b

ԍ i b Ҋ Ȃ 

(3.2) ῀(3.1)̆  

 
()
() () ()

()
()
()( ) ()

()0 0 0 0
0 2

n b n nn n b n n n n

b ie enn t b t n t n t
w w= - + ³ +C v C C f C v C g   (3.5) 

[ ]0, Mt ῤ̆ (3.5)ң № 

 
()
() () ()

()
()
()( ) ()

()0 0 0 0

0 0 0 0
0 2

M M M Mt t t tn b n nn n b n n n n

b ie enn t b t n t n t
dt dt dt dt= - + ³ +ñ ñ ñ ñC v C C f C v C gw w   (3.6) 

№ № ↕ ' '
b bb

aa a
uv dx uv u vdx= -ñ ñ ̆ (3.6)Ҭ ѿ  Ώҹץ

 
()
()

()
()

()
()

( )
() () ()

()

0 0 0

0 00

0 0

0
0

MM M

M

M

tt tn n nn n n

n t n t n t

tn nn n n n

inn t n t

dt C dt

                  = dtw

= -

- - ³

ñ ñ

ñ

C v C v v

C v v C v

  (3.7) 
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(3.7) ῀(3.6)̆  

 () ()
()

( )
() () ()

()
()
()0 0 0 0

0 0 0
0 0

M M M

M

t t tb n n nn b n n n n n

b ieb t n t n t n t
dt dt dtw= - + ³ -ñ ñ ñC C f C v v C v C g   (3.8) 

҉פ Ҭ 

 ()
()0

0

Mt b b

v b t
dta ñC f   (3.9) 

 ( )
() () ()

()
()
()0 0 0

0 0
0

M M

M

t tn n nn n n n n

v ien t n t n t
dt dtb w- + ³ -ñ ñC v v C v C g   (3.10) 

↕ (3.8)  Ώҹץ

 ()0n

b v va b=C   (3.11) 

ᴨᵀ ‰ № ̆ (3.11)ң Ῥ № ץ ⌠ᵝ

№ ̆ (3.11)Ҭ № ᵝ №

Wu and Pan̂ 2013̃Ȃ ԍ ԍ № ᴨᵀ ‰ ԍᵝ

№ ᴨᵀ ‰ Ҍ ‰ ̆

№ Ȃ ץ ⌠̆ (3.11)Ҭ va [ ]0, Mt ῤ ⱴ ₮ ₱ ̆

vb [ ]0, Mt ῤ ᵝ Ḥ ₱ Ȃ ҉ ңҩҌ῍ va

̂ vb̃̆ ѿ ∆ ()0n

bC ̂Shuster̆ 1981̃Ȃ №

(3.11) ⌠∆ ()0n

bC ̆ (3.2) ╠ ()n

b tC Ȃ

̆ va vb ҩ ̆ ᴨᵀ ‰ ҉

ѿҩ Ȃ 

3.1.2 √  

╠ѿ ̆ ױ ҳ ᵥ ∆

()0n

bC Ȃ ׃ ᵥ № (3.11) ∆ ()0n

bC Ȃ

(3.11) ѿҩ ԋӗ ᴨ ̆ῒ ԋӗ ҹ̔ 

 () ( ) ( )

1

0 0

0
M Mt t

T Tn

b v v v vdt dtb a a a

-

å õ
= æ öæ ö

ç ÷
ñ ñC   (3.12) 

ῒҬ̆ ( )
0

Mt
T

v v dta añ ᴆ̆ Ȃ ̆ ԍ

̆ (3.12) ⌠ ()0n

bC Ҍ ѿҩҤ Ȃ ̆

ῒז ‗ Ȃ 

(3.11) ץ ῒ Wahbaԍ 1965 ₮ Wahba

ῃѿ W̆ahba ᵥ ԋӗᵀ ᶏץ

Ҭ ң ΐ ᶃ ̂Wahbă 1965̃ Ȃ (3.11) ̆

֜ ()0n

bC ᶏ ₱ L ṿ  

 ()( ) ( )

1

0
M M

n
n

v t b v t

M

b a
=

= -äL C   (3.13) 

῏ԍWahba ̆Paul Davenportԍ 1968 ₮ Davenport ᾝ ΐ
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ᴇṿ̆ ҹ ᾝ ᵀ ̆ ԅ҈ ₱

҈ҩ ῏ ᶏ̆ ̆ ҹ

ṿ ᴨ Ȃ 

Davenport ᾝ Ҭ̆ ӈ∆ ()0n

bC ᾝ ҹ
T

Ts  hè ø=ê úq ̆ῒҬ sҹ №̆hҹ №̆↕ Ҋ῏  

 ()( ) ( )0 2 2n T T

b s s= - + + ³C Ih h hh h  (3.14) 

()0n

bC ҹq̆ (3.11) Ạץ Ҋ  

 

()

[ ][ ]

*

0

0

0

n

b v v

v v

v v

v v

a b

a b

b a

b a
+ +

=

Ý Ã Ã =

Ý Ã - Ã =

å õ
Ý - =æ ö
ç ÷

C

q q

q q

q

  (3.15) 

Ҭ[ ]vb
+

[ ]va
+

ӈ 2.2.4 Ὲ (2.25) (2.26)Ȃ ̆ ᾝ q

ץ ҹ Ҋ ᴨ ̂Wu M et al.̆ 2011̃  

 min T

q
q KqЃ 1T =q q Є  (3.16) 

Ҭ̆4¦4 K ( )Mv t
a ( )Mv t

b ₱  

 ( ) ( ) ( ) ( )M M M M

T

v t v t v t v t

M

b a b a
+ + + +å õ å õ

è ø è ø è ø è ø- -æ ö æ öê ú ê ú ê ú ê ú
ç ÷ ç ÷
äK   (3.17) 

∆ ᾝ q ᴨ ҹ K ṿ ѿ

̂Wu M et al.̆ 2011̕ Shuster̆ 1981̃̆Ῥ (3.14) ₮ ∆

()0n

bC Ȃ ̆ va vb ⌠ №

̆ ҹ ̆ Wu and Pan̂ 2013̃Ȃ 

3.1.3 ╦ ╔  

╠ѿ Davenport ᾝ ץ ∆ ()0n

bC Ȃ

׃ ᵥ ӗῈ (3.2) ╠ ┴ ( )n

b MtC ̆ (3.2)

Ώ Ҋ 

 ( ) ()
( ) () ( )

()0
0

0M

M

n t bn n

b M bn b t
t =C C C C   (3.18) 

№ [ ]M0, t ⅞№ҹ Mᴍ̆ Mҩ [ ]1,k kt t + ̆ 0,1,2,..., 1k M= -

Ȃ Wu and Pan̂ 2013̃ ᶏ ̂Ҍ ԍ 2.3 Ҭᶏ ľ

+╠ѿ Ŀ ̃̆ ѿҩ ңҩ IMU ₮̆

[ ]1,k kt t + ῤ b ҹ 

 ( )
() ( ) ( )

( )
1

2

2

sin cos
k

k

b bb t

b bb t

b b

j j
j j

j j+

-
= + ³+ ³

I
C I   (3.19) 
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1 2 1 2

2

3
b ȹ ȹ ȹ ȹj q q q q= + + ³  (3.20) 

ῒҬ 1ȹq 2ȹq№≢ҹ [ ]1,k kt t + ῤ ѿҩ ԋҩ IMU ̆ bj b

׆ kt ┴ ꜚ⌠ 1k+t ┴ Ȃ ҩ ῤ b

ӗ̆ ⌠[ ]0 M,t ῤ b  

 ( )
()

( )
()

( )
( )

()
( )11

1

0 0

1

kM

M M M k

M
b tb b b t

b t b t b t b t
k

--

- =

= =ÔC C C C   (3.21) 

[ ]1,k kt t + ῤ n ҹ̔  

 ( )
() ( ) ( )

( )
1

2

2

sin cos
k

k

n nn t

n nn t

n n

j j
j j

j j+

-
= + ³+ ³

I
C I   (3.22) 

 
n

n inTj w=   (3.23) 

Ҭ nj n ׆ kt ┴ ꜚ⌠ 1k+t ┴ ,
n

inw ᵝ

₱ Ȃ ҩ ῤ n ӗ̆ ⌠[ ]0 M,t ῤ n

 

 ( )
()

( )
()

( )
( )

()
( )11

1

0 0

1

kM

M M M k

M
n tn n n t

n t n t n t n t
k

--

- =

= =ÔC C C C   (3.24) 

Ῥ (3.21)ȁ (3.24) ∆ ()0n

bC ῀ף (3.18)̆ ⌠ ╠ ┴

( )n

b MtC Ȃ ̆ ∆ ‰ ҹ Ȃ ̆

╠ va vb ⌠ԅ (3.21) (3.24)Ȃ  

Ḃ҉ץ Wu and Pan̂ 2013̃ Ҭ׃ ԍ № ᴨᵀ

‰ ̆ῒ 3-2 Ȃ   

IMU

GNSS

()
()b 0

b t
C

()
()n 0

n t
C

va

vb

b

ibw
bf

K

()n

bq / C 0()n

bC t

‰

p vȁ p vȁ

 

