
Research Article
Based on Grid Reference Frame for SINS/CNS Integrated
Navigation System in the Polar Regions

Song Lijun ,1 Zhao Wanliang,2 Cheng Yuxiang,2 and Chen Xiaozhen3

1School of Information & Control Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China
2Shanghai Aerospace Control Technology Institute, Shanghai 201109, China
3Beijing Aerospace Control Instrument Research Institute, Beijing 100039, China

Correspondence should be addressed to Song Lijun; songlijun9071@sina.com

Received 6 August 2018; Accepted 25 October 2018; Published 1 January 2019

Guest Editor: Junpei Zhong

Copyright © 2019 Song Lijun et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As the inertial navigation system cannot meet the precision requirements of global navigation in the special geographical
environment of the Polar Regions, this paper presents Strapdown Inertial Navigation System (SINS)/Celestial Navigation System
(CNS) integrated navigation system of airborne based on Grid Reference Frame (GRF) and the simulation is carried out. The
result of simulation shows that the SINS/CNS integrated navigation system is superior to the single subsystem in precision and
performance, which not only effectively inhibits the error caused by gyro drift but also corrects the navigation parameters of system
without delay. Comparing the simulation in the middle and low latitudes and in the Polar Regions, the precision of SINS/CNS
integrated navigation system is the same in the middle and low latitudes and in the Polar Regions.

1. Introduction

With the development of science and technology, the change
of economy, military situation, energy, shipping, scientific
research, and military value of Polar Regions are becoming
more and more prominent and the activities of countries
in the Polar Regions are also becoming more and more
frequently. However, the problems of existing navigation
devices are low reliability and poor security in the Polar
Regions because there are few inhabitants around the place,
unique topographic and geomorphic conditions.

At present, the arrangement of algorithm and the analysis
of error are focused on the research of airborne navigation
in the Polar Regions. There is not established complete
theoretical system which can support the actual navigation
system of the Polar Regions, there are many problems which
urgently need to be solved. SINS is considered as the first
choice of self-contained navigational aids of polar navigation,
but SINS has the limitation of accumulating error with time.
It is difficult to only rely on SINS to complete the high
precision and long navigation of the airborne. Therefore, it
is urgent to introduce the combination of external reference

information and inertial navigation system for data fusion in
polar navigation [1, 2].

2. The SINS/CNS Integrated Navigation
System in the Middle and Low Latitudes

The CNS is a navigation which based on indestructible
natural celestial bodies.The star sensor is often used to detect
the stellar map to determine the attitude of the aircraft,
relative to the inertial coordinate system, and the result of
attitude is very high precision. However, the update rate
of CNS is very low, and it cannot provide real-time infor-
mation about velocity and position of aircraft. By the high
precision attitude of CNS, SINS/CNS integrated navigation
system revises the error of SINS with time to improve the
measurement precision of integrated navigation system [3, 4].

2.1. The Principle of SINS/CNS Integrated Navigation System.
According to the different installation methods of star sensor
and inertial device, the working mode of SINS/CNS inte-
grated navigation systemcan be used as strapdownmode.The
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Figure 1: The structure of SINS/CNS integrated navigation system.

three-axis attitude of aircraft is given by SINS in SINS/CNS
integrated navigation system, and the star sensor output
the transformation matrix of inertial coordinate system,
relative to the star sensor coordinate system. The process of
combinatorial is as follows.

The first, the transformationmatrix of inertial coordinate
system relative to the star sensor coordinate system, which is
calculated by the position and attitude of SINS. The second,
the transformation matrix of SINS and the transformation
matrix of star sensor output, which is subtracted as the
measurement sent to Kalman filter for information fusion to
obtain the optimal estimation value of integrated navigation
system. The last, the optimal estimation value of integrated
navigation system, which is used to adjust the error of SINS;
it is the result of integrated navigation system [5, 6]. The
structure chart of SINS/CNS integrated navigation system is
shown in Figure 1.

