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Application of Aided Inertial
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Aperture Sonar Micronavigation

A. Tesei and M. Pinto

Executive Sumimnary: Image quality is considered a major issue in or-
der to classify a detected MIne-Like ECho (MILEC) as a MIne-Like COntact
(MILCO). Synthetic Aperture Sonar {SAS) is proposed for increasing the sonar
cross-range resolution, hence to provide high-resolution images. Short-term,
high precision navigation has been recognized as critical to SAS image quality.
Short-term navigation is the positioning and attitude estimation of the under-
water vehicle travelling over the time interval of a typical SAS aperture (i.e.,
100 s maximum).

To the purpose of promoting research in this field SACLANTCEN has re-
cently procured a high precision Aided INS (AINS) consisting of inertial naviga-
tion system (INS), Doppler Velocity Log (DVL), depth meter and intermittent
DGPS fixes. This report describes and predicts by theoretical investigation and
simulation the short-term navigational accuracy of the INS system operating
in free-inertial mode.

By modelling the main components of INS measurement errors and performing
error analysis, the feasibility of short-term free inertial navigation is evaluated
with respect to the accuracy constraints imposed by SAS processing. By means
of Navlab, a navigational simulator/estimator provided by NDRE (Norwegian
Defence Research Establishment), this theoretical error analysis is.statistically
validated on a simulated typical mission configuration. Although the selected
strapdown INS is one of the best available, providing very accurate attitude
measurements, its accuracy in positioning is insufficient when compared with
SAS requirements.

Future research will address the reduction of low-frequency residual position
errors by designing an architecture to integrate the INS measurement with tra-
ditional aiding navigation sensors (DGPS, Doppler Velocity Log, depth meter,
etc.), as in standard Aided Inertial Navigation Systems (AINS), and SAS-based
micronavigation techniques.

After preliminary tests, this navigation system will be installed on an Au-
tonomous Underwater Vehicle (AUV) for AUV navigation and SAS processing
to determine whether image quality gives the classification capability.
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Application of Aided Inertial
Navigation System to Synthetic
Aperture Sonar Micronavigation

A. Tesei and M. Pinto

Abstract: In order to improve short-term navigational accuracy, critical
to successful SAS processing, a high-quality Inertial Navigation System (INS)
is investigated, which consists of an inertial measurement unit (IMU) and a
strapdown navigator. Although the strapdown INS recently acquired at SAC-
LANTCEN is one of the best available, the accuracy of positioning remains
insufficient, in particular for high-frequency SAS. The INS performance was
predicted via 1-angle error analysis of the navigation equations and a naviga-
tional simulator/estimator provided by NDRE (Norwegian Defence Research
Establishment). The short-term residual errors of position and attitude dis-
placement were analyzed in terms of dominant measurement error components
and their sources. Preliminary results show that the attitude error is negligible
due to the low values of gyro bias and white noise. The position displacement
error is dominated by a quadratic drift due to accelerometer bias. Integrat-
ing the INS with additional navigation sensors (e.g., Doppler Velocity Log,
depth meter, etc.) and SAS motion compensation techniques by means of an
appropriate fusion architecture will significantly reduce the most critical er-
ror components. The design, development and test of the combined SAS-INS
architecture will be the main objective of future work.

Keywords: Inertial Navigation Systems o Short-term error mechanisms o
Micronavigation
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1

Introduction

Short-term, high precision navigation is critical to Synthetic Aperture Sonar (SAS)
processing. Short-term navigation is defined as the positioning and attitude esti-
mation of an underwater vehicle travelling over the time interval corresponding to
a typical SAS aperture (namely, SAS Integration Time - SASIT). The maximum
extension of this time interval is of the order of 100 s.

The sensor package incorporated in a recently procured very high precision Aided
Inertial Navigation System (AINS) consists of an inertial navigation system (INS),
Doppler velocity log, depth meter and intermittent DGPS fixes. The data acquired
are fused by an extended Kalman filter. After preliminary tests, this navigation
system will be installed on an Autonomous Underwater Vehicle (AUV) where it will
be used for AUV navigation and SAS processing.

