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Inertial/celestial integrated navigation
algorithm for long endurance

unmanned aerial vehicle1

Fang Ting2, 3, Huang Xiaoming2

Abstract. In recent years, unmanned aerial vehicle (UAV) technology has been widely

used in military and civil �elds because of many advantages, such as low cost and no need of

personal operation, among them, the most strategic value is long endurance UAVs. The strapdown

inertial navigation system proposed in this paper was an inertial navigation algorithm for such long

endurance UAVs. Simulation analysis and practical application of the algorithm were carried out

to verify the feasibility of the algorithm in speci�c applications. In addition, the characteristics of

pure inertial navigation system without correction and the reasons for the occurrence of navigation

error were analyzed, so as to provide a reference for modular design of integrated navigation system.

Key words. Long endurance unmanned aerial vehicle (UAV), strapdown inertial navigation

system (SINS), integrated navigation system.

1. Introduction

The development of UAVs makes our production, life and other �elds have un-
dergone great changes. Whether it is in agriculture or military applications, it is
hoped that UAVs can have longer time navigation. However, high-altitude long en-
durance UAVs has higher requirements for navigation, such as higher accuracy and
autonomy, which is di�cult to achieve for traditional single navigation systems [1].
It can be seen from the analysis that both celestial navigation and inertial naviga-
tion system have their own characteristics. After combining them, they can give
full play to the advantages of the two, realize complementary advantages, and even-
tually build a strong anti-interference, high precision navigation system [2]. The
success of high-altitude long endurance UAVs is inseparable from a stable and re-
liable navigation system. Compared with other types of UAVs, its particularity of
operating environment makes it more demanding for navigation system [3]. For the
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high-altitude photography, measurement and control, and reconnaissance tasks con-
ducted by aerial high-altitude (HALE) unmanned aerial vehicle, it is necessary to
equip with optical/electronic detection equipment and provide accurate positioning
accuracy and a stable working environment for the equipment [4].

In addition to aerial reconnaissance and control class UAVs, when the HALE UAV
is engaged in similar work such as geographical mapping, it also requires navigation
systems to provide very high precision for these devices, so as to guarantee high
resolution images and other information in the process of geographical mapping
[5]. In the long standing environment, the internal and external environment of
UAVs is relatively complex, and there is a great deal of interference. Therefore,
the UAV navigation system must be highly reliable and have high anti-interference
capability [6]. In view of this special demand, the UAV navigation sensor, whether it
is con�guration or system structure, has a higher demand. Therefore, the algorithm
of relative integrated navigation has certain application value.

2. State of the art

The UAV technology of our country is relatively advanced in the world. From
the initial development so far, it has experienced forty years. A series of di�erent
purposes, di�erent properties of the drone reconnaissance aircraft, and general UAVs
have been successfully developed, which are now widely used in various industries
[7]. The UAV technology of our country is relatively mature, and the UAVs have
excellent performance, which are loved by domestic and overseas users. One of
the most typical representatives of the long endurance UAV is Xianglong UAV. Its
continued sailing time has reached more than 10 h, which is prominent in the same
type of UAVs [8].

After decades of development, the current methods of celestial navigation used
by UAVs mainly include direct and indirect sensitive horizon. The latter uses the
principle of starlight refraction to make a higher progress [9]. The existing indirect
sensitive horizon method has to be realized on the basis of orbital dynamics. But
for long endurance UAVs, their kinematic characteristics do not meet the conditions
of use [10]. In this case, it is necessary to design a strapdown inertial navigation al-
gorithm that can be used in engineering practice. According to di�erent installation
methods of measurement devices, the inertial navigation system can be divided into
two types, platform type and strapdown inertial navigation system [11]. Because
inertial platform is relatively large in volume and quality, it results in higher cost of
platform inertial navigation system. In addition, because of its complicated struc-
ture, the failure rate is relatively high, and its reliability is di�cult to be e�ectively
guaranteed. The development of inertial sensors has led to strapdown inertial navi-
gation gradually replacing platform type systems. With the development of modern
computer information technology, an inertial/satellite integrated navigation system
has come into being in order to satisfy the rapid development of UAV industry.
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3. Methodology

3.1. The basic principle of strapdown inertial navigation

Strapdown inertial navigation system (SINS) used in UAVs is an inertial ac-
celerometer, such as accelerometer and gyroscope, which is �xed on UAV platform.
These sensors are used to carry out the UAV body coordinate system, as well as
acceleration and angular increments. The accelerometer calculates the projection
of the acceleration component in the inertial coordinate system in the body coordi-
nate system. What are measured by the gyro include the projection of the UAV in
the body coordinate system and the angular rate of rotation relative to the inertial
space. The coordinate system of UAV is relative to the navigation coordinate sys-
tem, which is the required navigation information. According to the situation, the
Northeast terrain coordinate system is adopted. In order to obtain the strapdown
matrix, it is necessary to convert the volume of the body coordinate system relative
to the inertial coordinate to that of the geographic coordinate system. The strap-
down attitude can be used to calculate the relative information of the body, and the
relative information can be transformed from the relative coordinate system to the
geographical coordinate system.