3-2 ԓ Ⱶ/ꜘ ᴮᵆ ‼  

3.1.4 ᴮᵆ ‼ ⅎ  

҉ ᴨᵀ ‰ ԍ n Ҋ № ғҌ

̆ ҉ Ẓȁⱴ Ẓ GNSS

Ȃ ҈ ̆ ⌠ Ҋ №  
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( )

( )( )( )

n n b b

GNSS b nb GNSS

n b n n n n b b n

b a ie en GNSS b nb GNSS l

d

dt

         g

w

w w w

- ³ =

- - 2 + ³ - ³ +

v C l

C f b v C l

 (3.25) 

҉ № ̆῀ף(3.2)  

()
() ( )

() ()
() ( )

0

0
0

n n n n n n

GNSS ie en GNSS ln t

bn b b b b b b b

b a ie ib g nb GNSS nb GNSSb t
       f

w w

w w w w

è ø+ 2 + ³ -
ê ú

è ø= - + + - ³ ³ + ³
ê ú

C v v g

C C b b l l

 (3.26) 

[ ]0 M,t ῤ̆ ҉ ң №̆ῒҬң № № ↕ Ҋ

 

 ()
()

( )
() () ()

()M M

M

t tn 0 n 0 n 0n n n n n

GNSS GNSS GNSS in GNSSn t n t n t0 0
C v dt  C v v 0 C v dt= - - w ³ñ ñ  (3.27) 

 ()
()

( )
() () ()

()( )0 0 0

0 0
0

M M

M

t tb b bb b b b b

nb nb nb ib g nbb t b t b t
dt  dtw w w w w³ = ³- ³- - ³ ³ñ ñC C C b  (3.28) 

№ ҹ (3.11)  

 ()0n

b v va b=C  (3.29) 

ῒҬ̆ 

 
()
()( ) ()

() ()( )
()

()
()( )

0 0

0

0 0

0

0
M

M

t b bb b b b

v a nb nb GNSSb t b t

tb b b b

ie nb GNSSb t

dt

        dt

w w

w w

- + ³- ³

+ ³ ³

ñ

ñ

Ŭ C f b C l

C l

  (3.30) 

 ( )
() () ()

()
()
()0 0 0

0 0
0

M M

M

t tn n nn n n n n

v v GNSS GNSS ie GNSSn t n t n t
dt g dtb b w= - + ³ -ñ ñC v v C v C  (3.31) 

(3.9) (3.30) ̆ ᴨᵀ ‰ Һ ԍ ⱴ

Ẓ gb ȁ Ẓ ab̂ ()
()0b

b t
C Ҭ ȁ̃ץ ễ Ȃ ̆ va

Ҭ ῏ ()
()( )0

0

Mt b b

gb t
dt-ñC f b № ⱴ ̆ ᴪᶏ

⁞ ̆ Һ ‰╠ ѿ

ῤ̂Wu et al.̆ 2014 Ȃ̃ 

3.1.5 ᴮᵆ ‼ ᴮׂשғ  

ᴨᵀ ‰ ץ SINS № ҹ ̆ ∆ ‰

ҹѿҩ ᶏ̆ ԋӗ ᴨᵀ ∆

ᾝ ᶏ̆ ᴨᵀ ‰ ᴋᵥᾢ Ḥ

ⱬȂp ҉ץ ᴨᵀ ‰ Ӟ ץ ̆ Ҋңץ

ҩ Һ ̔ 

1̃ ᵣ ꜚ ᴆ ̆ῒ ‰ ᶭ ԍⱴ ̂Һ

ⱴ ̃ ̕  

2̃ ᶏ IMU ₮ ҍ ̆ ễ ᴰ Ȃ 

Ҋ ң ΐᵣ№ Ȃ ԍ ѿҩ ̆ ⱴ

ᶭ Һ ԍ va Ȃ׆ (3.9) ץ ⌠ va ⱴ ⱬ ₮



ᵞ MEMS-INS/GNSS ꜚ ∆ ‰  

23 

 

ṿ̂ b= -f a g ץ̃ b №₱ ̆ ᵣḠ

ꜚ b̆ ֽֽ ԍ ̆ va № ᴪ ̂

№ ҹ ⱬ ṿ ̃̆ ᶏ ץ (3.11) ₮ ∆

()0n

bC ̆Һ ץ ‰̆ ҹ ⱬ ‰

ҹ Ȃṿ ̆ ᵣ ⱴ № ץ ҹ ῖ

‰Ҭ № ̆ ױ ᵬҹ ‰ ‰Ȃ ̆

IMU ΐ ̆ ץ ᶏ ᴨᵀ ‰

‰ Ҍ ᵣ ꜚ ᴆ̆ Ӟ ҹָӇ Wu M et al.

̂2011̃ ץ ᴨᵀ ‰ ԍ ҉ ̂

Ẓ ҹ 0.01°/h̃ ∆ ‰Ȃ Ḥ׆̆ ̆ ᵣ

ꜚ ̆ va Ḥ ̆↕ (3.11) ₮ ∆

()0n

bC ̆ Ӟ ҹָӇ Wu and Pan̂ 2013̃ ᴨᵀ ‰

ԍ ꜚ ‰ ץ ⌠ ‰ Ȃ 

ԍ ԋҩ ̆ ᴨᵀ ‰ ԍ ⱴ ₮ṿҌΐ ᵀ

ễ ⱬ̆ᴰ va Ḥ ̆ Ȃ

ῒ ҹᵞ MEMS-INS ̆ ѿ ⱴ Ȃ ѿ ̆

ᵣ ꜚ ̆ ῖ ‰῾ҙ῾ ̆ Ḥ

̆ va ᴪҤ Ẓ ῒ ṿ̆ (3.11) ₮ ∆

()0n

bC ӞᴪҤ Ẓ ῒ ṿȂ 

̆╠ vb ̆ ҹ vb GNSSᵝ

ṿ ₱ ̆ GNSS ᵝ № ᵝ ȁΐ cm ᵝ

cm/s ̆ῒḤ ᴪ ԍ va ̆ ҌẠ Ȃ ҉

̆ ᴨᵀ ‰ Ҍ ᵞ IMU ᵣ ꜚ

Ȃ ҉̆ ᵣΐ ꜚ ᴆ ̆ ᶏᶏ ԅѿ ᵞ

MEMS-INS Ӟ ץ ⌠ ‰ ̆ va Ḥ ԍ

ѿ ṿ̕ ѿ 3.4.2.2 ῃ № ѿ Ȃ 

3. 2 ԓ GNSS  

ԍ ̆ ѿױ ᶏץ ԍ GNSS

‰̆ ≠ GNSS қ № ₮ ᵣ Ḳᴀ ῒ̆

3-3 ȂGNSS ԍץҊң Ẋ ̔ 

Ẑ 3. 1Е ‟ҐЇ ᵩ Ѓ ꜠ Є ᵩ

Ѓv ЄҐ
v

wheelv ╦ ⅎ Ї ᵩ₉ӓҒ ꜠ɻᶽ

꜠ɻװ ṛ Їҙ ᵩҒ ԓ ɼ 

Ẑ 3.2ЕIMU Ї
v

bC ɼ 
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Ҥ IMU ̆ ⌠ GNSS Ҭ ᵣ

ӊ ῏ Ҋ  

 ( )( )v v b n v b b b

wheel b n GNSS b nb wheel GNSS+ w= ³ -v C C v C l l   (3.32) 

҉ ҹ 

 ( )( )n v n n v b b b

v wheel GNSS v b nb wheel GNSS+ w= ³ -C v v C C l l   (3.33) 

Ҭ̆ , 0 0
T

v v

wheel wheel Fv     è øê úv ̆ғ , 0v

wheel Fv > ̆ Ẋ ᵣ ԍ ╠  

ꜚ Ҍ ̕ , , ,

T
n n n n

GNSS GNSS N GNSS E GNSS Dv   v   vè øê úv ̕
b

GNSSl ҹ GNSS  

̆ ׆ IMU Ҭ GNSS ᵝҬ b Ҋ ̕
b

wheell ҹ ᵣ ̆ ׆ IMU Ҭ Ҭ b Ҋ

̕
b

nbw ҹ ᵣ Ȃ׆ (3.33) ץ ₮̆ ᵣ

ѿ ̆ ҹ ̆ ᵣ ꜚ ₮

( )( )n v b b b

v b nb wheel GNSSw ³ -C C l l ̆ ץ ᶏ GNSS ᾧ ꜚ

⁞ GNSS Ȃ ễ ̆Ạ Ҋ ᵌ 

 n v n

v wheel GNSS=C v v   (3.34) 