This report describes and predicts by theoretical investigation and simulation the
short-term navigational accuracy of the INS system which is included in the AINS
package, and assumes to work in free-inertial mode. Through the modelling of main
components of inertial sensor measurement errors and 1-angle error analysis of the
strapdown navigation equation mechanism, the feasibility of short-term, free inertial
navigation is evaluated under the accuracy constraints imposed by SAS processing
and its most critical limitations are outlined.

Error analysis is performed at short term (over a typical SAS aperture) and sepa-
rately on the error components introduced by the inertial measurement unit (Sect.
2). The maximum error budget accepted on vehicle positioning and attitude compu-
tation is established according to the navigational precision requirements of position
and attitude displacement errors imposed by SAS processing along an aperture (Sect.
3). The theoretical analysis is statistically validated on a simulated typical mission
configuration using NavLab, a navigational simulator/estimator provided by NDRE
(Norwegian Defence Research Establishment) (Sect. 3).

A subsequent report will describe the integration of the INS with the additional
sensors included in the AINS. Accuracy will be evaluated from a theoretical point

of view and by simulation.

Although the selected strapdown INS is one of the best available, the accuracy
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of positioning is expected to remain insufficient, in particular for high-frequency
Synthetic Aperture Sonar (SAS) [1]. Aiding the AINS-based navigation with SAS
motion compensation techniques by means of an appropriate fusion architecture will
significantly reduce some of the residual error contributions, in particular those low-
frequency residual error contributions related to constant accelerometer bias which
causes significantly high quadratic position displacement errors. Future research
will address fusion architecture design to improve short-term navigation accuracy
by merging the SAS-based micronavigation approach [2][3] with the more traditional
AINS-based methodology.

SACLANTCEN SM-368 -2 -
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An Inertial Navigation System
(INS) for micronavigation

The use of a traditional INS system for short-term high precision navigation is
described. Positioning accuracy is evaluated by theoretical investigation. The results
of this study are confirmed by simulation in Section 3.

The basic component of a typical AINS system, i.e., the strapdown Inertial Navi-
gation System (INS), is described, and its error modelling and mechanization are
proposed.

2.1 Mathematical notation

In order to describe the navigation system and error mechanization a suitable nota-

tion was defined (Table 1) [4].

The specific dynamic vectors involved in the navigation system are defined in Ta-
ble 2 [4]. Whenever the symbol superscript C' shown in the table is omitted, the
related reference frame is assumed to coincide with the frame A of the symbol sub-

script.

2.2 The strapdown Inertial Navigation System

The strapdown INS consists of an Inertial Measurement Unit (IMU), its platform
and an inertial navigation system. The IMU sensors are three accelerometers and
a 3-axis gyro. On the basis of the inertial measurements provided by the IMU, a
suitable navigator is designed which is devoted to describe the sensor platform and
the vehicle dynamics with respect to the Earth.

Inertial navigation systems solve the Newton’s force equations from measurements
(i.e, the accelerometer outputs) of specific force applied to the body and coordina-
tized in a frame the orientation of which with respect to an inertial frame is known
via the three-axes gyro. For “body” (b) the sensor platform is intended. This must

= 8= SACLANTCEN SM-368
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[ SymbolT Description J
k coordinate free (or “symbolic”) generic vector (not decomposed in
any coordinate system)

K matrix

a:¢ . . . g o

%k time derivation computed in the coordinate system C

kS5 generic vector defining the linear position, velocity or acceleration

of the origin of the coordinate system B relative to the coordinate
system A (as well as attitude, angular rate or acceleration of the
B frame with respect to the A frame), decomposed in the reference
frame C

Table 1 General mathematical notation.

be installed on the vehicle so that its axes (Roll, Pitch and Yaw) are aligned with
the vehicle Bow, Starboard and Down respectively (Annex A).

