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Abstract

The selection of an appropriate measurement system for an inertial navigation system requires an analysis of
the impact of sensor errors on the position and orientation determination accuracy to ensure that the selected
solution is cost effective and complies with the requirements. In the solutions reported in the literature, this
problem is solved based on the navigation duration only, by considering the time-dependent errors due to
sensors bias and random walk parameters, or by simulation. In the former case, oversimplifying the analysis
will not allow accurate values to be determined, while the latter method does not provide direct insight into the
emerging dependencies. The article presents the results of the analysis carried out in an analytic way. General
formulas are presented, which are also written in detail for the adopted model of the measurement system
and various maneuvers. Although general equations are complicated, piece—wise constant motion variables
were adopted, which allowed to distinguish fragments of equations, corresponding to individual error sources,
which were discussed in the article. Presented formulas make evident and allow to understand dependencies
occurring between motion parameters and navigation errors emerging as a consequence of maneuvers.
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1. Introduction

Inertial navigation systems provide continuous localization even in case of outage or failure of other
navigational means. However, the influence of measurement system errors results in a position de-
termination error that increases with time and distance traveled. On the other hand, as the accuracy
of sensors increases, their price also increases very rapidly. Thus, it is necessary to select an appro-
priate measurement system that provides a cost-effective solution and at the same time of sufficient
accuracy, as it may determine the success of the mission. For this purpose it is necessary to analyze
thoroughly how the measurement errors of the considered inertial measurement unit will influence
the accuracy of the position determination.

As a first step, a coarse estimate of the required sensors accuracy can be determined based on the
navigation duration only, by considering the time—dependent errors due to sensors bias and random
walk parameters [2]. A more detailed analysis, however, requires consideration of errors that build up
during motion due to the predicted trajectory and sensors sensitivity to motion parameters.

However, to the authors’ knowledge and according to the literature review, there is a deficiency of
such detailed analysis of this problem in the literature. In the analyses found, only the biases of the
gyroscopes and accelerometers are considered, and for the more complicated cases that consider
the influence of motion-dependent errors, only graphs for specific simulation or test cases are pre-
sented, without deriving detailed formulas. Nevertheless, the motion-dependent errors turn out to be
significant, and the resulting effects, intriguing.

Article [8] presents results of an experimental study of a rotating inertial navigation system, showing
that the introduction of system rotation can significantly reduce navigation errors. Indeed, the method
of reducing navigational errors by setting the system into continuous rotation is generally known as
‘carouseling’ [7]. In contrast, [10] points out that in a practical implementation of rotating system,
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additional orientation determination errors may arise. Analytical analysis of the navigational systems
accuracy is performed in [1], where the reduction of position determination errors as a result of
navigation system rotation is analytically presented. However, considerations are again limited to the
errors of accelerometers and gyroscopes. A more complex model of the measurement system is
presented by [12], although the model is used not to analyze the accuracy of the navigation system,
but to calibrate the measurement system.

The paper will present the results of calculations of errors of orientation and position determination
by an inertial navigation system. Calculations will be carried out for selected, different maneuvers
and the assumed model of the measuring system. The emerging relationships will be analyzed
and discussed. In the next section, the navigation and measurement system models used for the
analysis will be described, and navigation error propagation formulas will be presented. Section 3
describes the methodology used and the maneuver cases considered. Detailed parameters of the
measurement system are also presented. In Section 4 the obtained results are presented along with
a discussion. The latest section contains conclusions.

2. General models

Accuracy analysis will be performed using basic unaided inertial navigation system (INS), presented
in Figure |1}, with the assumption of navigation coordinate system being inertial and orthogonal (flat-
earth approximation). The measurement system is an inertial measurement unit (IMU), consisting of
triad of orthogonal gyroscopes and triad of orthogonal accelerometers, whose outputs are measured
values of specific force and body angular rate expressed in body coordinate system.
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Figure 1 — Block diagram of basic strap-down INS

The values measured by the sensors include a measurement error described by an error model. The
adopted model, presented in Equations and (2), was developed based on information contained
in standards, [4],[5],[6], and literature, [9],[13], whereby the effect of environmental conditions was
neglected. In all of the following equations, the rule is that vectors are written in bold, while matrices
in capital letters.