Ẋ ᵣ ̂v ̃ ԍ ̂n ̃ ҈ҩ ҹ[ ]
T

nv nv nv  f q y ̆҉

ҹ 

 

n

GNSS ,Nnv nv

v n

wheel ,F nv nv GNSS ,E

n
nv GNSS ,D

cos cos

cos sin

   sin  

è øè ø
é ùé ù
=é ùé ù
é ùé ù-ê úé ùê ú

v

v v

v

q y

q y

q

  (3.35) 

(3.35) ᵣ̂v ̃ Ḳᴀ №≢ҹ 

 ( )2 n n

nv GNSS ,E GNSS ,Natan ,= v vy   (3.36) 

 ( )2 2

, , ,2 ,n n n

nv GNSS D GNSS N GNSS Eatan= - +v v vq   (3.37) 

ῒҬ ătan2ҹ ℗₱ ȂῬ Ḥ ̆ ⌠ IMÛb

̃ Ḳᴀ Ȃ 

 

3-3 GNSS  

’Ҋ̆ ≠ץ ∆ Ḳᴀ ̆

ֽ≠ Ḥ ‰ғ ҹ Ȃp ̆
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Һ Ҋץ ҩ ̔1ֽ̃≠ ѿ ᾝḤ ⌠ ‰ ̆

ⱬ ̆ғ ‰ ⁞ ᵞ̕2̃ ᵣ ץ

Ẋ 3.1 ҌῬ ̆ᶛ

ᶷ ̂Groves̆ 2008̃̆ ṕ 180° Ȃ3̃׆╠

ץ ⌠̆ ҉ҹ ᵣ ̆ IMU

̆ ץ ᵣ ⌠ ᵌ ⌠ IMU 4̃̕ ԍ GNSS

ᵝ Ҍѿ ̆ ᴪ ῀ѿ Ȃ 

3. 3 ᴮᵆ ‼  

҉ 3.1 ׃ ԅ Wu and Pan̂ 2013̃ Ҭ ԍ № ᴨ

ᵀ ‰ ̆ № ԅ ᴨלҍң Ȃ3.2 ׃ ԅ

Ҭ GNSS ̆ № ԅῒ≠ Ȃ ԍ҉ץ№ ̆

ᴨᵀ ‰ GNSS ̆ ₮ Ḥ ף

ⱴ ̂ ⱬ̃ Ḥ ̆ ⌠ ᴨᵀ ‰ / OBA

̆Ҋ Ạΐᵣ׃ Ȃ 

3.3.1 ᴮᵆ ‼  

GNSS ̆ ᶭ ԍ ᵣ ⱴ va ҹ

ᵣ ₱ ̆ Ҭ va vbȂ ѿ ̆

ᴨᵀ ‰ ᵣΐ ѿ ̆ Ҍ ѿ ⱴ

̆ ҉⁞ ԅ ᵣ ꜚ ᴆ ᶭ ̕ ̆ ᴨᵀ ‰

Ӟ ԅ ԋӗ ̆ ≠№ᾟץ ╠ ̆ Ҍ ᶭ ѿ ᾝ

Ḥ Ȃ ̆ ᴨᵀ ‰ GNSS ѿ ̆

Ӟ ԍ 3.2 Ҭ Ẋ 3.1 Ẋ 3.2Ȃ 

ԍ GNSS Ҭ ᵣ Ҍ ң̆ ӊ ̆

(3.32) ̆ Ώ Ҋ 

 ( )( )n b v n n v b b b

b v wheel GNSS v b nb wheel GNSSw= + ³ -C C v v C C l l   (3.38) 

Ҭ , 0 0
T

v v

wheel wheel Fv     è øê úv ̆ғ , 0v

wheel Fv > ̕ , , ,

T
n n n n

GNSS GNSS N GNSS E GNSS Dv   v   vè øê úv Ȃ 

ṿ ̆ ӈ ԅ ᵣ ԍ ╠ ꜚ ̆

Ҍ ̆ ̆ҹԅ ᾧ ṿ Ҍ≠ ̆

GNSS ԍ ѿ ṿ Ῥ ꜚ ᴨᵀ ‰ Ȃ (3.38) ᴨ

ᵀ ‰ ̆ ԍ (3.1)ӊԍ ╠ ᴨᵀ ‰ Ȃ
n

bC

ӗῈ ῀ף (3.38) ⌠ 

 () ()
()

()
() ( )( )0 0

0
b nn b v n n v b b b

b v wheel GNSS v b nb wheel GNSSb t n t
wè ø= + ³ -

ê ú
C C C v C v C C l l   (3.39) 
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҉פ Ҭ 

 ()
()0b b v

v v wheelb t
a¡ C C v   (3.40) 

 ()
() ( )( )0n n n v b b b

v GNSS v b nb wheel GNSSn t
b wè ø¡ + ³ -

ê ú
C v C C l l   (3.41) 

↕ (3.39)  Ώҹץ

 ()0n

b v va b¡ ¡=C   (3.42) 

(3.11)̆ᶏ Davenport ᾝ ∆ IMU ()0n

bC ̆

(3.2) ╠ ()n

b tC Ȃ ᴨᵀ ‰ ̆ Ḥ  

ף ԅ ⱴ ̂ ⱬ̃ Ḥ ̆ῒ 3-4 Ȃ 

IMU

GNSS

()
()b 0

b t
C

()
()n 0

n t
C

v
¡¡a

v
¡¡b

b

ibw
b v

v wheelC v

K

()n

bq / C 0()n

bC t

‰

p vȁ
n

GNSSv
ễ

 

3-4 ԓ ᴮᵆ ‼  

3.3.2 ῗԓ ᴮᵆ ‼  

ṿ̆ ᴨᵀ ‰ ᴨᵀ ‰ GNSS

ᴨ ⱴץ ̆ ԅᴨלԑ Ȃ ᴨᵀ ‰ ȁGNSS

ᴨᵀ ‰ ӊ 3-1 Ȃ 

3-1  

 
╠  

OBA  GNSS  OBA  

 ⱬ̂ⱴ ̃   

≠ ’ ᾝ ѿ ᾝ ᾝ 

ΐ ⱬ    

ᴨᵀ ‰ ᴨԍ ╠ ᴨᵀ ‰ ̆ ѿ ̆

╠ Ȃ ᴨᵀ ‰ ᴨԍ GNSS ΐᵣ

GNSS ѿ ≠ ҩ ᾝ ⌠ Ḳᴀ Ḥ ̆

ῒ ῃᶭ ԍ Ҋ ҩ ᾝ GNSS Ḥ ̆ ⱬ

̕ ᴨᵀ ‰ ҉ ѿ ԋӗ ̆ ≠№ᾟץ ԅ

[ ]0, t ῤ Ḥ ̆ ԋӗ ‗ ԅ ᴨᵀ ‰ ԍ
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ΐ ⱬȂ 

ԍ ԍ ԋӗ ᴨᵀ ̆ ᴨᵀ ‰ ᴋᵥ ᾢ

∆ṿḤ ᴆ ꜛᵝ Ḥ Ḥ Ȃp Ӟ ⌠

ᴨᵀ ‰ ̔1̃ ԍẊ 3.1 Ҥ Ȃ

Ҍ Ẋ 1 ᾝ ץ Ҍ ̆p b

Ҋ ᶷ № ̆ ᴨᵀ ‰ ҌῬ ̆

ᵣ ԍ ꜚ ꜚ IMU ҹ ғ ꜚ

ᶷ ꜚȁ Ҍ ᵣ ̂

ῒ ῒ ΐ ᴋ ̃ Ȃѿ ̆ ᴨ

ᵀ ‰ ᶃ ҹ ̆ ҹ ₃ӍҌᴪ₮

ꜚ ᶷ ꜚȂ2̃ ễ̆ Ҭᴪ

‰ ѿ ҹ̆╝ ѿ ̆ ᾧ ꜚ GNSS

IMU Ȃ3̃ ()
()0b b v

v v wheelb t
a¡ C C v Ӟᴪ

̆ ץ ץ ‰ ᴪ ‰ ⱴ Ҋ Ȃ ̆ץ ᶏ

ᴨᵀ ‰ Ҍ Ȃ 

3. 4 ᵆ Ὴ ⅎ  

҉ ң ᴨᵀ ‰ ᴨᵀ ‰ ԅ ҹ

׃ № ҹ̆ԅ׆ № ╠ ∆ ‰ ҹҤ

№ ̆ ᶏ ῃ № ᵀ ⱬ Ȃ

№ ԍ ץ ῤ ᵀ ⱬȂ Ạ №

ᵀ ᵀ ⱬ̆ ҹ ᵀ ₮ ̕

Ҍ ̆ ᶏ ṿ ‰ ̆Ӟ ᵀ ₮ Ȃ ̆

№ ץ ᵣ ꜚ ᴆҍ ᵀ ץ

῏ ץ̆ ᵣ ꜚ Ȃ 

3.4.1 ⅎ  

ѿ ӈҹ̂Chen̆ 1984̃̔ ᴋ 0t ┴

()0x t [ ]0 1t , t ῤ ῀ ₮Ḥ ѿ ̆↕ ӊҹ

̕ ↕̆ ӊҹҌ Ȃ 

ҹ ῏ ̆

ԅ Ȃ ҉ ѿ ̆ҹԅ ̆ ױ

№ Ȃ ԍ ̆ Ạ ᵌ̆

№ ̕ ԍ № ԍ ̆ №

ᵌ̆ ⅞№ҹ ҩ ̆ №
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̂Goshen-Meskin and Bar-Itzhack̆ 1992̃Ȃ Hong et al.̂ 2005̃