2.2. The State Space Mode of SINS/CNS Integrated Navigation
System in the Middle and Low Latitudes. It is S coordinate
system as themeasuring coordinate system of star sensor; the
output of star sensor is attitude matrix C𝑠𝑖 which is the star
sensor coordinate system relative to the inertial coordinate
system. Due to the high precision of star sensor, the error of
star sensor can be ignored as long as the installation error
of star sensor is strictly calibrated [7, 8]. The transformation
matrix of star sensor can be obtained as follows:

Ĉ𝑆𝐶𝑁𝑆 = C𝑠𝑖 + C𝑤 (1)

The attitude error C𝑤 can be considered as Gauss white
noise.

C𝑤 = [[
[

𝐶𝑤11 𝐶𝑤12 𝐶𝑤13
𝐶𝑤21 𝐶𝑤22 𝐶𝑤23
𝐶𝑤31 𝐶𝑤32 𝐶𝑤33

]]
]

(2)

The various C𝑤 are satisfied

𝐸 [𝐶𝑤𝑖𝑗 (𝑡)] = 0
𝐸 [𝐶𝑤𝑖𝑗 (𝑡) 𝐶𝑤𝑖𝑗 (𝜏)] = 𝑞𝑤𝑖𝑗𝛿 (𝑡 − 𝜏)

𝑖, 𝑗 = 1, 2, 3.
(3)

The transformation matrix from the measurement coor-
dinate system of star sensor S to body coordinate system b
is C𝑠𝑏, the attitude matrix of SINS is C𝑏𝑛𝑐, the position matrix

of SINS is C𝑛𝑒𝑐, and the transformation matrix with inertial
coordinate system relative to terrestrial coordinate system is
C𝑒𝑖 ; then the transformation matrix calculated by the SINS is

Ĉ𝑆𝑆𝐼𝑁𝑆 = C𝑠𝑏C
𝑏
𝑛𝑐C
𝑛
𝑒𝑐C
𝑒
𝑖

(4)

where C𝑏𝑛𝑐 = C𝑏𝑛[I + 𝜑𝑛×], C𝑛𝑒𝑐 = C𝑛𝑒 [I − (𝛿𝑃×)].
So

Ĉ𝑆𝑆𝐼𝑁𝑆 = C𝑠𝑏C
𝑏
𝑛𝑐C
𝑛
𝑒𝑐C
𝑒
𝑖

= C𝑠𝑏C
𝑏
𝑛 [I + 𝜙×]C𝑛𝑒 [I − (𝛿𝑃×)]C𝑒𝑖

= C𝑠𝑏C
𝑏
𝑛C
𝑛
𝑒C
𝑒
𝑖 + C𝑠𝑏C𝑏𝑛 (𝜙×)C𝑛𝑒C𝑒𝑖

− C𝑠𝑏C𝑏𝑛 (𝛿𝑃×)C𝑛𝑒C𝑒𝑖

(5)

where

[𝜙×] = [[
[

0 −𝛿𝜙𝑈 𝛿𝜙𝑁
𝛿𝜙𝑈 0 −𝛿𝜙𝐸
−𝛿𝜙𝑁 𝛿𝜙𝐸 0

]]
]

[𝛿𝑃×] = [[
[

0 −𝛿𝜆 sin 𝐿 𝛿𝜆 cos 𝐿
𝛿𝜆 sin 𝐿 0 𝛿𝐿
−𝛿𝜆 cos 𝐿 −𝛿𝐿 0

]]
]

(6)

When the difference of attitude angles measured by
SINS and CNS is very small, the cross-coupled term of
transformation matrix can be approximated to zero. The
measurement of SINS/CNS integrated navigation system is
that the transformation matrix of star sensor subtracts from
the transformation matrix calculated by SINS; it is

Z𝑆𝐼𝑁𝑆/𝐶𝑁𝑆 = Ĉ𝑆𝑆𝐼𝑁𝑆 − Ĉ𝑆𝐶𝑁𝑆
= C𝑠𝑏C

𝑏
𝑛 (𝜙×)C𝑛𝑒C𝑒𝑖 − C𝑠𝑏C𝑏𝑛 (𝛿𝑃×)C𝑛𝑒C𝑒𝑖

− C𝑤
(7)

𝛿𝜆 and 𝛿𝐿 are ascensional difference and declination
difference; it is a small angle of arc-second, so it can be
ignored the influence by the longitude and latitude, [𝛿𝑃×] =
03×3; it can be simplified as follows:

Z𝑆𝐼𝑁𝑆/𝐶𝑁𝑆 = Ĉ𝑆𝑆𝐼𝑁𝑆 − Ĉ𝑆𝐶𝑁𝑆 = C𝑠𝑏C
𝑏
𝑛 (𝜙×)C𝑛𝑒C𝑒𝑖 − C𝑤 (8)
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C𝑠𝑏C
𝑏
𝑛 = [[

[

𝑠11 𝑠12 𝑠13
𝑠21 𝑠22 𝑠23
𝑠31 𝑠32 𝑠33

]]
]
,

C𝑛𝑒C
𝑒
𝑖 = [[
[

𝑛11 𝑛12 𝑛13
𝑛21 𝑛22 𝑛23
𝑛31 𝑛32 𝑛33

]]
]

(9)

It can be obtained

Ẑ𝑆𝐼𝑁𝑆/𝐶𝑁𝑆 =

[[[[[[[[[[[[[[[[[[[
[

𝑍11
𝑍12
𝑍13
𝑍21
𝑍22
𝑍23
𝑍31
𝑍32
𝑍33

]]]]]]]]]]]]]]]]]]]
]

=

[[[[[[[[[[[[[[[[[[[
[

𝑠13𝑛21 − 𝑠12𝑛31 𝑠11𝑛31 − 𝑠13𝑛11 𝑠12𝑛11 − 𝑠11𝑛21
𝑠13𝑛22 − 𝑠12𝑛32 𝑠11𝑛32 − 𝑠13𝑛12 𝑠12𝑛12 − 𝑠11𝑛22
𝑠13𝑛23 − 𝑠12𝑛33 𝑠11𝑛33 − 𝑠13𝑛13 𝑠12𝑛13 − 𝑠11𝑛23
𝑠23𝑛21 − 𝑠22𝑛31 𝑠21𝑛31 − 𝑠23𝑛11 𝑠22𝑛11 − 𝑠21𝑛21
𝑠23𝑛22 − 𝑠22𝑛32 𝑠21𝑛32 − 𝑠23𝑛12 𝑠22𝑛12 − 𝑠21𝑛22
𝑠23𝑛23 − 𝑠22𝑛33 𝑠21𝑛33 − 𝑠23𝑛13 𝑠22𝑛13 − 𝑠21𝑛23
𝑠33𝑛21 − 𝑠32𝑛31 𝑠31𝑛31 − 𝑠33𝑛11 𝑠32𝑛11 − 𝑠31𝑛21
𝑠33𝑛22 − 𝑠32𝑛32 𝑠31𝑛32 − 𝑠33𝑛12 𝑠32𝑛12 − 𝑠31𝑛22
𝑠33𝑛23 − 𝑠32𝑛33 𝑠31𝑛33 − 𝑠33𝑛13 𝑠32𝑛13 − 𝑠31𝑛23

]]]]]]]]]]]]]]]]]]]
]

[[
[

𝛿𝜙𝐸
𝛿𝜙𝑁
𝛿𝜙𝑈

]]
]

−

[[[[[[[[[[[[[[[[[[[
[

𝐶𝑤11
𝐶𝑤12
𝐶𝑤13
𝐶𝑤21
𝐶𝑤22
𝐶𝑤23
𝐶𝑤31
𝐶𝑤32
𝐶𝑤33

]]]]]]]]]]]]]]]]]]]
]

= 𝐻𝑆𝐼𝑁𝑆/𝐶𝑁𝑆𝑋𝐼𝑁𝑆 − 𝑉𝐶𝑁𝑆

(10)

2.3. The Simulation and Analysis of SINS/CNS Integrated
Navigation System in the Middle and Low Latitudes. The
simulation time of SINS/CNS integrated navigation system
in the middle and low latitudes is 600s, the time of attitude
updating, velocity updating, and position updating are 20ms,
and the sampling period of inertial sensor is 10ms [9]. In the
simulation, the parameters are set as follows:

The initial error of SINS is as follows.
The initial error of attitude is [0.5 0.5 20], the initial

error of velocity is [0.01 0.01 0.01] m/s, and the initial error
of position is [20 20 20]𝑚.