O (1) = (SoMp—1) O(t) + @p + Qe My (1) + 10 (1)
ae(t):(SaMa_I) fb(t)+ab+”a (2)

where

®,, ap — vector of measurement bias, for gyroscopes and accelerometers;

Sw, S, — matrix of sensitivity, for gyroscopes and accelerometers;

Mg, M, — matrix of input axes misalignment, for gyroscopes and accelerometers;

Q, — matrix of gyroscopes sensitivity to acceleration;

ne, ng — gyroscopes and accelerometers measurement noise.

In addition to measurement errors, the navigation system also suffers from errors in determining initial
conditions, and resulting errors in determining navigation parameters. However, an accurate knowl-
edge of the gravity vector is assumed. A block diagram of the navigation system under consideration
with the used symbols is shown in Figure[2] The symbols presented in the Figure[2] are:

p(t), p.(t) — position in navigation coordinate system and error of its determination;

v(t), ve(t) — velocity in navigation coordinate system and error of its determination;

o(t), a.(t) — vector of rotation from navigation coordinate system to body coordinate system and
error of its determination;
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Figure 2 — Block diagram of basic strap-down INS signals propagation for accuracy analysis

R(e(r)) = exp ([@(r)],) — Matrix of rotation from navigation coordinate system to body coordinate
system;

[a(r)],, — vector of rotation skew—symmetric matrix;

fot)=a(t)+o(t) xu(t) — R(a(t))g — specific force;

u(t) — velocity in body coordinate system;

a(t) = u(t) — body acceleration, expressed in body coordinate system;

(1) — body angular rate expressed in body coordinate system;

g — vector of gravity;

,.(t), a.(t) — vectors of angular rate and acceleration measurement error.

Symbols with subscript 0 denote initial values.

2.1 Error propagation model
For the considered navigation system shown in Figure [2] having made the following assumptions:

1. the navigation system is orthogonal and inertial (flat earth approximation);
2. orientation errors during navigation are small;
3. error products are ignored;

the following error propagation model can be determined [13]

@ (t) = R" (a(t)) @, (1) (3)
Ve (1) = (1) X fo(t) + R (0t(1)) @, (1) (4)
Pe(t) = ve(t) (5)

From the above model of the navigation system, and the error propagation model, the general for-
mulas, equations (6) and (7) , for the orientation and position determination error are derived, which
are difficult to solve in the general case for the whole trajectory, and a typical approach would be a
numerical simulation.

o (t) = ae$o+'/otRT(a(t)) (@p+ (SoMp—1) (D(t))dt+/OIRT((X(I))Qngfb(I)dt (6)

pel) = poctivoet [ [ @) <R (@) gy ar+ [ [RY (@) (ay+ (5.M— 1) fyle)) i 7)
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3. Methodology and considered cases

However, solution of the equations (6) and can be done quite easily, after assuming piecewise
constant motion characteristics, according to equations (8) to (T1).

a(t) = a = const (8)
o(t) = ® = const (9)
u(t) =up+at (10)
R(e(1)) = exp(—Q1) R(axo) (11)

where

Q = [w],, — angular rate skew—symmetric matrix.