GNSSᵝ Ȃ

̆ ԍ № №

Ȃ 

ᾝ ₮ԅ҉ ԍ ᵌ № ҈

̂Wu Y et al.̆ 2012̃̆ ₮ ԍ ῃ № ̆

ᾧԅ ᵌ ᶏ̆ ⱴ ῃ Ȃῃ № ‗

̔ [ ]0 1t , t ῤ INS ѿ ₮∆ Ȃ

ῃ № ̆№ ‰ ̕ ғ̆Ҍ

Ҭ ̆ № ̂ ԍ

№ Ȃ̃ 

3.4.2 ᴮᵆ ‼ Ὴ ⅎ  

ᾢ ₮ѿҩҊ № ⌠ ̔ 

1Е ԓᴑ ҩү ῗ Ї ᴂ ᴑ ҩү Ҳ

Ї Ӎ װ ҩү Ӑ ɼ 

3.4.2.1  

ԍ IMŬҌ Ẓ ⱴ Ẓ ̆ (3.5)  ̆

 () ()
()

()
()

()
()( ) ()

()0 0 0 0
0 2

b n n nn b n n n n n

b ie enb t n t n t n t
+ w w= + ³ -C C f C v C v C g   (3.43) 

1̆ ңҩ ῏ ()
()
()0 0b b b

b t
=f C f ̆ Ӈ ץ ѿ

()0n

bC ȂҊ № ꜚ ’ Ȃ 

1̃ ⱴ ꜚҬ̆ ()0b
f ῏ ᴆ ̆ 3-5 Ȃ 

2̃ ⱴ / ⁞ ꜚҬ̆
()
()

()
()( ) ()

()( )0 0 0b b bb b b b

ib ie en nbb t b t b t
+w w w w= ³ = ³ ³+ ³C C C

ѿ῏ b ᵣ ꜚ̆ ץ ᴋ ңҩҌ ┴
()b 0

f Ӟ ῏ ᴆȂ 

3̃ ꜚҬ̆ (3.43)  Ώҹץ

 ()
() () ()

()( ) ()
()0 0 0

0 2
b n nb b n n n n

n ie enb t n t n t
w wè ø= + ³ -

ê ú
C f C C v C g   (3.44) 

1̆ ңҩ ῏
()
()( ) ()

()0 0

1 2
n nn n n n

ie enn t n t
w w+ ³ -z C v C ğ

Ӈ ץ ѿ ()0b

nC Ȃ 1z ӈ ̆ῒ Һ ‗ԍ

()
()0n n

n t
C g ѿ ̆ ҹ n ᵣ ꜚ̆ ץ ᴋ ң

ҩҌ ┴ 1z ῏ ᴆȂ 

4̃ ᵣ ̂ ҹ ꜚ ᶛ̃̆ ԍ 3 10n

³=v ̆ (3.43) ץ

Ώҹ 
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 ()
() () ()

()0 0
0

b nb b n

nb t n t
è ø= -
ê ú

C f C C g   (3.45) 

1̆ ңҩ ῏
()
()0

2

n n

n t
-z C g ̆ Ӈ ץ ѿ

()0b

nC Ȃ ԍ
()
()0n n

n t
C g ̆ ᴋ ңҩ

Ҍ ┴ 2z ῏ ᴆȂ 

҉ ҉̆ ’ ңҩ ῏ ᴆ̆ ץ

ѿ ()0n

bC Ȃ ₮∆ Ḃ̆ (3.2) ⌠ ╠ ┴

()n

b tC Ȃ ̆ ԍ INS/GNSS ̆ ᵣ

Ạ ⱴ ꜚȁ ⱴ / ⁞ ꜚȁ ꜚ ̆ ᵣ Ȃ

̆ң ῏ ‗ ԅ ̂Tang Y et al.̆ 2009̃̆

ץ ᵣẠ ⱴ ꜚ ̂ ⱴ ̃ ԍ

₃ ’̂ ⱴ ҹ ṿ ’ Ȃ̃ ғ̆ ⱴ ꜚ ▲ ̆

Ȃ 

()b

1f t ()b

2f t

()1a t ()2a t

-g

 

3-5 Ⱶ(f) ῗғꜘ (a) ῗ  

3.4.2.2 ᵤ   

҉ץ №ҹ IMU № ̆ ץ ꜛ ױ ᴨᵀ ‰ Ȃ

ױ ⱴ῏ ᵞ MEMS-INS ’Ȃᴧ ̆MEMS Ẓ

ᴪ ῃ Ḥ ̆ⱴ ₃ҩ ᵍ

̂mgal̃ ̆ ԍ ⱬⱴ ҹ Ȃ ῃ № Ҭ̆ ᴰ

ֽ̆ ᵞ MEMS-INS Ẓ̆ (3.1)Ạ Ҋ ꜚ 

 ( )( )n n b n n n n

b a ie en lw w= - - 2 + ³ +v C f b v g   (3.46) 

Ҭ̆ b
f ⱴ b Ҋ ⱬ ̕ ab ⱴ Ẓ ̆ ԍ

‰ ̆ ῒ ҹ  

 0a =b   (3.47) 

Ҋ ң ꜚ ’ № Ȃ 

1̃ ᵣ ̆ ԍ 3 10n

³=v ̆ (3.43)  Ώҹץ

 
b b n

a n l- =-f b C g   (3.48) 

ԍ ⱬⱴ ṿ ̆ ⱴ Ẓ̆ ⌠ 
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sin

sin cos

cos cos

b

x

b

y

b

z

f

g f

f

è øè ø
é ùé ù

- =é ùé ù
é ùé ù-ê úé ùê ú

q

f q

f q

  (3.49) 

҉ IMU Ḳᴀ №≢ҹ 

 ( )2 ,b b

y zatan f f= -f   (3.50) 

 ( ) ( )
2 2

2 ,b b b

x y zatan f f f
å õ

= +æ ö
ç ÷

q   (3.51) 

̆ (3.50) (3.51) ‰ ̆ Ȃ

҉̆ ⱬ ‰ Ȃ (3.50) (3.51)

Ҋ̂Shin̆2001̃  

 

b

yf

g
=
d

df   (3.52) 

 
1

tan sec
2

b bb

x ibzz

e

ie

f f

g g

å õ
= - + -æ ö
ç ÷

d dwd
dq j j

w
  (3.53) 

Ҭ̆jҹ ̆ b
fd ҹⱴ ̆ b

ibwd ҹ Ȃ 

2̃ ᵣ ᵞ ̂ 0n

enw º ̃̆ Ḡ Ҍ ̂ 0n

b =C ̃̆

(3.46)ң ⱬⱴ ̆ ⌠ 

 
n b n n n

b iewº +2 ³C f v v   (3.54) 

Ҭ̆ ҹ Ȃ 1̆ ңҩ ῏ b
f ̆

Ӈ ץ ѿ ₮
n

bC Ȃ ̆ ̆ᴋ ┴ b
f

῏ ̆ ѿ Ȃᵖ ̆ ⱴ b
f ╠

№ ̆ [ 0 0 ]b b T

x f     =f ̆ ӈҹ
n n n

m ie w+2 ³v v v ̕
b

f ȁ mv (2.18)
n

bC ῀ף (3.54)̆ ⌠ 

 

cos cos

cos sin

sin

mx

b

x my

mz

v

v

    v

è øè ø
é ùé ù
é ùé ù
é ùé ù-ê úê ú

f

q y

q y

q

  (3.55) 

҉ Ạ ⱴ ꜚ IMU Ḳᴀ  

 ( )2 ,my mxatan v vºy   (3.56) 

 ( )2 22 mz mx myatan v , v vº - +q   (3.57) 

҉ ̆ ᵞ ᶏ ᴨᵀ ‰ ̆ ‰

Ḳᴀ ̆ ᵣ ╠ Ạѿ ⱴ ꜚ ̆ ץ ₮

̕ғ ץ ̆ ᵣ ꜚ ᴆ ̆ ̆ ᵞꜚ ꜚ

ᴆҊ ‰ ᴪ Ȃᵞ ԍꜚ Ҥ ̆
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‰Ȃ ̆ ╠ ᴨᵀ ‰ ᶃ ҹ