If a generic rotating frame, =, is used as reference frame with respect to which to
compute time derivations, the change with time of the body linear speed, 7,5, with
respect to the ground (i.e., to the Earth ¢) is expressed in terms of the body speed
referred to the Inertial system (), U;5, as follows:

d_ " d_

i = d—tvib
The vector pep, is the body position with respect to the Earth. The term @; A (i A
Peb) Tepresents the centripetal acceleration, the term 2@;. Av,;, the Coriolis effect; the
term We, A is due to the rotation of the reference frame . The relation between the
body position derivative computed in the r frame and the same derivative computed
in the Earth-fixed (e) frame is:

d

T

e “_jie A (d;ie Aﬁeb) - (2‘;51'6 + ‘Eer) A 175[;. (1)

—

Veb

P

¢ d
+ Wer A Pep. (2)

Epeb = Epeb

The reference frames further than r, that is b, e and 4, are the Body, the Earth-

T
fixed and the Inertial frames are defined in Annex A. Notice that the term %@bl
corresponds to the acceleration "d;, that can be expressed as the sum of the inertial
specific force f;; sensed by the body and the Earth mass attraction g;;:

d_|" .. 2 Lo
Z; 0| = "dib = fio + Gav. 3)
Hence Eq. (1) can be rewritten as:
d,|" . - - = —
Eﬁcb = fib + Gib — Wie N (Gie A Peb) — (2de + "jer) N Uep. (4)
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“Symbol ] Definition Description
PAB - Position vector of the origin of the coordinate sys- |
tem B relative to the coordinate system A (i.e.,
the vector starts from A origin and points to the B

origin)
c 0 .
CUap %ﬁAB‘ = CﬁAB linear velocity of the B origin relative to the A ori-
gin, observed from the C frame
c o
CGap %'UAB’ = C¥4p | linear acceleration of the B system origin relative
to the A system origin, observed from the C' frame
WAB angular velocity (or rate) of the coordinate system

B relative to the coordinate system A

Table 2 Definition and notation of the main dynamic quantities.

We can define the gravity vector ¢’ ;» as the combination of the Earth mass attraction,
Jib, and the centripetal acceleration due to the Earth rotation. It is a vector pointing
towards the Earth geodetic centre, i.e., follows the perpendicular to the Earth surface
at the current location:

g'ip = Gib — Fie A (Jie A Pep)- (5)

Now Eq. (4) can be rearranged as follows:

AP = = L
Zi0e| = fivt g — (2Wie + Wer) A Vep. (6)
If all the involved dynamic quantities are now coordinatized in the generic r frame,
Eq. (6) becomes:

vy =, + 8" — (2wl + W) A Ve, (7)

In order to navigate over large distances (order of some km), navigation in-
formation is commonly computed in the current local geographic reference frame /
(also called navigation or “North, East, Down” (NED) frame), described in terms
of north and east components, longitude, latitude and height and referred to the
Earth. This is called local frame mechanization and the related navigation equation
is obtained by substituting r with [in Eq. (7). It simplifies the representation of the
Earth’s gravitational field and is suitable for taking into account the curvature of
the Earth.

In this mechanization the force filb can be expressed in terms of the same force as
sensed by the IMU, i.e., coordinatized in the body frame:

£}, = Cyfih, (8)
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where C{, is the Direction Cosine Matrix (DCM) used to transform a vector measured
by the IMU (hence related to the body frame) into the local axes (see Annex A).
This matrix propagates according to the equation:

Cy = Gy, (9)

where Qf’b is the skew symmetric form of w,bb, i.e., the body rate with respect to the
navigation frame, decomposed in the body frame. This quantity can be derived from
the body angular rate with respect to the inertial frame (measured by the IMU),
wll-’b, and the computed angular rate of the navigation local frame with respect to the
inertial axes, w). The latter term comes from the sum of the Earth’s angular rate

re the inertial frame (w! ) and the transport rate of the local frame (w!;). Hence:

b b b b by 1 !
wpp = wip — wi = wip, — O (w;e + wyy). (10)

The Earth rotation rate relative to the inertial frame, which is represented by a
vector with constant modulus (2 directed along the polar axis pointing to the North,
is represented in the [ frame as:

wl, = Clwe = [Qcos (lat), 0, — Qsin(lat)]. (11)

e¥ie
If the body velocity with respect to the Earth represented in the [ frame is defined
as V[eb = [uvn, vE, vD]T, then it is easy to express szt in terms of geographical

coordinates (in particular, latitude, lat, and altitude, h) and v;:

- —vg tan (lat
N — vE UN vE an(a)]T

" 'Rg+h’ Rv+h’ Ry+h
Notice that h is conventionally positive above the sea level. Equation (12) is valid
when the Earth model is ellipsoidal, in which case the following definitions are

(12)

applied:
RL’ T (1—e2sin?(lat))i/2
R(1—e?)
By = sy "
R=\/RpgRy

where the quantities R and e are defined according to Table 3 and set up by selecting
the geodetic WGS-84 model as reference ellipsoid. As in first approximation we

assume the Earth to be spherical, then Rg = Ry = R.

