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Abstract — Analysis and simulation of the Strapdown Inertial Navigation System (SINS) error
genesis revealed that the East Feedback Contour has the greatest influence on the development
of an error in this model, and angular velocity sensor Aw,, is the critical element. In order to
prevent the development of an error, structural correction in the East Feedback Contour, and
elements that are more critical, namely in angular velocity measurement sensors is the best
option.

Keywords — Feedback loops, inertial reference system (IRS), SINS error model simulation,
SINS simulink analysis, strapdown inertial navigation system (SINS).

I. INTRODUCTION

The described Strapdown Inertial Navigation System (SINS) error model with laser gyroscopes
was developed in RTU [1]. The system is based on a classic SINS, except the correction for velocity.
The main technical characteristics of the experimental data of the system are provided.

Feasibility of new high-precision development SINS is produced by the need to improve the
accuracy of object positioning in the context of the possible lack of information through the channels
of satellite navigation systems, as well as by the need to autonomously determine the parameters of
the angular orientation, angular and linear velocities of an object.

This article describes the SINS error model with velocity correction, and the results of the
simulation analysis.

II. STRAPDOWN INERTIAL NAVIGATION SYSTEM (SINS) ERROR MODEL

Inertial navigation systems are designed to determine the parameters of the spatial position,
geographical coordinates and the parameters of aircraft movement data, which is transferred to on-
board systems and displays in electronic cabin indicators [2]-[4].

The main structural elements of SINS error model [5]-[8] are (Fig. 1):

- accelerometers;

- angular velocity sensors;

- accelerometers transducer;

- transducer of angular velocity;

- angular velocity calculator;

- angular velocity of angles calculator.
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A. Accelerometer signals

Errors in calculating the projections of accelerometer signals — agy, Gq;, gy on the axis of
terrestrial geographical CS — N, E, H will give the same results as for the original (classical) version
SINS (SINS with the coordinates of the output signals of the accelerometers) [9]-[11].

N axis:
Aagy = KanAY + Kan A8 + KanAy + KanAdgy, + KanAa,, — KavAagy; )
[z 0 y ax az ay
Kan = (cos cos b,);
ax
Kan = (sinyg cosyy);
az
Kan = (sin 8, cos i, cosyy);
ay
Kan = (cos g cos ¥ agz,) — (sin g cos 8y agy, ) — (sin 6 sinyg cos v agy, );
¥
Kan = (cos 6, cos 1, cosy, aayo) — (cos Yo sin 6, aaxo);
R
Kan = (sin 6, cos Py cos ¥ agz,) — (sinihg cos yg agy, ).
Y
E axis:
Aagy = KagAY — KagAO + KagAy — KagAa gy, + KagAa,, + KapAagy; 2)
P [ % ax az ay

Kae = (siny, cos 6,);

ax

Kag = (cosq cosyy);

az

Kag = (siny, sin 6, cosy,);
ay

Kae = (cos g sin 6 cosyg aqy, ) — (sin g cos v agz, ) — (cos g cos 8y agy, );
Kae = (sin Y, sin 6, aaxo) — (Sin Yo cos B, cos ¥y aayo);
9

Kag = (cos g cosyq aay, ) — (sin, sin By cos v agyz, )-

14

H axis:
Aagy = KanAO — KanAy + KanlAagy + Kanlag, — Ag; 3)
[Z] 1% ax ay
Kayg = sinfy;
‘ax

Kan = cos 6y cosyy;
ay

Kan = (cos 6 agy,) — (sin 6y cos vy aqy, );
0

Kan = cos 8, cosyg agy,-
Y
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B. Acceleration and Velocity Integration

AV,y and AV, AV,g and AV,¢, AV, and AV, errors are the components of absolute and relative
velocities in geographic terrestrial CS — N, E, H [9]-[11].
t