ꜚ ᴆҊ INS/GNSS Ȃ 

3.4.3 ᴮᵆ ‼ Ὴ ⅎ  

ᵞ IMU ̆ Ҋ ᴨᵀ ‰ ῃ

№  

 () ()
()

()
() ( )( )0 0

0
b nn b v n n v b b b

b v wheel GNSS v b nb wheel GNSSb t n t
wè ø= + ³ -

ê ú
C C C v C v C C l l   (3.58) 

1̆ ңҩ ῏ ̆ Ӈ ץ ѿ ∆

()0n

bC ̆ (3.2) ╠ ()n

b tC ȂҊ №ң ꜚ ’ Ȃ 

1̃ ᵣ Ҍҹ ̂ ̃ᵖҌ ̂ Ạ

ꜚ̆
3 1

b

nbw ³=0 ̃̆ Ҍ ̆ (3.58) ҹҊ  

 
n v n

v wheel GNSS=C v v   (3.59) 

ᴋ ┴
v

wheelv ῏ ̆ ѿ Ȃᵖ ̆  

, 0 0
T

v v

wheel wheel Fv     è øê úv ̆ , , ,

T
n n n n

GNSS GNSS N GNSS E GNSS Dv   v   vè øê úv
n

vC ̂Ẋ ᵣ  

ԍ ҈ҩ ҹ[ ]
T

nv nv nv  f q y ῀ף̃ (3.59)̆    

 

,

, ,

,

cos cos

cos sin

sin

n

GNSS Nnv nv

v n

wheel F nv nv GNSS E

n
nv GNSS D

v

v v

    v

è øè ø
é ùé ù
=é ùé ù
é ùé ù-ê úé ùê ú

q y

q y

q

  (3.60) 

(3.60) ᵣ Ḳᴀ №≢ҹ 

 ( ), ,2 ,n n

nv GNSS E GNSS Natan v v=y   (3.61) 

 ( )2 2

, , ,2 ,n n n

nv GNSS D GNSS N GNSS Eatan v v v= - +q   (3.62) 

Ῥ Ḥ ̆ ⌠ IMÛb ̃ Ḳᴀ Ȃ ץ

ᵣẠ ꜚ ̆ ̕ ңҩ ̂ Ḳᴀ ̃ ץ

ᵀ₮̆ῒᵀ ᵣ GNSS ῍ Ȃ 

2̃ ᵣ Ҍҹ ᵖ ̆ ⌠ ễ̆

ᴋ ңҩҌ ┴
()
()0b b v

v wheelb t
C C v ῏ ᴆ̆ ѿ ╠

̆ ȁḲᴀ Ȃ 

3-1 ‼ ᵤ꜠ ᴌ  

 IMU  ᵞꜚ  

╠ 
OBA  

  

ᵞ  ⱴ/⁞  

GNSS  ᵞ   

 OBA  ᵞ   
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҉ № ̆ 3-1 ԅ ᴨᵀ ‰ ȁGNSS

ȁ ᴨᵀ ‰ ‰ ᵞꜚ ᴆ̆

ᴨᵀ ‰ ꜚ ᴆҊ ΐ ̆ ᴨᵀ ‰

ⱴ ꜚ ᴆҊ ΐ Ȃ GNSS ꜚ

ᴆҊӞΐ ̆ᵖ ῃҌΐ ⱬ̆ Ҍ Ȃ 

̆ ̆҉ ῃ № ԍ ᴆ ̆ ԍ

Ҭ ‰ᴋⱵ Ạ Ҋ ̔ 

1̃ ꜚҌ Ẋ 3.1̂ ᵣ └ ᴆ̃ ‰

ᴪ ⌠ Ȃᶛ Ҭ̆ ꜚ Ẋ ᴆȂ 

2̃ (3.58)Ҭ ễ̂ ҹ

̃̆ Ҭᴪ ‰ ѿ Ȃҹ╝ ѿ ̆

ᾧ ꜚ GNSS IMU Ȃ 

3. 5  

ᴨᵀ ‰ ≠ ԋӗ ĞNSS ≠

Ḥ ‰̆ ңҩ ᴨ̆ל ₮ԅѿ ԍ

ᵞꜚ ᴆҊᵞ MEMS-INS/GNSS ꜚ ∆

‰ ĺĺ ᴨᵀ ‰ / OBA Ȃ ῃ №

̆ ԅ ԍ ╠ ᴨᵀ ‰ ̆ ᴨᵀ ‰

‰ ꜚ ᴆ ̆ ᵣΐ ̆ ᵞꜚ ̂ ‰῾

ҙ῾ ̃ ᴆҊ̆ ᴨᵀ ‰ ‰ ԍ ╠ ᴨᵀ

‰ Ȃ 
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 ԓ ᵣ ‼ ꜠ ‼  

↨҉ ꜚ Ҭ ̆ ᵣ ̂b ̃ ԍ

̂n ̃ ῃ Ҍ ̆ ῀

̆ ‰ ’ ₮ Ȃΐᵣ⌠ ̆ѿ

ҹ ̆ ΐ Ҍ ̆ ҹ ᵝ ‰

Ȃ ᵝ ‰ ᴆҊᶏ ‰

∆ ‰ ̆ Scherzingerԍ 1996 ₮ ῖ ᵝ ‰ ̆

ᴆ ᵣꜚ № ̆

ᵝ ‰ Ȃ 

ᵝ ‰ ᴆҊ

ῃ №

SINS NHC

ᵝ ‰ ᴆҊ

SINS №

ᵝ ‰ ᴆҊ

ᴰ

ᵝ
ᵝ NHC

 

4-1 Ὺ  

∆ ‰ѿ ‰ ‰ңҩ ̆ ‰

Ḥ ᶏ Ḃץ̆ ‰ ᶏ ‰
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̂ 2.5.1 Ȃ̃ ‰ ‰ Ҍ ‰ ̆

ᵝ ‰ ∆ ‰↕ ѿ ̆ ҹ

ҹ ̆ ᵝ ‰ ԍ ‰ ̆

Ӟ Ȃ 4-1ҹ ῤ ̆ ᵬҹѿҩץ

Ȃ 

4.1 ᵣ ‼ ᴌҐ ⅎ  

№ ᴰ ̆

Ȃ ᵝ ‰ ᴆҊ̆ ≢ Ȃ

Ҋ №≢ ₮ ȁ ȁᵝ Ȃ ᾢ ₮ ⌠

҈ҩ ᶭ ѿҩ ̂ Ὲ ⌠̃̔  

ᶳ 1Е ᶕ ᵤ MEMS ҲЇ ԓ Ѓ

ҿ 57 2921158 10-. ³ rad/sЄ ԓ Ї װ
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c

ecw
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mGC Ȃ ̆ ԅ ҹ GNSS ᵝ ̆

ԅ NHC Ḥ Ȃ ≠ ῃ № ΐ̆

GNSS ꜛ ⱴ NHC Ḥ ץ ѿ ᵝ ‰ ᵞꜚ

ᴆҊ ‰ Ȃ 
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֒  ᴕ  

╠ң ׃≢№ ԅң ԍ ᵞ MEMS-INS/GNSS

ꜚ ∆ ‰ ̆ ῃ № ԅ ῏

№ Ȃ ᴏ ╠ ‰ №

Ȃ ᾢ̆ ╠ ᴨᵀ ‰ ̆ ᵀ ᴨᵀ

‰ ẫ ̕ ̆ ᵝ ‰ ‰ ⱴ NHC

Ḥ ╠ ̆ ‰ Ạ Ȃ ̆ ᴨᵀ

‰ ⱴ NHC ᵝ ‰ ‰ ‰ ̆

№ ̆ҹ ᶫѿ ᴇṿȂ 5-1ҹ ῤ

̆ ᵬҹѿҩץ Ȃ 

ң №

ԓ

ᴨᵀ ‰ ᵝ ‰ ꜚ ‰

ᴏ

ᴏᴏ

 

5-1 ֒ Ὺ  

5.1  

ץ ‰῾ҙ῾ ῖ ᵞꜚ ҹҺ Ȃ

ҹԅᾟ№ Ҭң ꜚ ‰ № ̆ №≢ ṿᴏ

̆Ҋ №≢ Ȃ 
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5.1.1 ᴕ  

ᴏ ҹ ᵞꜚ ̂ ‰῾ҙ῾ ̃̆ ᴏ

31j= ȁ 114l= ȁ h 3m= ̕҈ҩ ∆ ṿ

ҹ 0°̕ᴏ ꜚ ҹ̔0~6s ȁ6~8sⱴ 1m/ŝ ⱴ ̆

ⱴ ҹ 0.7m/sа ȁ̃8~60s ̆ᴏ 5-2 Ȃᴏ

MEMS-INS ᵝ № GNSS ȂMEMS-INS

5-1 ̆IMU ҹ 50HzȂᴏ GNSS ᵝ

‰ ҹ[0.01,0.01,0.03]m̆ ‰ ҹ 0.1m/s̆ ᴏ ҹ

ṿ G̕NSS ҹ [ ]
Tb

GNSSl 1  1 1 m= - G̕NSS ҹ 1HzȂ

ᴏץ ₮ ᵬҹ ṿȂ 

 