The symbolic solution is still a complicated task for human, however, it can be done easily with
the help of symbolic computing software. In the case of this paper, Matlab with Symbolic Math
Toolbox was used. Nevertheless, still the results obtained turn out to be very extensive. Thus, to
facilitate the reader’s understanding of the results presented, the analysis does not consider the whole
assumed trajectory, but decomposes it into individual stages, considering each maneuver separately,
and analyzing changes in the obtained error equations. The cases considered are summarized in
Table[dl

Table 1 — List of considered maneuvers

No.case | &y @ Vo a | Eq. o Eq. p. | motion description
1 0 0 0 g (16) (24) | free fall
2 a 0 0 8 free fall in arbitrary orientation
3 0 0 0 0 (18) (26) | rest
4 o O 0 0 rest in arbitrary orientation
5 a O Vo 0 (19) (27) | steady rectilinear motion
6 0 § 0 gu=0 free fall with rotation
7 0 § _ 0 0 rotation without translation
8 0 § _ [VM 0 @2) (30) | circular motion
9 0 —vg _ [vm [agx} @3) @B1) | spiral motion

In order to maintain the detail of the presented results and direct insight into the emerging dependen-
cies, the individual components of the vectors were decomposed. However, for this to be possible,
a detailed model of the measurement system had to be adopted by specifying the exact structure of
the sensor model matrices.

3.1 Detailed measurement system model

Based on a review of the documentation of commercially available sensors, it is possible to distinguish
the parameters that are given in almost every specification, so their use in the model will allow a direct
comparison of IMU capabilities by substituting the parameters of their sensors into the formulas
obtained from the analysis. The parameters thus selected are summarized in Table It should
be noted that listed parameters are typical for IMUs available on the market, which represent only a
cross-section of existing sensor technologies. Therefore, it should be assumed that models presented
below, based on these parameters, are applicable to optical gyroscopes (RLG, FOG) and sensors
manufactured with MEMS technology.

Since in the considered measuring system triads of sensors are used, while in the specification only
one value of each parameter is given, identical errors of each sensor in the triad were assumed. It
was also assumed that gyroscopes and accelerometers have the same error matrix structures. The
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adopted matrices are shown in equations to (14).

[1+¢ 0 0
S, = 0 1+ ¢ 0
L0 0 1+g

J1-82 §/v2

5/

Mi=| &/V2 \J1-8 &/V2 (13)
L &/V2 V2 18
[0, 0 0
Q=10 w O (14)
0 0 w

where index i should be replaced by a for accelerometers or w for gyroscopes, while
0 = sin(@), and o is sensor input axis misalignment [3].

3.2 Notes on analysis

In the analysis of the cases where rotation occurs, sensor measurement errors due to measurement
noise have been omitted. The analysis of the impact of stochastic errors in a rotating navigation
system is addressed, e.g., in [11].

It is assumed that the object makes ’coordinated’ turns, that is, an object moving at speed u # 0
cannot change orientation without changing direction of motion (except in the case of rotation along
the direction of motion), and the resulting centripetal acceleration is equal @ x u. This assumption
follows from the practical consideration that most objects move in a particular direction — *forward’.
The exception is the case with free fall, for which considered is motion with velocity u ~ 0 or in orbit,
where the constraint may not hold.

In the analysis, the error of the initial velocity is expressed in the navigation coordinate system.
However, if the initial velocity in the coordinate system is determined by the velocity expressed in the
body system and the orientation of the body, the initial velocity error results from the velocity errors in

Table 2 — Sensors parameters specified in almost all of IMU datasheets

Symbol Parameter Units
Gyroscopes

— Input range °/s

wp Bias instability °/sor °/h

€ Scale factor accuracy % or ppm

ARW  Angle Random Walk °/vh

— Noise density (°/s)/vVHz

Oy Input axis misalignment ° or mrad

— Bandwidth Hz

0, bias acceleration sensitivity (°/s)/g
Accelerometers

— Input range g

ap Bias instability mg

€, Scale factor accuracy % or ppm

VRW  Velocity Random Walk (m/s)/vh

— Noise density mg/+/Hz

oy Input axis misalignment ° or mrad

— Bandwidth Hz
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the body system and the orientation error, as in equation (15).
Ve = Qeo X Vo + R (Cg) Ue (15)

4. Analysis of results

The analysis of the obtained results will begin with the simplest case, and we will gradually move
through the more complicated ones, adding successively the individual motion parameters. We will
begin by analyzing the error of orientation determination, as the error obtained will be used further to
determine the position error.