The parameters of inertial sensor are as follows.

(1) The random constant drift of gyroscope is 0.01∘/ℎ, the
random walk coefficient of gyroscope is 0.001∘/√ℎ,
and the error of scale factor is 30ppm.

(2) The random constant drift of accelerometer is 40ug
and the random walk coefficient of accelerometer is
5ug√𝑠.

The parameters of star sensor are as follows.
The horizontal measuring precision of angle is 10, the

azimuth measuring precision of angle is 20, and the error of
installation which between CNS and SINS is [3, 3, 3]T.

These parameters are the same as in the Polar Regions.
The simulation results are showed in Figure 2.

(1) The attitude error of SINS/CNS in the middle and
low latitudes is showed as Figure 2(a). The attitude of CNS
is considered as observation information in the SINS/CNS
integrated navigation system, the convergence rate of attitude
is quickened, the measurement accuracy of SINS/CNS inte-
grated navigation system is improved effectively, and, after a
few seconds, the attitude error is up to 0.15.

(2)The velocity error and the position error of SINS/CNS
in the middle and low latitudes are showed as Figures 2(b)
and 2(c). They are divergent in the SINS/CNS integrated
navigation system, because CNS was unable to provide real-
time information of the velocity and position of aircraft.

(3) The constant drift of gyroscope and accelerometer
of SINS/CNS in the middle and low latitude are showed as
Figures 2(d) and 2(e). The horizontal attitude error is the
main error of integrated navigation system; the influence of
azimuth attitude error is relatively weak. The constant drift
of gyroscope directly affects attitude error in the attitude
information which is given by the inertial navigation system.
It is better of the constant drift of gyroscope, and it is diver-
gent of the constant drift of accelerometer in the SINS/CNS
integrated navigation system.

3. The Algorithm of SINS/CNS
Integrated Navigation System Based on
Grid Reference Frame

In order to avoid the convergence of azimuth reference line at
the poles, all the longitudes are redefined which are parallel
to the Greenwich meridian [10, 11]. In this way, the azimuth
attitude is relative to the Greenwich meridian and its parallel
line, which is grid navigation. The grid navigation and the
grid coordinate system have been described in the author’s
literature [12], so that the author don not bore you with
unnecessary details.

The celestial navigation is an old method of navigation
and position, and the irreplaceable of celestial navigation is
determined by the autonomy of celestial navigation. Even
in the present age, the advanced development of radio
navigation system and the accuracy and timeliness of ship
positioning have been well solved, the celestial navigation
is still unwavering in the navigation. As early as 1989,
Guo Honggui has proposed the celestial navigation of Polar
Regions in the literature [13].
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(a) The attitude error of SINS/CNS in the
middle and low latitudes
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(b) The velocity error of SINS/CNS in the
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(c) The position error of SINS/CNS in the
middle and low latitude
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(d) The constant drift of gyroscope of
SINS/CNS in the middle and low latitude
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(e) The constant drift of accelerometer of
SINS/CNS in the middle and low latitude

Figure 2

3.1. The Relationship of the Grid Orientation and the True
North. It is very difficult to navigate from the true north
because of the convergence of polar meridians. The north
azimuth inertial navigation system is adopted in the middle
and low latitude, so the true north is thought as azimuth
reference in the celestial navigation system. To overcome
the difficult of convergence of polar meridians, the grid
coordinate system is adopted in the inertial navigate system
and the grid north is thought as azimuth reference in the
celestial navigation system [13, 14].

Furthermore, the position of grid inertial navigation
system can be directlymatched with polar chart, and it can be
realized by superposing grid lines on chart of Polar Regions.
Because the grid line is parallel to the Greenwich meridian,
the angle between the grid north (GN) and the true north
(TN) is determined by the longitude of location and the
convergence factor of chart [15–17].