5-2 ᴕ ᴕ  

5-1 ᴕ IMU  

  ṿ ᵝ ῏  

MEMS 

IMU 

 

ṿ  500 ° / h   

Ẓ  10 ° / h  600s 

/ARW 0.25 ° / h   

ⱴ  

ṿ  5000 ug  

Ẓ  100 ug 600s 

/VRW 0.25 m / s / h  

5.1.2  

ԍ 2016 11 2017 1 №≢ ῾ Ὲ ԅң

Ȃ῾ 5-3 5-4 ̆Ὲ

5-5 5-6 ̆ ῾ ҹ 1m/s̆

Ὲ ҹ 6m/sȂῒҬ̆ ῾ Ҭ 5-3 3

̆ Ὲ Ҭ 5-4 2 ̆ 5
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׆ Ȃ ҉ ҹ ADIS16460 MEMS IMŬ Ẓ

ҹ 10°/h ⱴ̆ Ẓ ҹ 120uğ ҹ 50hz̕ GNSS

ҹ-1.12m̂ ╠ ȁ̃0.15m̂ ȁ̃-1.21m̂ Ҋ̃̆ GNSS ᶫ PPK

ᵬҹ ṿ̆ ҹ 10hz̕ ҉ ̆

ᶫ Ȃ 

 

5-3    

 

5-4   GNSS ЃS1ɻS2ɻS3ҿ Ҏ 60s Є 

 

5-5 ῎  
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5-6 ῎ GNSS ЃS1ɻS2ҿ ҩ 60s Є 

5.2 ╦ ᴮᵆ ‼ ⅎ  

҈ 3 ꜚ ‰ ̆3 ᶭ ҹĺĺ

A1̔ ᴨᵀ ‰ /OBA ̆A2̔GNSS ̆A3̔ ᴨᵀ

‰ / OBA Ȃ ғ̆ҹԅ ṿ Ẓ A3

̆ A3 ‰ ҬӞ ₮ԅ ṿ Ẓӊ

A3 ‰ ̂ Ȃ̃ ̆ ₮ ‰ ̆

ҹ Ҭ Ҍᶭױ ‰ ᶫ ̆ ‰

ᵬҹҺ ῏ Ȃ ̆ A2 A3 ᵣΐ ѿ

ᵬ̆ Ҍ ₮ Ȃ  

5.2.1 ᴕ  

ҹ ‰ ⱬ̆ 5.1.1 ᴏ ҉ ᴏ

GNSS ⱴ῀ѿ֓ Ȃ№≢ 20sȁ35sȁ50s҈

3ҩ ᾝ ̆ ᵝ ҹ 10Ṑ̆

ᾝ ᵝ ҹ[0.1̆0.1̆0.3]m̆ ҹ 1m/sȂ 

ᾢҌ ễ ṿ Ẓ ̆ ⌠ ⱴ ╠ ᴏ

‰ №≢ 5-7 5-8 ̕ ễ ṿ Ẓ ̆ ⌠

A3 ‰ Ҭ Ȃ 5-2 ₮ԅ ‰

̂ ṿ̆ ‰ ṿ Ȃ̃ ץ ₮̔ 

1̃ A1̂OBA ̃ ᵣẠ׆ ⌠ⱴ ⱴ ꜚ

̆ᵖ ̆ ̆҉ץ40° ‰ ץ100°

҉Ȃ ̆ ꜚ ᵞғᶏ ᵞ MEMS ̆ A1

‰Ȃ 

2̃ A2̂ GNSS ̃ ‰ ⱴ

ῤ̆ץ20° ⱴ ‰ 45°̆ ᶭ

ԍ ѿ ᾝḤ A2 Ҥ ̆ Ȃ 

3̃ A3̂ OBA ̃ ‰ ⱴ 2.5°
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ῤ̆ץ ⱴ ‰ ῤ̆ץ4° ԍ ԋӗ

A3 Ҍ ̆ ̆ΐ ѿ

ⱬȂ ̆ ễ ṿ Ẓӊ ̆ ‰

50s~60s  ῤȂץ1°

4̃ 5-2 ₮ԅ ṿ ‰ ̆ A3 ‰

ⱴ ╠ ῤ̆ץ2.5° A2 ‰ ⱴ ╠

ҹ 7°ȁ ⱴ 15°̆ Ӟ ̆ A3 ᴨԍ

A2̆ғΐ ⱬ̆ ץ ᶫ ‰Ḥ  Ȃ   

 

 

5-7 ᴕ Ѓ ꜘ Є ‼  

 

 

5-8 ꜘ ᴕ ‼  
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5-2  Ҏ ЃA1~A3Є ‼  

ⱴ  
 

‰ ̂°̃  

10s 20s 30s 35s 50s 60s MEAN STD MAX 

 

A1 -66.41 -100.24 179.70 162.95 146.70 142.04 37.28 133.13 168.75 

A2 4.46 3.04 4.13 6.00 -5.03 -7.12 -2.06 6.88 20.01 

A3 -5.44 -0.68 -0.40 0.15 2.44 2.49 -0.42 2.59 7.60 

A3-2 -5.31 -1.49 -1.90 -1.65 -0.35 -0.73 -1.81 1.44 7.60 

 

A1 -66.41 -103.57 -179.93 161.29 146.16 142.95 37.48 132.24 175.02 

A2 4.46 18.43*  4.13 18.43*  -45.00*  -7.12 -3.75 14.99 45.00 

A3 -5.44 -2.26 -2.73 -1.99 3.66 3.19 -0.64 3.35 7.60 

A3-2 -5.31 -2.21 -3.12 -2.68 0.10 -0.05 -2.13 1.84 7.60 

Ѓ ЕA1ЕOBA ЇA2ЕGNSS ЇA3Е OBA ЇA3-2Е OBA

ị ẅ ẘЖ* Є 

҉ ̆ ᵣ ̆ A2 A3 ΐ ̆

ᵣ ꜚ ᴆ ᵞ̆ῒҬ A3 ‰ ̕ ⱴ ̆

A1 ΐ ̆ ᵣ ꜚ ᴆ Ȃ ̆ץ ԍѿ ᵞꜚ

ᴆҊ MEMS-INS/GNSS ׆̆ ‰ ȁ ẫ ȁ ᵣꜚ

̆ A3 ᶃ Ȃ 60s ‰ ῤ̆Ҍ ễ

ṿ Ẓғ ᾝ ̆Ӟ ץ ῤץ4° ‰ Ȃ 

5.2.2  

ҹᾟ№ ҈ Ҭ 3 ‰ ̂ OBA ̆ ╠ GNSS

OBA ̃ ̆ ῾ Ҭ 5-3

3 ̆ Ὲ Ҭ 5-5 2 ̆ѿ῍ 5

Ȃ 

ᾢҌ ễ ṿ Ẓ ̆ ⌠ 3 ῾ ‰

5-9~ 5-11 , ⌠ 2 Ὲ ‰

5-12 5-13 ȂῒҬ῾ Ẓ ṿ ҹ[-300̆ 430̆

250]°/h̆Ὲ Ẓ ṿ ҹ[-574̆ -277̆ 434] °/hȂ ᴏ

ѿ ̆ A3 ‰ ҬӞ ₮ԅ ễ ṿ Ẓӊ

‰ ̂ Ȃ̃ 5-3 ₮ԅ 5 ‰

̂ ṿ̆ ‰ ṿ Ȃ̃׆ ץ ₮  ̔

1̃ A1̂ OBA ̃ ᵣẠ ⱴ ꜚ ̆ ⌠ ̆

ᵖ ⱴ Ȃ ῾ Ҭ̂

ҹ 1m/s̃ Ὲ Ҭ̂ ҹ 6m/s̃ ‰ Ҍ ̆
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‰ ̆҉ץ25° ṿ 70°ȂӞ ̆ ᵣꜚ