The first two cases is free fall, with the body coordinate system aligned to the navigation coordinate
system and in arbitrary orientation. As can be seen in equations and (17), consists of only initial
and time dependent errors (bias and random walk).

O 0.x (Db7xt +arw/t
O(t) = |Gty | + |0yt +arw NG (16)
e, @p 1 +arw /1
e 0,x Wyt +arw /1
O(t) = | Qepy +RT(ao) Wyt +arw/t (17)
&e 0.z Wy 1+ arw \/Z

If we place the system stationary, as in case 3 shown in equation (18), there is an error due to the
acceleration sensitivity of the gyroscopes. Generalizing to arbitrary orientation in case 4, presented in
equation (19), the only results is error rotation. Due to the change in the basis of the g-sensitivity ma-
trix and the appearance of multiple trigonometric functions, the gravitational acceleration dependent
term is not expanded and is written in the general, matrix, form. In the case shown, the acceleration
is the ground reaction against the gravitational force, but an identical term will appear for any acceler-
ation a(z). It is interesting to note, however, that identical results to those presented by the equation
(19) will also be obtained for case 5, that is, when the object is moving in steady rectilinear motion, in
arbitrary direction with arbitrary speed and orientation. This means that, from the point of view of the
orientation error, it does not matter whether the body is at rest or moves with constant velocity. And
hence, in the case of steady motion, an analysis that only takes into account time-dependent errors
is perfectly sufficient.

Ole.0.x Op 1 +arw /1 _ﬁdv
0 (1) = |Gty | + | @yt +arw | +o,r | 5% | g (18)
Qe 2 1 +arw /1 Ji1-s,2
&e 0.x (Dbyxl-Fal'W t
Ae(t) = |00y | +R (ag) | @yt +arwy/z| +1RT (0tg) Qe My R(0o) (—8) (19)
00,7 Wp 1+ arw \/E

The next cases present formulas for the error of orientation determination, for motion containing
rotations.

Case 6, shown in equation (20), represents free fall, similar to that shown in equation ({6), but with
rotation around Z axis. Comparing the two equations, one can see that the errors depend on time
(only bias in this case), as well as gyroscope misalignment and scale factor errors. Most significantly,
however, the errors in axes perpendicular to the rotation vector no longer increase linearly with time,
but have a limited maximum value. This implies a significant reduction of the attitude errors and
analytically demonstrate the correctness of results from the publications [1] and [8]. Moreover, it
extends the results from the aforementioned publications, since, as can be seen from the formulas
and (22), for cases 7 and 8, the identical effect as for the gyroscope bias also occurs for g—
sensitive errors emerging from gravitational and centripetal acceleration during circular motion.
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. ((DI;X \[5W(€w+1)> sin(th)+( 2a)hv V26, (8 +1) )sm(%)
e,0,x ® ) 20) 5
0 (t) = | oy | + ( by 4 \[5 (&w+ 1)) sm(th)+< W'Z-,x +v28, (8w+1)> sin (55%)

[ o <a);,’z o (1 (et 1) W)) ' (20)

_ae,O,x t

— | ooy | R (@0) [ exp(@)dr (@p+ (SoMo—1) @)
0

| &e,0,z ]

o (wh‘ fBW(SW+1)) sin(th)+( 20y \f5w(8w+1)sm(%)
(1) = a3) + (”W%HL%SW (sw+1)) sin(th)—|-<2%’-x+ﬂgw (gw+1)) sin (12)°

ae70,z (a)bJ—WZ <1_<8“+1>m>) t

V28, sin(tw,) \/ESWSIH(IT)Z
- 2w, + W, )
oy | s Bkl |, -

—t4/1-8,2
ae,O,x

t
= [, | +R7(@0) | exp(@)dr (@5 + (SuMo—1) )
e 0,z

+ R (ap) /0 ' exp(Q) @y Mo exp(—Q1) dr R(ao) (—g)

