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The main purpose of navigation systems is position determination for different types of moving
objects. To start their operation, the onboard standard navigation algorithms requires initial data such
as data about the position (latitude, longitude, and altitude). Currently exists different solutions for
position determination, the main of them relates to astronomical methods or refers to using satellite or
radio signals. But, astronomical methods highly depend on climate conditions, and satellite or radio
signals can be unavailable for usage, or even can be intentionally jammed in military applications.
Thus, the development of autonomous methods for position determination without using external
aiding data is an actual task. The article proposes the autonomous method of the initial latitude
determination utilizing an inertial measurement unit (IMU) and a navigation computer. IMU should
be equipped with inertial sensors (orthogonal placed three accelerometers and three gyroscopes) and a
signal processing circuit. Where gyroscopes allow measuring projections of Earth's angular velocity
on the IMU axes and accelerometers allow measuring projections of the gravity acceleration on the
IMU axes. The efficiency of the proposed method confirmed through the tests with highly accurate
sensors such as a triad of ring laser gyroscopes and pendulum accelerometers. In addition, the effects
of varios base attitude on the accuracy of the system were considered. Where was obtained latitude
variations in different body inclines.
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Introduction

The strapdown inertial navigation system (SINS) become the main part of modern navigation
equipment. It provides a full range of attitude, speed, and navigation information (Savage, 2013).
Usually the SINS consists a navigation computer and inertial measurement unit (IMU). IMU has
three-axis gyroscopes and accelerometers which placed orthogonal to the object’s body frame
(Woodman, 2007). SINS is widely used as measuring and control systems for aircraft, ships, and
missiles. These navigation tasks can be made by global navigation satellite systems (GNSS) and
astronomical navigation systems as well (Quan, et al., 2015), but only SINS provides a navigation
solution with high-frequency and autonomy.

Before starting operation, the SINS have to complete the initial alignment procedure. The initial
alignment algorithm consists of two phases: coarse alignment and fine alignment (Silva et al., 2016).
The accuracy of the initial setting of geographic latitude is extremely important for initial alignment
accuracy. Without geographic latitude information SINS cannot provide any navigation solutions
(Silva et al., 2014). Modern SINS are often combined with GNSS, so initial data about geographic
latitude can be received before operation. However, GNSS satellite signals can be lost in tunnels,
underwater, tree canopy, or even jammed by special equipment. Thus, inertial geographic latitude and
longitude determination become a crucial prerequisite for modern SINS.

Analytical SINS coarse alignment method is described in (Silva et al., 2015; Jiang, 1998; Wang and
Shen, 2005). It based on Earth’s rate vector measurement by a triad of gyros and local gravity
acceleration vector measurement by a triad of accelerometers in body frame while SINS is stationary
(Yang et al., 2019). The nonlinear initial alignment method for SINS is described in (Chang et al.,
2019). The SINS dynamic model based on nonlinear error equations with the consideration of the
mismatch between the calculated navigation frame and the real frame. In (Yan et al., 2008), the
derivation of latitude determination was presented. There author shows the method of latitude
estimation for initial alignment, but did not explore latitude determination errors. The problem on
SINS functioning without latitude data described in (Zheng et al., 2019). The method based on
quaternion calculation Earth’s rate vector measurement to synthesize the initial algorithm for
stationary and moving base. Ref. (Lyu and Cheng, 2017; Wang et al., 2012) describes the method for
SINS latitude determination and procedure of coarse alignment on a vibrating base, but errors were
not analyzed. A new method for latitude determination on a stationary base was presented in
(Avrutov, 2018; Avrutov and Golovach et.al., 2018; Avrutov and Davydenko et.al., 2018). The
method was developed for precision IMU which consists of the ring laser gyroscopes and pendulum
accelerometers, also the values of method errors were shown. The different latitude determination
methods, including magnitude method, geometric method, and analytical methods were introduced in
(Wang et al., 2020). Authors researched real IMU data and define method errors. The article considers
the method of latitude determination on the stationary base with varied attitude states. The simulation
was done in several body states.

Problem statement

We will use the geographic navigation frame O&n¢ and body frame as shown on Fig.1. Where

presented ¢ — geodetic latitude, ¢, — geocentric latitude, g — gravity vector, @ — Earth’s rate vector.
According to scalar product of two vectors:

Q-g:Q-gcos(%ﬂoj. (1)
Scalar product can be submitted by their projections:

Q'g:Qx'gx+Qy.gy+Qz.gz' (2)
where Q,Q ,Q, — Earth’s rate vector projections on body frame, g,,9,,9, — gravity vector
projections on the same frame.

GeoTerrace-2020
07-09 December 2020, Lviv, Ukraine



Geoy EAGE

Conference

o i "J
2 01 I
Figure 1 IMU in meridian plane
Compare right parts (1) and (2) we get

. 1
sm(p=—Q—g(Qx~gx+Qy~gy+Qz-gz)- 3

Here Q:JQ§+Q§+Q§ v g =\/gf+g§+gf .
Using Eq.3 we can get formula for latitude determination:
. 1
(p:—arcsmLz—.g(Qx-gx+Qy-gy+QZ -gz)} (4)

This method requires gyroscopes and accelerometers measurements only. Let the xyz is a body frame
and &n¢ — geographic frame. The base attitude is defined by Euler angles: yaw (), pitch () and

roll () as shown on Fig.2.

X
Figure 2 Body attitude

Relative between body and navigation frames can be described by direction cosine matrix C? like so

X 4
b
y|=Ciln|. (5)
z ¢
cosycosy —sinysingsiny  cosysiny +sinysingcosy  —sinycos$
were Ch= —cosgsiny C0S3CoSy sin g

siny cosy +cosysingsiny  sinysiny —cos ysin$cosy  €os ycos 9

We could write matrix equations for gravity vector and Earth rate vector projections, using Eq.5

g, 0 Q, 0

b
g9,|=Cnr| 0|, |Q,|=Ci|Qcosp|. (6)
g, -g Q, Qsing

According to object kinematic shown on Fig.2 end Eq.6, IMU signals are:
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g, =gsinycos®, Q, =(cosysiny +sinysindcosy )Qcosp —sin y cos 3 Qsing;
g, =-gsin Q, =cosgcosy -Qcosp +sin3-Qsing; (7
g, =—gcosycosd; Q =(sinysiny —cosysinJcosy )-Qcosp+cosycosI-Qsing.
Insert Eq.7 into algorithm (4) and made some transforms. Finally, we get
sing, =sing . (8)
So, constant object incline cannot affect to local latitude defining.

Simulation

For studying algorithm (4) we could made computer simulations in Matlab Simulink. Developed
Simulink model, which implements algorithm (4) with varied body inclines. It is shown on Fig.3.
Gyroscopes and accelerometers signals was simulated according to Eq.7 and body attitude.
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Computer simulations of algorithm (4) were made in several body attitude states. The latitude of
object was set as 50 degree. The results presented in Table 1 below.

Table 1 Experiments results

Ne Yaw, Pitch, Roll, Set latitude (ideal), | Estimated latitude (Eq.4),
degree degree | degree degree degree
1 10 25 10 50 50
2 5 15 20 50 50
3 25 25 40 50 50
4 35 55 45 50 50
5 60 70 50 50 50
Conclusions

The operability of the latitude determination method on different attitude base statement is
considered. The method was tested with different values of Euler angles. It has shown algorithm
insensitivity to attitude changes. Algorithm presented in Eq.4 could be used for autonomous latitude
determination of SINS on fixed state body.
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