An example of long endurance unmanned aerial vehicle that could be equipped
with the strapdown inertial navigation is shown in Fig. 1.

Fig. 1. Long endurance unmanned aerial vehicle

The working principle of strapdown inertial navigation system is that when the
initial conditions are determined, the attitude, position and velocity of the vector



208 FANG TING, HUANG XIAOMING

are computed by the measured results of the inertial component, and the navigation
parameters in the navigation coordinate system are converted into the navigation
parameters. For only a simple inertial navigation system, the accurate navigation
parameters cannot be obtained if the accuracy of the inertial period is low. In the
case of integral action, there will be cumulative errors. Therefore, it is necessary to
combine it with visual navigation or satellite navigation, and the Kalman �lter is
used to correct the initial and parameter errors in inertial navigation to ensure the
accuracy of navigation parameters. The principle of strapdown inertial navigation
system is shown in Fig. 2.

Fig. 2. Scheme of strapdown inertial navigation system

The design scheme of the UAV navigation development contains many contents,
including the measuring information of simulated gyroscope and accelerometer, the
output of the GPS module design, trajectory generation module planning, the de-
sign of strapdown inertial navigation module and the design of visual measurement
module [12]. The �rst step is to simulate the track according to the actual situation
of the planning, and obtain the UAV attitude, velocity, acceleration and angular
speed and position of the ideal information. In addition, the error is added to the
real error model to simulate the outputs of inertial devices, satellite systems and vi-
sual system measurements. Finally, the outputs of the inertial navigation system are
calculated. Then, according to the needs of UAV navigation, the appropriate data
fusion method is chosen, and the corresponding sensor output is called to estimate
the parameters of the strapdown inertial navigation system. The error correction
is also included in the calculation result, which includes the deviation of the sens-
ing element. Finally, the output of the combined system is shown, and �nally the
simulation design of the UAV integrated navigation system is completed.

3.2. Design of linked inertial navigation algorithm

The attitude of UAV is solved by using strapdown navigation system, which is to
solve the attitude di�erential equation by using the angular increment information
produced by inertial component. Finally, the angle information rotation relationship
between the machine system and the navigation system is obtained by using the cal-
culated results. By calculating the attitude matrix values, the attitude information
in di�erent directions of the UAV can be obtained, and the attitude information
matrix can be updated by using the continuous output of the inertial components,
so that the attitude update can be carried out. Whether it is speed, posture, or po-
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sition, the navigation parameter information must have a reference standard when
it is expressed. On the other hand, the output information of inertial devices such
as inertial sensors in inertial navigation systems is relative to the inertial coordinate
system. Therefore, the de�nition of the common coordinate system must be carried
out. In the process of navigation, the types of coordinate systems used by UAVs
are very large. According to this demand, the department of geography is chosen as
the navigation system of unmanned aerial vehicle during �ight. Based on the needs
of the research, the conversion of the full text and the analysis of the coordinate
system are carried out in this paper.

A rigid body acts as a �xed point at one point of the body and rotates on an axis,
so that it can rotate to achieve any gesture. The rotation process of the quaternion
can be expressed as follows:
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In the upper form, q represents the displacement vector of the rigid body and
has a directionality. Symbol θ represents the angle of rotation of a rigid body with
an axis, and α, β, γ represent the angles between the motion direction of the rigid
body and coordinate axes, respectively. In addition, in order to facilitate full text
coordinate conversion, the subscripts are interpreted as follows: geographic coordi-
nate system - subscript t, earth coordinate system - subscript e, inertial coordinate
system - subscript i.

It is assumed that the rotation angle speed of UAV is ω. When the quaternion
di�erential equation and its own coordinate system are in line with the coordinate
system of the UAV, the attitude calculation formula of the UAV can be obtained:

q̇ =
1

2
q · ω . (2)

Formula (2), since the true value corresponding to the quaternion can be seen as
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0, can be rewritten and the corresponding matrix is obtained
q̇0
q̇1
q̇2
q̇3

 =
1

2


0 −ωx −ωy −ωz

ωx 0 ωz −ωy

ωy −ωz 0 ωx

ωz ωy −ωx 0



q0
q1
q2
q3

 (3)

The calculation of the angular rate in formula (3) is

ωb
tb = ωb

ib − ωb
it = ωb

ib − Cb
t

(
ωt
eb + ωt

ie

)
(4)