(Db\ . zwb,y B . 5
oo ( fﬁ (8w+1)) sin (tw;) + <_T V286, (8W—|—1)> sin (55%)

Oe(t) = | Ceoy | + (%+ﬁ5w(8w+1)> Sin(th)+(2%f"+ﬂ5w(ew+1)) sin (1)

ae,O,Z (wh,z — WZ <1 — (gll + 1) m)) t

, sin(tw, V238, sin( 5
_\/ZSWZWZ(I 2) Swn( : ) \% 5w sin (tWZ) 2511’1( ) m

sin(tw. V28, sin( 22 :
@ | V28 sintn) Wz(z) 80+ @, sin(th)M+ﬁ5Wsm(%)2 s  (22)

- /1_6W2 +%6wth
e 0,x

t
= | Gy | +R (o) / exp(Q1)dt (@ + (S0 Mo — 1) ©)
0
ae70,z

+ R (o) /O ' exp(Q) @y Mo exp(— Q1) dt R(ao) (—g) + R (ato) /O exp(Q1) dt QMo (@ x o)

It is only the addition of constant acceleration in case 9, shown in equation that causes the
orientation error to increase linearly over time.
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2

Pa g 58, (8 +1) ) sin(rwe) + — 2% /28, (& +1)) sin (5
Ole 0 2
te(t) = | ooy | + (“’bv fa (e +1)) sin(th)+(Lﬁjwﬁsw(ewﬂ)) sin (12

®e 0,7 (wb,z_wz <l—(8a+l)m>> t

[ V28, i V23, sin(12)? /
V2 ;VLT(IW) sm( 2 )2 \%25‘4; sin (1 w,) — 2sm(”2V ) 1—6,>
5, si V28, sin( 552 ) / .
+(X)g _ﬂ sin(tw,) Sm( 2 ) go—i-a)g sm(th) 1_5w2+\/§5w51n(%)2 Uo x

2w,

L —t\/l—éw %SWWZI
_t«/1—52 M%ﬂ %&Vtsin(th) 2tsin (5= )\/1—52 (23)

+ 7\1[3 ,+M s+ Og | 4 gin (1w,) m_yﬁ&vtsin(%)z sx

1 2
L ﬁ‘s t 2\[6 Wyt
Ol 0,x ¢
oy | +R (@0) [ exp(@0)dr (@5 +(SuMo—1) @)
ae70,z

R (@0) [ exp(1) QMo exp(— 1) drR(ao) ()
+RT (atg) /Ot exp(Q1)1dt @y Mo (@ x a) + R (eto) /Otexp(Qt)dthMw (@ % up+a)

However, rotation of the navigation system does not affect the orientation error in the axis parallel
to the rotation vector. Moreover, continuous rotation causes an increase in the error of orientation
determination in this axis due to the linearly increasing scale factor error.

The presented formulas assume velocity and acceleration in the X axis of the body coordinate system
and rotation about the Z axis of the body coordinate system. However, the presented effects are
satisfied for any cases of rotation. The observed effects will occur just on a different plane. To cover
other cases, more general, matrix formulas are also presented for equations to (23).

In the following part, we will again pass through all the considered maneuvers, this time analyzing
the position determination error.

Analyzing cases 1 and 2 again, this time in terms of the position determination error, shown in the
equations and (25), one can find a similar relationship as for the orientation errors from equations
and — the error depends only on the initial orientation errors and the time-dependent errors
(bias and random walk). It can also be seen that as long as the specific force is equal to zero, the
orientation and position errors are independent of each other (assuming the initial velocity error does
not depend on the orientation errors)

Pe0x+1Ve0x Lap t?+ 2vrwtd/?
P.(t) = Pe0yT1Veoy| + %aby >+ 3 ert3/2 (24)
Pe0z Ve 0,z %alm 2+ % vrw3/2
Pe0x+1Veox Lapt?+ 2vrwt/?
T 1
Pe(t) = | Peoy+1tveoy| +R" (00) | 3apyt*+3 ] vrwz3/ 2 (25)
Pe0z Ve 0,z 1 5 Ap; 12 + vrwt3/2

Only for cases 3 and 4, shown in equations(26) and (27), does the position determination error
includes the misalignment and scale factor errors of accelerometers and incorporates the effect of
orientation error on the position determination error. Leaving aside the scale and misalignment errors
of accelerometers, this is the case that is typically used to determine the accuracy of a navigation
system based on navigation duration.