ᵞғ ᵞ MEMS ̆ A1 ‰Ȃ 

2̃ A2̂GNSS ̃ ꜚ Ȃ ῾

Ҭ̂ ҹ 1m/s̃ ‰ ῤ̆ץ25° ᶫ

‰Ḥ ̕ Ὲ Ҭ ҹ 6m/s ‰

ῤȂץ2° ̆ A2 ‰ ᵣ ⁞ ᵞ̆ ᵞꜚ

ꜚ ᴆҊ ᶫ ‰ Ȃ 

3̃ A3̂ OBA ̃ ᵣ ‰Ȃã ῾

Ҭ̂ ҹ 1m/s̃ ̆Ҍ ễ ṿ Ẓ ̆ ‰

40s~60sӊ ԍ 3°̕ ễ ṿ Ẓ ̆ ‰ 40s~60s

ӊ ԍ 1°Ȃᵖ ̂180° ̃ ꜚᶏ ꜚ

̂ ⌠ 20° ̃̆ ԍ Ҭ ᵣᶷ

Ҥ ̆Ҥ ԅẊ 3.1̂ ᵣ └ ᴆ̃̕ Ӟ

ҹ ễҌ‰ Ȃb̃ Ὲ Ҭ̂ ҹ 6m/s̃̆Ҍ

ễ ṿ Ẓ ̆ ‰ 60sῤ ԍ 3.5°̕ ễ ṿ

Ẓ ̆ ‰ 20s ԍ 1°Ȃ ̆ ễ ṿ Ẓ

╠ ץ ⌠̆ ễ╠ ṿ Ẓ ѿ ל Ȃ 

҉ ̆ ҹ 1m/s ᵞꜚ ᵣ ꜚ ᴆҊ̆ ᴨᵀ ‰

ꜚ ┴ ‰ ῤ̃ץ3°̂ ᴨԍ GNSS

ῤ̃ץ25°̂ ᴨᵀ ‰ ̂ ‰ Ȃ̃ ҹ 6m/s

ꜚ ’Ҋ̆ ᴨᵀ ‰ ‰ ῤ̃ץ3.5°̂ GNSS

ῤ̃ץ2°̂ ̆ ᴨᵀ ‰ ׅ

‰Ȃ 

ᵞꜚ ‰῾ҙ Ҭ̆ ᴨᵀ ‰

ץ ᵞ MEMS-INS/GNSS ꜚ ‰̆ 60s ‰

Ҍ ễ ṿ ẒӞ ץ ῤץ3.5° ‰ ̆p

ꜚ ‰ ̆ ᾧ ꜚ GNSS

Ȃ 
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5-9   S1 ‼  

 

 

5-10   S2 ‼  

 

 

5-11   S3 ‼  
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5-12 ῎ S1 ‼  

 

 

5-13 ῎ S2 ‼  

5.3 ᵣ ‼ ꜠ ‼ ⅎ  

5.3.1 ᴕ   

5.1.1 ᴏ Ҭ ꜚ ȁIMUᴰ GNSS

ᴆ̆ᴏ 50 Ȃ ̆ҹԅ ᾟ№

’̆ ᴏ 5.1.1 Ҭ ᴏ ⱴ 100s̆ ⱴԅ 40s

ꜚ̔0~6s ȁ6~8sⱴ 1m/sȁ8~100s Ȃ 

5-14 ῒҬѿ ‰ ̆ ץ ₮̆ ∆

№≢ ҹ-180°ȁ-90°ȁ0° 90°̆ ‰ ⱴ

ꜚ ̆ᵖ ꜚ ԍ ̆

ѿ ⱴ NHC ꜛ ᶏ ꜚ ‰ ⁞ Ȃΐᵣ

ҹ̔  
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5-3  Ҏ ЃA1~A3Є ‼ Ѓ Є 

   
‰ ̂°̃ ̂╧ №  ̃

20s 30s 40s 60s MEAN STD MAX 

῾  

S1 

A1 64.44 29.67 1.75 15.83 24.93 25.14 75.36 

A2 3.20 0.36 -2.98 10.95 0.16 7.35 24.74 

A3 -5.78 -4.87 0.78 1.69 -2.07 3.14 7.73 

A3-2 -5.07 -1.02 -0.95 -0.30 -2.19 2.01 7.06 

S2 

A1 83.64 -4.99 -15.21 27.67 9.27 25.97 94.55 

A2 3.76 -2.81 6.31 8.52 0.64 6.30 18.62 

A3 -6.43 -7.02 0.52 2.25 -1.89 3.98 9.10 

A3-2 -6.06 -5.59 -0.24 0.25 -2.14 2.85 7.67 

S3 

A1 106.63 -45.63 -37.30 16.83 -3.43 51.24 163.14 

A2 2.43 2.58 3.66 -6.28 0.19 7.06 20.89 

A3 -2.20 -5.19 0.39 2.14 0.16 2.29 6.11 

A3-2 -1.00 -4.00 -0.83 0.19 -0.60 0.99 5.09 

Ὲ  

S1 

A1 60.70 79.86 83.21 53.61 51.63 51.50 87.16 

A2 0.17 -0.16 0.30 0.21 0.23 0.37 1.93 

A3 1.79 1.88 2.28 3.21 2.37 0.47 3.33 

A3-2 1.13 0.63 0.45 0.18 0.54 0.23 1.15 

S2 

A1 74.68 86.73 38.38 -50.53 26.21 52.47 87.01 

A2 0.66 -0.27 -0.36 -0.06 0.22 0.45 2.46 

A3 1.02 1.70 2.37 3.05 2.24 0.61 3.16 

A3-2 0.36 0.64 0.95 0.03 0.75 0.27 1.22 

Ѓ ЕA1ЕOBA ЇA2ЕGNSS ЇA3Е OBA ЇA3-2Е OBA

ị ẅ ẘЄ 

 

(a) PC                                                           (b) mGC  

5-14  ҅ ᴕ ‼  
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1̃ Ҍⱴ NHC ̆PC mGC ‰ №≢ 100sῤ№≢

ῤץ20°  ῤ̕ץ25°

2̃ ⱴ҉ NHCӊ ̆PC ‰ 20sῤ ῤ̆ץ2° 60s

ῤ ῤ̕mGCץ1° ‰ 50sῤ ῤ̆ץ2° 70s

ῤ  ῤȂץ1°

50 ᴏ ‰ ץ̆ RMSᵬҹ ̆ ⌠

‰ RMS 5-15 ̆ ⌠ ‰ RMS ṿ

5-4 Ȃ ̔ 

1̃ Ҍⱴ NHC ̆PC mGC ‰ RMS№≢ 100s

ῤ ҹ 15° 45°̕ 

2̃ ⱴ҉ NHCӊ ̆ PC ‰ RMS 60sῤ ῤ̆ץ1°

mGC ‰ RMS 70sῤ  ῤȂץ1°

 

(a) PC                                                           (b) mGC  

5-15 ᵣ ‼ ‼ RMS Ѓΐ 50 ᴕ Є 

5-4 ᵣ ‼ ‼ RMS Ѓΐ 50 ᴕ Є 

 
NHC 

‰ RMŜ°̃ 

20s 40s 60s 70s 80s 100s 

PC 
 12.17 9.96 10.03 10.37 10.85 12.16 

 1.98 1.01 0.67 0.53 0.48 0.28 

mGC 
 41.46 41.09 41.13 41.21 41.32 41.56 

 4.43 1.51 1.09 0.86 0.76 0.40 

5.3.2     

ҹᾟ№ ̆ ῾ Ҭ 5-3 3

̆ Ὲ Ҭ 5-5 2 ̆ѿ῍ 5

Ȃ ᴏ ѿ ̆ҹԅ ᾟ№ ’̆ ᴏ ᴏ

ⱴҹ 100sȂ ̆ᶭ ∆ ҹ-180°ȁ-90°ȁ0°
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ץ90°̆ ‰ ᴋ ∆ ̆ ҩҌ ∆

⌠ ‰ ̆ ⌠ Ȃ 

 

 (a) PC                                                           (b) mGC  

5-16   S1 ‼  

  

(a) PC                                                           (b) mGC  

5-17   S2 ‼  

 

(a) PC                                                           (b) mGC  

5-18   S3 ‼  

5-16~ 5-18№≢ ₮ԅ῾ S1ȁS2 S3 ‰

ῒ ̆ ץ ⌠̔ 

1̃ Ҍⱴ NHC ̆PC mGC ‰ 20sῤ 10°
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ῤ̆ץ ҌῬ ⁞ ̕ 

2̃ ⱴ҉ NHCӊ P̆C mGC ‰ 80sῤ 2°

 ῤȂץ

  

(a) PC                                                           (b) mGC  

5-19 ῎ S1 ‼  

 

(a) PC                                                           (b) mGC  

5-20 ῎ S2 ‼  

5-19~ 5-20№≢ ₮ԅῈ S1 S2 ‰ ῒ

̆ ץ ⌠̔ 

1̃ Ҍⱴ NHC P̆C mGC ‰ №≢ 20sῤ№≢

ῤץ20° ῤ̆ӊץ45° ⁞ ̕ 

2̃ ⱴ NHC ̆ ‰ ⁞ P̆C mGC ‰

20sῤ ῤ̆ץ2° 60sῤ ῤ̆ץ1° 80sῤ 0.5°

 ῤȂץ

ץ̆ RMS ṿᵬҹ ̆ ⌠ 3 ῾ 2 Ὲ

‰ RMS 5-5 ׆̆ Ҭ ץ ₮̔ 

1̃ ῾ Ҭ̆Ҍⱴ NHC PC mGC ‰ RMS

80sῤ№≢ ԍ 4° ԍ 8°̕ ⱴ NHC ꜛ ̆PC mGC

‰ RMS 80sῤ ⁞  ῤȂץ1.5°
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2̃ Ὲ Ҭ̆Ҍⱴ NHC PC mGC ‰ RMS