Finally, the position vector pib has as magnitude the sum of the altitude h (assumed
positive above the sea level) and the distance R.; between the Local frame origin
and the Earth centre, and, under the hypothesis of spherical Earth, is directed along
the Down axis:

Py = [0, 0, — (Ra+h)"; (14)

hence the gravity vector as seen from the [ frame can be expressed as:

Q*(Ra+h
g’ﬁb =gl - izl:u [sin (2lat), 0, (1+ cos(2lat)]”. (15)

SACLANTCEN SM-368 -6 -
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| Ellipsoid parameter | Symbol | Value (WGS84) |
7 6378137.0 m
6356752.3142 m
= (R—-7)/R | 1/298.257223563
= /f(2—f) | 0.0818191908426

7.292115(107°) rad/s

| Equatorial radius

Polar radius

flattening

major eccentricity
Earth rate

D ® [~n| 3|y

Table 3 Definition of Earth ellipsoid parameters and setting of appropriate values
according to the WGS-84 model.

2.2.1 Short-term error mechanisms and analysis (y-angle error approach) of IMU
accuracy in positioning

For the purpose of error analysis, the navigation system can be viewed as attempt-
ing solutions of the navigation equations in position, linear speed and attitude with
respect to either a computer frame, ¢ (according to the i-angle error approach), or
a true frame, t (according to the perturbation error approach). Both these frames
correspond to particular r frames and are assumed to nominally coincide with the
local level navigation frame I. The error analysis is assessed according to the ¥-angle
error approach [5] which is proved to be equivalent to the perturbation error anal-
ysis, which in turn is more intuitive, but implies more complicated error equations
because of the presence of higher number of terms. The computer frame c is defined
as the “corrupted” version of the local level frame [ as computed by the navigation

system.

For SAS applications it is necessary to evaluate over a SASIT period the error in
sonar position displacement with respect to the aperture beginning, 6p.;. The sonar
phase centre is selected as sonar reference point S. The sonar position displacement
error consists of the sum of the body position displacement error as computed by
the navigation system and the error in measuring/computing the lever arm between
S and the navigation system reference point B (which is assumed to coincide with
the body frame origin):

OPes = Ofeb + 6 Lps. (16)

IMU Platform position error

According to the ¢-angle error analysis, for small error angles and under the hypoth-
esis, generally accepted, of exact knowledge of the quantities wf, = w§, wé, = w¢,
wi, and Cg, the error equations of platform (i.e., body) position, linear speed and

ie

-7~ SACLANTCEN SM-368
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attitude, referred to the Earth and decomposed in the computer frame, are [1][5][4]:

8Py, = —wee A OPG, + Vg,
0Vey = £ A Y + 0875 — (2w, +wge) A dvg, + O (17)
gb == (wice + wgc) A ¢§b - wab

where:

0pé, and v, are the IMU navigation position and velocity errors respectively,
decomposed in the c¢ frame,

¢, is the vector of misalignment angles between the body frame b and computed ¢
navigation frame (being a misalignment vector the angles are supposed small),
dg's, is the error in the gravity vector as seen in the computer frame,

w¢, is the transport rate vector of the navigation frame with respect to the Earth,
as seen from the navigation frame (being null in the case of a computer frame fixed
re. the Earth),

0f5, and dwj, are the accelerometer and gyro sensor errors respectively as seen from
the computer frame.

Over a SASIT interval, lasting from 10 to 100 seconds in typical applications, this
model is simplified. Variables are defined as the sum of their value at the SASIT
start, indicated with the instant £y, plus their changes with time:

Y = Yo+ Ay (18)

(all the variables with the subscript “0” are referred to the time instant #p). At
short term, the following hypotheses are formulated: the accelerations along a SAS
aperture (performed along a straight line path of the vehicle trajectory at nominal
constant speed) are expected to be small; the Coriolis effect and the transport rate
(which here is identically null being the Iy frame fixed re. the Earth) are assumed
to be negligible; the gravity error is assumed to be constant over the whole SASIT
and equal to the value in ¢g (i.e., 6g';, = dg’y). Finally only the IMU sensor errors
as seen in the body frame are available, hence their transformation between b and ¢
frame is needed (i.e., 6f5 = C{ofY, dws, = CLoEL).