By solving the di�erential equations of the quaternion, the real-time attitude of
the UAV can be obtained by using the result of the calculation, and the strapdown
attitude matrix T (Ct

b) is obtained in the form

T =

 q20 + q21 − q22 − q23 2 (q1q2 − q0q3) 2 (q1q3 + q0q2)
2 (q1q2 + q0q3) q20 − q21 + q22 − q23 2 (q2q3 − q0q1)
2 (q1q3 − q0q2) 2 (q2q3 + q0q1) q20 − q21 − q22 + q23

 . (5)

The Picard solution method is selected for the solving the quaternion may be
written as

q̇ (t) =
1

2
Ωbq (t) . (6)

It is further converted into an iterative form
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The solution of the di�erential equation can be calculated. The attitude angle is
calculated by using strapdown matrix, and the following parameters are included

θ = sin−1 T32 , (9)

γ = tan−1

(
−T31
T33

)
, (10)

ϕ = tan−1

(
−T12
T22

)
. (11)

Here γ =


γ T33 > 0,
γ + 180o T33 < 0, γ < 0,
γ − 180o T33 < 0, γ > 0,

ψ =


ϕ T22 > 0, ψ > 0,
ϕ+ 360o T22 > 0, ψ < 0,
ϕ+ 180o T22 < 0.

On this basis, the most important information about the navigation, including
pitch, roll and yaw can be obtained. With the rotation of the earth, the angular
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velocity component of the geographic system in three directions is calculated as ωt
ieE = 0,
ωt
ieN = ωie cosL,
ωt
ieU = ωie sinL.

(12)

With the UAV movement, the change of angular velocity between the geograph-
ical coordinate system and the earth coordinate system can be expressed as

ωt
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N
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Thus, the sum of the angular velocity components between the geographical
coordinate system and the earth coordinate system can be calculated. And the
tracking angle rate of sins is obtained:
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In the above formula, Rm represents the radius of curvature on the meridian
of the earth ellipsoid, Rn represents the radius of curvature of the earth reference
meridian, and ωt

itE , ω
t
itN , ω

t
itU represent the matching information of the white noise

measured by the gyro in all directions of the earth. Symbol ε represents the platform
equivalent error rotation caused by gyro drift, φ denotes the attitude deviation of the
UAV mathematical platform written in the corresponding variables in the geographic
system and L denotes latitude information. Finally, V represents the speed vector
of the UAV in all directions.

The output measured by the accelerometer on the UAV is not the data of the
aircraft system relative to the navigation system, so the geographic system t is
needed as the navigation system of the UAV. By using the matrix Ct

b, the relative
information of the machine system relative to the inertial system is converted into
the comparative information relative to the geographic system

f t = Ct
bf

b . (15)

In the upper form, f t represents the comparative information of the geographic
system, Ct

b represents the transformation matrix, and f b represents the comparative
information of the machine system.

The formula (15) is unfolded and we can obtain the formula as follows f tE
f tN
f tU

 =

 T11 T12 T13
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 f bE
f bN
f bU

 . (16)
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In summary, the basic equation of inertial navigation system can be obtained

V̇et = f − (2ωie + ωet) × Vet − g . (17)

The formula (17) is unfolded and we can obtain the formula as follows. V̇ t
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3.3. Flow arrangement of linked inertial navigation algo-
rithm

By inertial navigation, a very accurate horizontal attitude can be provided. On
this basis, the platform type astronomical positioning can further obtain the accurate
two-dimensional position information through the height di�erence method. The
study of inertial celestial navigation is the analysis of integrated navigation based on
the whole platform model. When using celestial navigation positioning, in order to
avoid the accuracy of positioning due to the lack of height information, the pressure
altimeter is usually used for auxiliary positioning to ensure the observability of the
height channel. Through the combination of navigation system design, the autonomy
and navigation precision of the navigation system can be guaranteed.

Fig. 3. Scheme of inertial/astronomical position combination

In the design of strapdown inertial navigation algorithm, the initial velocity, at-
titude and location information must be calculated or given. Each of these initial
parameters contains both the true initial information and the initial error. By using
the initial information alignment method in inertial navigation, the initial attitude
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misalignment angle can be determined, and the integrated navigation can also be
estimated under static conditions. After the initial state of UAV operation is deter-
mined, the strapdown inertial navigation algorithm can be used to calculate. The
�ow of the design using this algorithm is shown in Fig. 4.

4. Result analysis and discussion

Based on the above mentioned UAV integrated navigation system algorithm and
related design, the simulation research was carried out. The simulation time was
84 h, and the acceleration time of the accelerometer and gyroscope in the UAV
navigation system was 0.01 s. The initial attitude was a stationary condition, and
the velocity was 0. The initial parameters are as follows:

(1) Initial position: latitude and longitude were 105.63 and 45 degrees, and the
height was 1 km.