60sῤ№≢ ҹ 15° 35°̕ ⱴ NHC ꜛ ̆PC mGC

‰ RMS№≢ 60sῤ  ῤȂץ0.5°

҉ ᴏ ‰ ̆ ץ ⌠̆ ᵌ ꜚ

ᵞꜚ ꜚ ᴆҊ̆NHC ᵣ ꜚ ̂ GNSS ꜛ ̃ ץ

ꜚ ׆̆ ‰ ̆ 4.4.2

№ ѿ Ȃ ᵣ ̆PC mGC ‰ Ҍ Ȃ 

5-5 ᵣ ‼ ‼ RMS  

   
NHC 

‰ RMŜ°̃ 

20s 40s 60s 80s 100s 

῾  

 

S1 

PC 
 3.33 2.75 2.10 2.57 2.71 

 1.79 0.73 1.61 1.43 0.73 

mGC 
 3.74 4.49 4.14 4.40 4.01 

 2.93 1.88 1.65 0.95 0.50 

S2 

PC 
 1.94 1.94 2.76 3.09 3.00 

 1.14 1.02 1.98 1.29 1.42 

mGC 
 2.18 2.78 3.38 3.51 3.27 

 1.45 1.33 1.85 1.10 1.21 

S3 

PC 
 3.34 3.00 2.97 3.10 3.99 

 2.24 1.37 1.96 1.31 1.41 

mGC 
 7.09 7.71 8.22 7.56 5.51 

 6.08 3.68 2.16 0.64 0.78 

  

Ὲ  

S1 

PC 
 8.07 9.31 11.11 11.75 4.74 

 0.49 0.22 0.26 0.31 0.43 

mGC 
 6.81 8.38 10.37 11.25 4.02 

 0.81 0.23 0.26 0.34 0.44 

S2 

PC 
 11.85 12.83 14.01 9.97 7.14 

 1.80 0.60 0.17 0.21 0.27 

mGC 
 36.11 34.52 34.29 22.07 13.73 

 3.42 0.97 0.39 0.18 0.25 

ҹ̆ ѿ ᵝ ‰ Ὶץ

̆ ꜚ ‰ Ҍ Ȃ ץ ⱴ NHC

ꜛ PC ҹᶛ̆ 5 800s ῾ Ȃ ᾢ̆

ҹԅ ‰ ̂LHŨ ῖ ‰ ̂SHŨ ≢̆

ῒҬѿ ̆ ∆ ᴆҊ̆ ᶏ LHU SHU



ᵝ  

64 

 

̆ғ ᶏ NHC Ḥ ̆ ῒ 5-22~

5-24 Ȃ 

5-21ҹ GNSS PPK ᵝ ̂ ̃ ᵝ ‰

̆ ץ ⌠ԋ ΐ ѿ Ȃ 

5-22ҹ ̂ᵝ ȁ ȁ ̃ ̆ ץ ⌠ ∆

ᴆҊ̆LHU ץ ∆ ‰ ῀

̆ SHU 800s ῤ ѿ ̆ ᵝ

Ӟ Ȃ ̆ ׆̆ 5-22(a) ץ ⌠̆LHU

∆ ᵝ ҹ 1m̆ ∆

ễ ̆ ̆ᵝ Ӟ ӊ⁞ cm Ȃ 

5-23 ₮ԅ LHU ̆ ‰ 2°

 ῤȂץ

5-24ҹ Ẓᵀ ̆ ץ ⌠ LHU Ẓᵀ ԍ

̆ 300s ҈ Ẓ№≢ ṿ[-320̆ 430̆ 250]°/h ̆҈

ⱴ Ẓ№≢ ṿ[-2560̆ -7580̆ 6770]ug ̆ ‰

Ạ Ẓᵀ ѿ ̕ SHU Z Ẓ

ѿ ̆ z ⱴ Ẓ ̆ ң Ẓᵀ Ӟ Ȃ 

 

5-21  
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(a) LHU                                                     (b) SHU  

5-22  

 

5-23  LHU  

 

(a) LHU                                                     (b) SHU  

5-24 ẘᵆ  

5 800s ῾ ̆ 5ҩ

№ ̆ 5-6 ̆ ҈ ᵝ RMSҹ 1.2cm̆҈

RMSҹ 5.8cm/s̆ RMS№≢ҹ 0.28°ȁ0.74°̆ Ҭ

₮Ḳᴀ ̆ ҹ ᶫḲᴀ ṿȂ 
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5-6 LHU  

 
 

ᵝ (m) (m/s) (°) 

N E H N E D Roll Pitch Yaw 

῾

 

MEAN 0.005 0.004 0.006 0.02 0.03 0.02 0.17 - 0.58 

 RMS 0.007 0.006 0.008 0.03 0.04 0.03 0.28 - 0.74 

MAX  0.041 0.041 0.033 0.28 0.22 0.21 1.30 - 2.11 

Ѓ Е ᶱḸᴆ ẅЄ 

5.4  

ᵞꜚ ᴏ ‰῾ҙ №̆≢ ҈ ₮

ᴨᵀ ‰ / OBA ⱴ NHC ᵝ

‰ ꜚ ‰ ԅ Ȃ ̆ ᵞꜚ Ҭ̆

ң ∆ ‰ᴋⱵȂᵖ ᴨᵀ ‰ ̆

ץ ᶏ ᾧ ꜚ ⁞ GNSS ӊ Ȃ

̆ ‰ ̆ԋ ̕ ‰ ̆

ⱴ NHC ᵝ ‰ ꜚ ‰ ̆ᵖ Ҭ ᵝ

‰ ‰ Ҍֽ ץ ԍ∆ ‰̆ ғ ץ ∆ ‰

ᵬ ̆ ᶏ ῒ ⱴ Ȃ 
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῏  ғ  

6.1  

ᵞ MEMS-INS/GNSS ᵞꜚ Ҭ

̂ ‰῾ҙ῾ ꜚ ̃ ∆ ‰ ̆ ԅң ꜚ ∆ ‰

̆ ׆ ңҩ ῒ ԅ№ Ȃ 

ѿ ҹ ᴨᵀ ‰ ̆ ԅ ᴨᵀ ‰̂ OBÃ

GNSS ᴨ̆ל ԍ ԋӗ ᴨᵀ

Ȃ ԋ ҹ ⱴ NHC ꜛ ᵝ ‰ ꜚ ‰ ̆

ᵀ ғ̆ ץ ∆

‰ ᵬ Ȃ 

̆ ᾢ ῃ №

Ạԅ № ̆ ԅң ᴨ̆ל ᶏ

ᵞꜚ ꜚ ᴆҊӞΐ ̆ № Ӟ ꜛԍ׆ ҉ ᵣ

ꜚ ᵬȂ 

ᴏ ᵞꜚ ԅ Ȃ

̆ ҹ 1m/s ᵞꜚ ꜚ ᴆҊ̆ ᴨᵀ ‰

ꜚ ┴ ‰ 60sῤ ԍ 4°̆ GNSS

‰ ῤ̆ץ20° ᴨᵀ ‰ ‰Ȃ

ҹ 1m/s ᵞꜚ ꜚ ᴆҊ̆ ⱴ NHC ꜛ ᵝ ‰ ꜚ ‰

‰ 80sῤ  ῤȂץ2°

҉̆ Ҭ ң ῾ ꜚ ȁ Ⱶ ֲ ᵞ

ꜚ ᵣ ꜚ ᴆҊ ∆ ‰ᴋⱵ̆ΐ ᴇṿȂ 

6.2  

ᵬ̆ Ҋ₃ץ₮ ᵬ ̔ 

1̃ ᴨᵀ ‰ ⱴ NHC ꜛ ᵝ ‰

ꜚ ‰ ԍ Ḥ ѿ╠ ᴆȂ ץ ∆ ‰

Ҭ ᵀ IMU ̆⁞ ᾢ Ḥ ᶭ Ȃ 

2̃ Ҭ ԍⱴ Ḥ ᴨᵀ ‰ ҉̆ ₮ԅ ԍ

Ḥ ᴨᵀ ‰ ̆ ץ ѿ ԍᵝ

‰ Ȃ 

3̃ Ҭᴏ ԍRTK/PPK ᵝ GNSS ᵝ ̆

ⱴ GNSS ᵝ ץ̆ Ȃ 

4̃ ῏ ̆ ԍ ∆ ‰̆
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ԍ ‰ Ạ ῏ Ȃ ΐ ҈

ᵀ ⱬ ‰ ץ̆ ֲ ᵣ Ȃ 
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