Under these hypotheses the set of equations (17), approximated at the first order,
becomes:
opgy = Ovgy
59, = T A o — 85 A S, + 6’y + G5Ol (19)
Ve = DG, = —wi, A¥G — Ciduly

As aforesaid, we are interested in the error in position displacement relative to
the aperture beginning, computed along a SASIT period. This can be obtained
from the navigation equations above by integration of accelerations and velocities.
Integration must be computed in a frame remaining fixed with time. To this aim,

SACLANTCEN SM-368 -8-
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although over an aperture the local level changes are negligible, in order to follow
a rigorous approach, we decide to select as c the initial local level frame Iy, that is
the Earth-fixed local frame centred on the vertical of the position occupied by the
body at the SASIT beginning tg. The ly frame is sketched in Annex A, where it is
also related to the current ! frame (centred on the vertical of the body position at
the present time ¢ within the SASIT).

Now, as described in Annex B, by integration between the aperture initial time ¢g,
set to 0 without lack of generality, and the generic time ¢ within the SASIT, the
approximated short-term IMU position and angle misalignment displacement errors
in the computed [y frame, ¢, become:

2
ops, = (P, — Vot) Ao + dvpt + (5g’0 — gig A ¢0) !2_+
+g2 A (WS, A o) & + 8pS, + 6P (20)
Mg = — (W, Ao)t — Jy Cgbwhdr,

where 6p¢ and dp¢, are the position displacement errors due to the accelerometer
and gyro errors respectively, defined as:

épg = [ fclfaf-i%deTl (21)
ope, = g9 A [ [ Ceduldrdr'dr”

The IMU errors are modelled in a more or less accurate way depending on the detail
in the sensor specifications provided by the constructor.

Taking into account the standard parameters usually available from a constructor
of high quality systems, the accelerometer error 5fil}) is modelled as follows:

5, = A + Ay + No(£5)? + na, (22)
where:

A is the accelerometer bias repeatability, which is generally modelled with a Markov
process of the first order. However, being the time constant of the Markov process
usually much bigger than a typical SASIT period, A can be considered time invari-
ant.

A is the accelerometer constant scale factor matrix:

08a,0 0 0
A= Ya,yz 55a,y 0 s (23)
Ya,zy  Yazz 05a.:

where ds,; (1 = z,y,2) are the accelerometer scale factor errors and v4; (3,7 =
z,y,z) are the nonorthogonality angles of the input axis ¢ with respect to axis j.

-9 - SACLANTCEN SM-368
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The matrix A is lower triangular as the accelerometer x axis is assumed to coincide
with the body frame z axis.

N, is the accelerometer constant scale factor nonlinearity matrix:

0ng o 0 0
No= 2| 0 ngy O ) (24)
0 0 g ;

where dn, ; are the scale factor nonlinearities.
Finally 7, is the vector of white noise.

By expressing the accelerometer error in terms of the sensor error parameters, the
position displacement error due to the accelerometer becomes:

5pS = / / Cs (A + ALY + Na(£4)? + na) drdr’ (25)

The hypotheses of good vehicle stabilization and small misalignment angles between
lp and ¢ frames over an aperture are assumed. Hence by expressing the force f
in terms of acceleration and mass attraction (the latter assumed to be constant
over the SASIT time), the position displacement error due to the accelerometer,
approximated at the first order, is:

2
Spi~ AL 4 CpAf [abdrdr +CoN, [ [ ((ag?,,) - Qagbgg?b) drdr'+
+ [ f Cenadrdr,

(26)

where by is the body frame at 3 and now the time-invariant bias term A’ contains
not only the accelerometer bias but also terms depending on the gravitational field:

A'=Cf, (A + Agh + Na(gh)?) . (27)

Notice that if g is the Earth mass attraction magnitude, assumed time invariant
over a SASIT period, gﬁg is expressed as:

go=[0 0 g, (28)
which is computationally very convenient.
The gyro error dw}, is modelled as:
Swhy = € + Twhy + No(wiy)? + e, (29)
where:

€ is the gyro bias repeatability. The same consideration as stated for the accelerom-
eter bias can be applied; hence € can be assumed to be time-invariant over a SASIT

period.