(2) Initial error: the deviation of initial position and velocity was zero, and the
deviation of pitch angle was 0.2 degrees.

(3) Gyro error: measurement noise and Changzhi drift were 0.05 and 0.5 de-
gree/h, respectively.

(4) The error of accelerometer: noise measurement and bias error were 10−5 g
and 10−4 g, respectively.

Fig. 4. Trapdown inertial navigation system algorithm
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In simulation, the period of Kalman �ltering information fusion was 1 s, and the
output frequency of INS CNA data was 1Hz. In order to facilitate the analysis, it
was assumed that the positioning accuracy and altimeter measurement accuracy of
CNS were 300m and 50m, respectively. The initial value of the �lter is shown in
Table 1.

Table 1. Working initial value of Kalman

Error term Horizontal
attitude

Heading
angle

Speed Latitude
and longi-
tude

Height

Initial
value

360 ◦ 1800 ◦ 0.6m/s 100m 100m

During the �ight of the UAVs, the gyro and accelerometer were set to 0.01 s.
After the take-o�, the UAVs climbed 7 times in succession. Finally, the UAVs �-
nally climbed to the highest position, and maintained the current position for 800 s
�at �ight. After the �at �ighted, they gradually were downhill and landing. The
test time was a total of 2500 s. The sensing elements used throughout the �ight
included micro accelerometers and mechanical gyroscopes. Under static conditions,
the navigation simulation results of UAV Based on sins are shown in Figs.5�8.

Fig. 5. Longitude error characteristic curve

In the stationary state, the accuracy of celestial navigation and positioning of
UAV was simulated and analyzed, and the inertial navigation system was simulated
by computer. The selected inertial navigation system was equivalent to gyro drift
0.1 degrees/h and acceleration zero bias to 10−4 g. The error of inertial attitude
angle was not taken into account, and the observation error of celestial navigation
sensitive phase was . Under the simulation condition, since the inertial navigation
system provided the horizontal datum for the astronomical positioning under the
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Fig. 6. Latitude error characteristic curve

airborne environment, it was necessary to take full account of the accuracy of the
astronomical positioning, which was a�ected by the inertial attitude error angle. The
error was the superposition e�ect of steady state and random error. Through the
synthetic analysis of the simulation curves, it can be seen that the results obtained by
the strapdown inertial navigation system are consistent with the error propagation
equations under static conditions. The conclusions are as follows:

Fig. 7. Pitch angle error characteristic curve

If the initial errors of gyro, accelerometer and navigation parameters are consid-
ered at the same time, the height, accuracy, direction, velocity and other positional
parameters of the UAV will be divergent, and the deviation of angle and latitude
will occur. In addition, position information, posture, and speed all oscillate in
three directions. The oscillation errors can be divided into positional oscillation,
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Fig. 8. Bias angle error characteristic curve

earth oscillation and Foucault oscillation, and their periods are 84.4min, 24 h and
51 h respectively. The Foucault oscillator is the longest in the cycle time. As the
dimension changes, the value of the dimension determines the length of the cycle
directly. At the equator, the Foucault oscillation period is 0. But at the poles
of the earth, Foucault oscillations degenerate and eventually degenerate into earth
oscillations. Finally, the oscillation law of navigation parameters can be summed
up as follows. There are earth oscillation and Schuler oscillation existing in navi-
gation information such as heading angle, precision and dimension. The oscillation
of the earth Schuler oscillation plays an obvious inhibitory e�ect. In the horizon-
tal direction of the velocity and attitude information is the existence of Foucault
and Schuler oscillation, and Foucault oscillation has a signi�cant inhibitory e�ect on
Schuler oscillation.

5. Conclusion

High altitude long endurance UAVs are now more and more popular, but they
have very high precision and autonomy requirements for navigation systems. The
traditional single navigation system is di�cult to meet its performance requirements.
Therefore, according to the actual demand, the strapdown inertial navigation algo-
rithm was proposed in this paper on the basis of the advantages of celestial naviga-
tion and inertial navigation system. On this basis, the simulation and application
analysis of related algorithms were carried out. Through analysis, the scheme of
integrated navigation system for unmanned aerial vehicle (UAV) which is oriented
to engineering practice planning was successfully carried out. The design of time
inertial navigation algorithm was studied according to the system principle. Finally,
the simulation of the algorithm was improved under static conditions, and the feasi-
bility and e�ciency of the algorithm were veri�ed. The speci�c analysis was carried
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out by the measured data. Through the analysis of the measured results, it can be
seen that the error of this algorithm is relatively small, which e�ectively solves the
autonomy problem of the traditional GPS integrated navigation system and can be
widely used in engineering practice, and it plays a very active role in promoting the
development of UAV at high altitude and long endurance in China, which has a very
strong application value
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