The Northern Hemisphere is as follows:

GN = TN + longitude (W)∗ the convergence factor of
chart
GN = TN – longitude (E)∗ the convergence factor of
chart

The Southern Hemisphere is as follows:

GN = TN –longitude (W)∗ the convergence factor of
chart
GN = TN +longitude (E)∗ the convergence factor of
chart

3.2. The State Space Mode of SINS/CNS Integrated Navigation
System in the Polar Regions. Because the star sensor optical
axis is fixedly connected with aircraft, the state variable
contained the installation deviation angle between the SINS
and the star sensor. It selects the state variable of SINS/CNS as
follows.Themisalignment angles of𝜙 = [𝜙𝐺𝐸 𝜙𝐺𝑁 𝜙𝐺𝑈]𝑇 are
the misalignment angle of grid eastward, the misalignment
angle of grid northward, and the misalignment angle of grid
azimuth. The velocity errors of 𝛿𝑣𝐺 = [𝛿V𝐺𝐸 𝛿V𝐺𝑁 𝛿V𝐺𝑈]𝑇
are the velocity error of grid eastward, the velocity error of
grid northward, and the velocity error of grid vertical. The
position errors of 𝛿𝑅𝑒 = [𝛿𝑥 𝛿𝑦 𝛿𝑧]𝑇 are the position error
of x-axis, the position error of y-axis, and the position error of
z-axis. The constant drift of gyroscope 𝜀 = [𝜀𝑥 𝜀𝑦 𝜀𝑧]𝑇 is the
constant drift of x-axis, the constant drift of y-axis, and the
constant drift of z-axis. The constant drift of accelerometer
∇ = [∇𝑥 ∇𝑦 ∇𝑧]𝑇 is the constant drift of x-axis, the constant
drift of y-axis, and the constant drift of z-axis.The installation
deviation angles of 𝜇 = [𝜇𝑥 𝜇𝑦 𝜇𝑧]𝑇 are the installation
deviation angle of x-axis, the installation deviation angle of y-
axis, and the installation deviation angle of z-axis.The system
state vector of SINS/CNS is

𝑋𝐶 = [𝜙𝐺𝐸 , 𝜙𝐺𝑁 , 𝜙𝐺𝑈 , 𝛿V𝐺𝐸 , 𝛿V𝐺𝑁 , 𝛿V𝐺𝑈 , 𝛿𝑥, 𝛿𝑦, 𝛿𝑧, 𝜀𝑥, 𝜀𝑦,
𝜀𝑧, ∇𝑥, ∇𝑦, ∇𝑧, 𝜇𝑥, 𝜇𝑦, 𝜇𝑧]𝑇

(11)

Based on the error state equation of SINS and the system
state vector of SINS/CNS integrated navigation system, the
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(b) The position trajectory of the SINS/CNS in the Polar
Regions
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Regions

Figure 3

state equation of SINS/CNS integrated navigation system can
be received as follows:

[[[[[[[[[[[[
[

�̇�

𝛿�̇�𝐺
𝛿�̇�𝑒
�̇�

∇̇

�̇�

]]]]]]]]]]]]
]

=

[[[[[[[[[[[[[
[

− (𝜔𝐺𝑖𝐺×) 𝐶𝑤𝐺V 𝐶13 −𝐶𝐺𝑏 03

(𝑓𝐺×) 𝐶22 𝐶23 03 𝐶𝐺𝑏
03 𝐶𝑒𝐺 𝐶33 03 03
03 03 03 03 03
03
03

03
03

03
03

03
03

03
03

]]]]]]]]]]]]]
]

[[[[[[[[[[[
[

𝜙

𝛿𝑣𝐺
𝛿𝑅𝑒
𝜀

∇

𝜇

]]]]]]]]]]]
]

+

[[[[[[[[[[[
[

−𝐶𝐺𝑏 𝜀𝑏𝑤
𝐶𝐺𝑏 ∇𝑏𝑤

03,1
03,1
03,1
03,1

]]]]]]]]]]]
]

(12)

where

𝐶13 = 𝐶𝑤𝑒𝑅 + 𝐶𝑤𝐺𝑅
𝐶22 = 𝑣𝐺 × 𝐶𝑤𝐺V − [(2𝜔𝐺𝑖𝑒 + 𝜔𝐺𝑒𝐺) ×]
𝐶23 = 𝑣𝐺 × (2𝐶𝑤𝑒𝑅 + 𝐶𝑤𝐺𝑅)
𝐶33 = −𝐶𝑒𝐺 (𝑣𝐺×)𝐶𝑅