SACLANTCEN SM-368 -10 -
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' is the gyro scale factor error matrix, which is time invariant:

55w,z Yw,zz  Yw,zy
A= Yw,yz sz,y Y,y > (30)
Yw,zy  Yw,ze sz,z

where ds,,; (¢ = z,y, z) are the gyro scale factor errors and v, i; (¢, = ,y, z) are
the nonorthogonality angles of the input axis ¢ with respect to axis j.
N, is the matrix of gyro constant scale factor nonlinearity errors:

ongaz O 0 ]

0 0 ong ;

where dn,, ; are the scale factor nonlinearities.
Finally 7, is the gyro angular random walk.

By expressing the gyro error in terms of the sensor error parameters, the position
displacement error due to the gyro becomes:

605 = (83n) [ [ [ Ci (e Tl + Nu(wh)? + m) drarar”. (32

Under the same assumptions as adopted for accelerometer error analysis, the position

displacement error due to the gyro approximated at the first order becomes:
oot~ (g8 AChe) 5 +8ACET [ [ whdrdrdr+ -
+g9 ACE N, [ [ [(wh)2drdr'dr" + g A [ [ [ Cinudrdr'dr”.

2.2.2 Lever arm error and sonar-IMU angle misalignment error

The sonar phase centre, which is assumed to be the origin of the sonar body frame,
S, is located in a different point of the vehicle with respect to the IMU body frame
origin, B. The consequent lever arm Ly, between the IMU body frame origin and
the sonar phase centre which must be precisely measured and decomposed in the ¢
frame, follows the dynamic equation:

L5, = Cf (wh A LY,) + CGEL,. (34)

In order to estimate the measurement errors, perturbation analysis is applied and
the lever arm correction error approximated at the first order results to be:

oLg, = [i 8 (C (whALY,))dr =
= 1%, 6Cg (b A TL) dr + 1 Cs (sl ATL) dr + [ C (s ALY, dr
(35)

— Il = SACLANTCEN SM-368
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Among the three terms, depending respectively on body misalignment errors, body
angular rate errors and lever arm errors, only the third is considered significant,
the other two being infinitesimal of second order, hence negligible, due to vehicle
stabilization. Hence, assumed ¢y = 0 as in Section 2.2.1, we obtain:

t
SLE, ~ / G (wh A 5LE,) dr. (36)
0

The sonar array and the IMU platform are oriented in such a way that the sonar
reception beam is perpendicular to the IMU body frame z axis. Hence the body and
sonar frame axes directions ideally coincide apart from the roll angle ¢, of which
the sonar frame is rolled for impinging a certain area of the sea bottom. This roll
angle can be assumed to be constant over a SASIT and equal to the value assumed
in ty. However, because of boresighting errors, the IMU body frame is also expected
to be misaligned with respect to the sonar body frame by a constant and typically
small vector .

Now, called dp;, the error in sonar position displacement along a SAS aperture
re. the aperture beginning, and A%, the change in the sonar angle misalignment
along an aperture re. the aperture beginning, both decomposed in the ¢ frame, these
two error quantities can be expressed as:

5ps = (PS, — vot) Ao +dvot + (58'o — g5 A o) 5 + &5 A (Wi Ao) §+
+40pg, + op;, + SL;,
AYS, = AYg = — (W, Aot = fy Cdwhdr.
(37)
where the IMU sensor error terms, the lever-arm error and the IMU body angle
misalignment are expressed according to Egs (26), (33), (36) and (20) respectively.

2.2.3 Position displacement error. Discussion

If the error analysis is limited to the sonar position displacement over a SASIT, the
following considerations can be drawn.