AV, = faath = AV,n; @))
0
t
AV, = f Agpdt = AV,g + AV, = AV, + (2R, sin @;0) A ®))
0
t
WVan = [ aandt = My ©)

0

Errors of distance travelled — ASy, ASg, ASy (in geographic terrestrial CS — N, E, H).
t

ASy = jAVrth; @)
0
t
0
t
ASy = AH = fAVTHdt; €))
0
ASy
Ap = Apy +—. (10)
Rz
Errors in the components Ay, A2g, Ay angular velocity of geographic terrestrial
CS-N,E,H:
AV,
Ay = ; 11
N an
AV,
Ay = 2, (12)
Ry
tg (Pi0> ( Va, )
Ay = AV, — | A@;. 13
H ( RZ aE+ RZCOSZ(PiO Pi ( )
Van = VABCOSin(po + Vz. (14)
Where Vapc, = const = 222 m/sz’

A — Lift forces of the aeroplane, B — Air resistance forces of the aeroplane, Co — Weight/gravity
forces of the aeroplane.
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VZ = Qsz. (15)
Van, = Vapc,C0s@o. (16)

C. Angular Velocity Transformation

The algorithm for calculating the projections of composite angles and velocity CS — N, E, H on
axes x, y, z — in linked CS (Coordinate System) are the same as in classical SINS with the velocity
correction, and hence the expressions for Af,, Af2,, Af),, will be the same as in the classical version.
And in the future, all the options for calculating errors will be the same as in the classical SINS
version, since the calculation of angles 6, y, 1 at the SINS with the correction for speed is the same
as for the classical version of SINS [12]-[15].

For x axis:

AD, = K300 + K)* M + Ky* 0y + Kg*0g + Ky 0y;
KI?" = (cos 6, cosYy);

KS" = (cos B, siny,);

. (17)
K,* =sinf,;
K;* = (cos 8y 2y,) — (sin 6 sin g 25, ) — (sin 6, cos P 2y, );
Klﬁx = (cos 0y cos P, .QEO) - (cos 0y siny, .QNO).
For y axis:
0 0 0 0 0 0
AQy = K Mp — K% Ay — Ky 80 — K" Oy — Ky 05 + Ky Oy
Kl\?y = sin @, cosy, cos Py ;
K;y = sin 6, cosy, sin Y ;
K:y = COS ¥ COS By ; (13)
K;? = (sin@ in, 02 in 0 0,);
. = (sin 6, cos yo sin n,) — (sin 6y cosyo cos Py 2, );
0 :
K,” = (cosyo sin g 2y, ) + (cosy, cos g 2, );
K:y = (cos 0y cos Y, sinh .QEO) + (cos 6y cos yy cos Yy .QNO) + (cos Yo Sin @, .QHO).
For z axis:
AR, = K2 Ay + K" A + Ky* 0y — K" 0p;
K,{,lz = COS Yo SinYy;
K,fz = COS Y, COS Yy ; (19)

K2 = (cos Yo Sin By cos P, .QNO) - (cos Yo €os 8, .QHO) + (cos Yo Sin 6y siny,, .(250);

14
Klfz = (cos Yo COS Yy QNO) + (cos Yo Sin Y, [)Eo).
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D. Angular Velocity Transformation and Its Integration

For the errors in components ., @, Wyy relative to angular velocities — x, z, Yy — wy, w,, Wy:

Wry = Aw, — AD,; (20)
Wyy = Aw, — A,; 21
wry = Aw,, — AL, (22)

Angular velocity errors Awg, Aw,, Aw,y, and the change of angles 6, v, .
Pitch — 6 (Angular velocity):

Awgy = KZ“’QAa)TZ — K,ﬁ"eAwrx;

K2% = cosy,;