(13)

The measurements of SINS/CNS integrated navigation
system in the Polar Regions are the difference between
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(c) The position error of SINS/CNS in the Polar
Regions
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(d) The constant drift of gyroscope of SINS/CNS in the
Polar Regions
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(e) The constant drift of accelerometer of SINS/CNS in
the Polar Regions
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(f) The error of installation deviation angle of
SINS/CNS in the Polar Regions

Figure 4

the transformation matrix of SINS and the transformation
matrix of star sensor, so the measurement of the SINS/CNS
integrated navigation system in the Polar Regions is shown as

𝑍𝐶𝑁𝑆 = �̃�𝑝 − �̃�𝑐

= [(𝑢𝑐×) 03 𝑢𝑐 ×𝑀𝑝 03 03 𝐶𝑃𝑏 (𝑢𝑐×)]

[[[[[[[[[[[
[

𝜙
𝛿𝑣𝐺
𝛿𝑅𝑒
𝜀

∇

𝜇

]]]]]]]]]]]
]

+ 𝛿𝑢𝑝
(14)

where

𝑀𝑝 = [[
[

−1 0 0
0 cos 𝐿 0
0 sin 𝐿 0

]]
]

(15)

3.3. The Trajectory of SINS/CNS Integrated Navigation System
in the Polar Regions. It is the 6h in the simulation of
SINS/CNS integrated navigation system when the aircraft is
in the Polar Regions; the trajectory is shown in Figure 3.
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The parameters of trajectory are the starting point which
is [45∘𝑁 108∘𝐸 500𝑚] and culmination of latitude which is
89.26∘𝑁.

The parameters of velocity are the initial velocity which is
0𝑚/𝑠 and the top velocity which is 310𝑚/𝑠.
3.4.The Simulation of SINS/CNS IntegratedNavigation System
in the Polar Regions. In the simulation, the parameters of
device are the same as the middle and low latitudes. The
results of simulation are shown in Figure 4.

(1) The misalignment angle of SINS/CNS integrated nav-
igation system in the Polar Regions is showed in Figure 4(a);
they are convergent to 0.5 in 100s and basically the same to
the attitude error of SINS/CNS integrated navigation system
in the middle and low latitude.

(2)The velocity error and the position error of SINS/CNS
integrated navigation system in the Polar Regions are showed
in Figures 4(b) and 4(c); the error of velocity is Schuler period
oscillation; themaximum amplitude is not more than 0.5m/s.
The error of position is the same as the error of velocity; it is
also Schuler period oscillation, and the maximum amplitude
is not more than 30m.

(3) The constant drift of gyroscope and accelerometer of
SINS/CNS integrated navigation system in the Polar Regions
is showed in Figures 4(d) and 4(e); the amplitude error of
velocity and position also decreases when the constant drift
of gyroscope and accelerometer is estimated. The amplitude
of velocity and position error also decreases.

(4)The error of installation deviation angle of SINS/CNS
integrated navigation system in the Polar Regions is showed
in Figure 4(f), the error of installation deviation angle is in
accordance with the misalignment angle, and the error of
installation deviation angle of SINS/CNS integrated naviga-
tion system in the Polar Regions converges to 0.3.
4. Summary

The SINS/CNS integrated navigation system in the Polar
Regions based on the Grid Reference Frame are the chore-
ography of inertial mechanics and overcome the problem
which is the difficulties in positioning and orientation of
airborne caused by meridian convergence. In the paper,
combining with the error of SINS and the state variable of
SINS/CNS integrated navigation system in the Polar Regions
which based on the Grid Reference Frame, the state space
mode of SINS/CNS integrated navigation system in the Polar
Regions is established. The simulation results showed that
the SINS/CNS integrated navigation system in the Polar
Regions could repress the error caused by the constant
drift of gyroscope and correct the navigation parameters
of SINS/CNS integrated navigation system. With the same
precision of inertial components, the precision of SINS/CNS
integrated navigation system in the Polar Regions and in the
middle and low latitudes is consistent.
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