Due to the increasing complexity of the relationships for case 4, some errors in equation are
presented in a general, matrix, form. For case number 5, similar to the orientation determination

8
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error, the position determination error does not depend on the direction and velocity of the object
motion and the errors equation is identical to case 4, presented in equation (27).

1
pe,07x+[V8707x fabxtz"i_ Ver3/2 | *?6(1 (ga+1)
Pe(t) = | Peoy+1veoy| + %abyt2+3vrwt3/2 +-2 | —p%(Et]) g
1 2,2 3/2 /
Pe0,z +tve707z iabzt ‘l‘gVI'Wl‘/ 1— 1_502 (8a+1) (26)
—L ooy =t P— Larwr /24 ‘[Swa)ggot3
+ %ae,o7xt2+6wb,xt3+lsarwt5/2 g&vwggoﬁ 80
0
DPe0x T 1Ve0x jabxt2+ VrWt3/2 1
Pe(t) = | Peoy+1veoy| +R (@) | %apyt>+ 3 vrws?/? +§t2RT(a0) (SaM,—1)R(eto) (—Q)
pe,07z+tve,0,z lab7zt2+ VI'Wl‘3/2
1 ®e 0,x 1 Wp x 4 arw 1
+ Efz Oy | +R" (ato) 8t3 W,y +EIS/2 arw |+~ @, Moy R(@) (-9) | | x(-9)
Ue 0.z a)bz arw
pe,O,x+tve,O,x jabxt2+ VI'WZ‘3/2 1
= pe,O,y"i_tVe,O,y +RT(aO) %aby +3VI‘Wﬁ/2 +§t2RT(a0) (SaMa—I)R<a0)(_g)
De0zF1Ve0 s labzt2+ vrw3/2
+/ / o.(t) x (—g)drds
(27)

Comparing case 6 from equation to case 1 from equation (24), and case 7 from equation (29)
to case 3 from equation (26), it can be seen that, also in the case of position determination error,
rotation of navigation system allows the error dependence on time to be reduced from a quadratic to
a linear dependence. the position error resulting from the orientation error in equation will be similar
to that for (27). However, due to the more complicated formula for orientation error (from equation
(21)), this component will not be expanded.

[ siniw.) sin(15¢)°
—apy (E_ ) )+2ab,x 22

_pe,O,x +1 Ve,O,x_ w, w,
pE(t) = p€707y +tv€707y + ab,x (MZ; sin t;"z) +2 q111(%)
| Pe0,z T1Ve 0,z : Wz | ) Wz
+§ ap ,t (28)
_pe,O,x+tve,0,x_ t ot
= | Pe0y T1Veoy +RT (V1)) / / exp(Qr)drdray
| Pe,0,z Ve 0,z ] 070
in(tw,) sin(122)?
sin(rw, sin{ —*
Pe0x Ve x —Adby (Mt/i T w2 ) +2ab,x w722
Pe(t) = | Peoy+1veoy| + (L - smw;) S, sn(%)’
ng(),Z‘i_tVe’O’Z ab"x Wy Wzlz dl; ahy sz
jab7zt
[ sin( “'1)2 i
76 (8a+1)< _sm(tw)+ fS (8a+1)
. 1wz 2
+|=J5 8 (eat 1) ( — sin ) V28, (8,+1) —( ) go+/ / A g)drdr (og)
3 (1—(8614—1)\/1—6“2) 2
pe,O,x+tve,O,x t ot
= | Pe0y T Ve oy +R" () /0 /0 exp(Qr)drdray
Pe0,z T 1Ve 0,z
+RT (ap) //exp Q1) (SuM, —1I) exp(—Qt)drde R(ag) ( +/ / a.(t g)drdt