(23)
K% = cos 0, sin .
Roll — y (Angular velocity):
Awy = AW,y — K;”yAwry;
K.Y = cosy, sin 6. (24)
Yaw — 1) (Angular velocity):
Dwy = KV Dw,y + K2V Aw,y;
K“"p = COS Yy, COS O, ;
KXV = sin 6,
Angle error 0, y, Y - A8, Ay, Ay:
t
Af = j Awgdt; (26)
0
t
Ay = f Aw, dt; 27
0
t
All) = J Awwdt.
) (28)
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III. SIMULATION AND RESULTS

In SINS error model with correction on velocity, there are both positive and negative feedback
loops, which include two series-connected integrators. The presence of positive feedback leads to the
development of an error in the system, and negative feedback produces stabilization of the system
(Fig. 2). The main objective is to analyse the SINS error model and to determine the most critical
feedback loop with the largest contribution of an error to this system.

Negative Feedback Positive Feedback
A A
Starting
Value
Equilibrium Starting
Value
Starting
Value
Time Time

Fig. 2. Negative and Positive Feedbacks.

To determine the feedback loops, which are the most critical, the SINS error model with velocity
correction was implemented in Simulink program (Fig. 3).
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SINS error model includes 3 channels: North Feedback Channel (NFC), East Feedback Channel
(EFC) and North Feedback Channel 2 (NFC2). NFC consists of 6 feedback loops, EFC — 16 feedback
loops and NFC2 — 5 feedback loops. During the simulation were launched error to accelerometers
and angular velocity sensors, equal to 1 m/s? and 1°, respectively. 50 different simulation scenarios
were considered and processed to determine the most critical feedback loop.

The obtained data were recorded, analysed, and compared with each other, and with the results
obtained during the simulation of the entire system (Fig. 4).

131.8 %

140

—_ =
x o N
o o O

61.5% 61.1 %

delta VaN/VaE, %
N
S

N B
S O

(=]

NEC EFC NFC2
Strapdown INS Error Model Feedback Contours

Fig. 4. Influence of all Feedback Contour on SINS Error Model.

Thus, based on simulations it was possible to determine that the most critical feedback loop, which
had the greatest impact on the error development in SINS error model with correction on velocity
which is EFC10 (Fig. 5).

[e] — N on <t v O
— (9] on <t v Nel c~ [ee] N — — — — — — —
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Fig. 5. Influence of all separate East Feedback Contours through Angular Velocity Sensor error on Full EFC (Total).
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IV. THE MODERN SINS SPECIFICATIONS

Table I presents Accuracy Characteristics of the modern SINS-T. SINS-T was developed in AS
“MIEA” and is a part of onboard equipment of modern military and civil aircrafts.
TABLE I

SINS-T SPECIFICATIONS

Name SINS-T
Mass, kg 15
Dimensions, mm 197x227.3%x410.5

Accuracy Characteristics

g In offline mode 3.7 km per flight hour
. In correction mode (GPS) <30m
Fig. 6. SINS-T. Time between failures, hours 10 000

Based on the data and values obtained from simulation we can make conclusion related on the
influence of error development of exact feedback loop on SINS. The influence of East Feedback Loop
is 131.8 %, which is 4.9 km per flight hour. Due to the presence of negative feedback loops this value
is reduced to approximately 60 % (2.9 km per flight hour) [1-8]. The influence of East Feedback Loop
on SINS-T model is 54 % (2 km per flight hour) in offline mode and 16.2 m per flight hour in
correction mode.

V. CONCLUSION

In the conclusion of the conducted research on the analysis of error genesis in the simulation and
comparison of the feedback loops of the SINS error model with velocity correction by entering an
error in the accelerometers and angular velocity sensors it was revealed that the eastern feedback loop
exerts the greatest influence on the development of error in this model since it contains the greatest
number of positive feedbacks. After analysing the results, was defined that the greatest influence on
the development of error is EFC10 loop, and the critical element is angular velocity sensor Aw,. The
analysis shows that in order to prevent the development of an error, structural correction is best served
both in the chain and in the elements that are more critical.
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