9
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Result for case 8 in equation relative to the case in equation adds a component resulting
from centripetal acceleration in circular motion. The last of the analyzed cases, presented in equation
turned out to be too complex to be presented in expanded form in the paper. Hence, only the
general, matrix form is presented. However, it is the most general form, including all of motion
parameters, and divided so that interpretation of the individual components is straightforward.

wz 2
t sln( w 2) SIH(IT‘)
Pe0x Ve 0x “aby (w - ) +2ap w,2
wz \2
Pe(t) = Peoy+1tveoy| + ¢t sin@ L ) 5m('T‘)
apx 50 — +2ay, 2
pe~0~,z +tv370~,z ’ ) &1 l‘2 "

75 (ga+1)< _sm(tw >_|_ \/55 (£a+1) mn(%)z
~ b et ) (£ —mgw ) +-V28, (sﬁl)M %

w.

3 (1—(ea+1)\/§> 12 (30)

- <l—(ga+1)m> (t_smtw )+\[5 (Sa—l—l) (%)2
+ 7584 (e +1) (t—%)_z <1_(£a+l)m> sin(f’z)z Hox

s Sowe (ga+1) 2

+/ / 0. (1) x (R (@) exp(Q1) (@ x ug) — g) drdr

Pe(t) = Poo+1veo+R (o) /Ot/otexp(ﬂt)dtdtab
VR () [ [ exp(@0) (5, My 1) exp(~Q) i R(@o) (~g)
+ R (ato) /Ot /Otexp(Qt)dtdt (SuMa—1) (a+ @ x o) (31)
+ R (ato) /r /’ exp(Q1)rdeds (SuMy—1) (@ x a)

+//ae x (R" (ag) exp(Qt) (a+ @ x ug+ @ x at) — g) dedt

The conducted analysis shows that assuming piecewise values of motion parameters, each fragment
of the trajectory can be analyzed separately. It is only necessary to assign appropriate initial con-
ditions resulting from the preceding fragments. Moreover, the impact of each error within a single
trajectory fragment can be analyzed separately.

The analyzed cases of maneuvers in which there was no rotation seem to be trivial. However, they
made it possible to show the influence of the individual motion parameters and the parameters of
the measurement system model on the resulting errors of orientation or position determination. The
obtained results indicate that the errors accumulating during steady motion do not differ from the
errors accumulating when the object is stationary, and depend only on time. This observation allows
to conclude that it is sufficient to determine errors on the basis of navigation duration complemented
with more detailed analysis only for fragments containing high dynamics of motion (significant accel-
erations, or changes of direction — especially the rapid ones).

The analysis of cases of maneuvers with rotation returns more interesting results. It can be seen
that in many of the analyzed cases, the orientation or position error is the product of the appropriate
integral of exp(Q(¢)) and a constant vector. Equation presents the first integral of exp(Q(z)) for
rotation about the Z axis.

t W, e
/OexP(Qt)dt: 2sin( ")’ sin(tw,) 0 (32)
0 0 ;

10
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Already that allows to notice that continuous rotation allows to reduce the dependence of the error on
time, in the plane perpendicular to the rotation axis, by reducing the exponent at variable ¢ by 1.

5. Conclusions

The paper presents an analysis of the results of calculations of errors of orientation and position
determination for an unaided strapdown inertial navigation system under the influence of various
maneuvers. The method used allowed for the determination of analytical formulas, which made it
possible to clearly observe and understand the existing dependencies. On the basis of the presented
formulas, conclusions were drawn concerning the propagation of navigation errors both in the case of
the occurrence of low and high dynamic motion. This will allow more accurate analysis of navigational
systems and more precise specification of requirements for selecting measurement systems.
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