The expression of the sonar position displacement error of Eq. (37) can be rearranged
as:

5pgs = TO + Tl,a + Tl,w + T2,a + TZ,w + T3,a + T3,wa (38)
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where the “T” terms are defined as:
To= (Yo Avo+dvo)t,
2
Tio= (6g5-88Av0+A")%,
3
Tiw= g§A(Chetws o),
2
Toa= P Ao+ C5Af [abdrdr + CL Ny [ [ ((aﬁ.’b) = 2a§bg§b) drdr,
Ty, = gf‘g A (C’goffffwzl-’bd‘rdr'dT" + Cy, waff(wfb)2d7'dr’d‘r") +
+ Ju C (wh, A SLE,) dr,
T30= [ [Cinadrdr’,
T3 gf;g A [ [ [ Cinpdrdr'dr”.

I

(39)

The T term contributions are considered separately.

Error contribution from Ty

The Tg term varies linearly with time according to a constant coefficient that de-
pends only on attitude misalignment (through ) and velocity computation error
at the start of the aperture. It does not depend on IMU sensor measurement errors,
hence it is of limited interest for IMU quality evaluation.

Error contribution from T1 4 and Ty,

The Ty, and T, terms are polynomial functions in time the approximately con-
stant coeflicients of which depend on alignment (through ) and bias errors (inertial
sensor biases A’ and ¢, and gravity anomaly dg’;) at the start of an aperture. That
the major source of position displacement error is due to acceleration bias [1] is
confirmed by the simulation presented in Section 3. Acceleration bias is the sum of
gravity anomaly (dg'(), accelerometer bias (A’) and gravitational field misresolved
by the horizontal angle misalignments (gig Ao = gl—voy, Yoz 0]7). Among
these three components the accelerometer bias usually gives the most significant
contribution.

If the system undergoes stationary alignment (i.e., at constant speed and with no
turns), the only angular rate sensed by the IMU is the Earth rate, having zero East
component in principle. The only acceleration sensed by the IMU is the gravity
force, which is assumed to have non-zero Down component only. As a consequence,
during this phase the horizontal misalignments are correlated with the accelerometer
bias and gravity anomaly, so that:

A’ +5g's = gl Ao (40)
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The Earth rate misresolved by attitude error (i.e., the angle misalignment between
b and lp), and in particular by heading error (i.e., the z-component of this misalign-
ment) is correlated to, hence can be compensated by, the gyro bias:

Cs e~ o A WS, (41)

The two T error terms become significant during (and hence, immediately after)
vehicle turns, when the acceleration bias is uncorrelated with the z and y components
of angle misalignments and the gyro bias is uncorrelated with wf, (= wf‘e’) As
detailed in [1], this is formally expressed by the following formulas for the position
displacement error variances due to T, and T, respectively:

1 0 9 g 0 ]r o
ag g 4

‘7;2;,1a o~ 1 0 [ crzA +17 0 g2 ag’” %,

1 g2 654 2 0 0 L “e o

g2 9292 0 g2Q2 ] o-éz ( )

6
Ug,m % g | o% + 0 ¢ 0 %, %,
| 0 0 0 0 || a3,

where 02A, ogsa 5 a2, ai:, afby, ail are the variances respectively of accelerometer

bias (assumed constant over the three components), z-component of the accelerome-
ter linear scale factor error, gyro bias (assumed constant over the three components),
and z-, y- and z-component angle misalignment. While rigorously the IMU sensor
errors should all be referred to the ¢ frame, a good approximation is achieved by
assuming them to be referred to the b frame under the hypothesis of small angles.
The scale factor non linearities and the gravity anomalies are neglected here.

As a consequence, the displacement error standard deviation due to the accelerom-
eter bias A’ varies in time with ¢2, while that due to the gyro bias e varies with
t3.

Error contribution from Tq, and Ty,

The T terms contain the coupling of the dynamic vehicle variables (in particular
body acceleration and angular rate) and the lever arm error with the inertial sensor
errors (in particular, scale factor linear and non linear errors and non-orthogonality
errors). Actually, only the random components of the acceleration and the angular
rate sensed by the body contribute to the position displacement error variance, not
the dynamic components attributable to vehicle motion imposed by the user and
hence are deterministic. For AUVs these random components are attributable to
waves and underwater currents.

The theoretical evaluation of these components in the case of a ROV (in which
case random accelerations and angular rates are applied because of periodic tow-
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cable forces induced by waves to the mothership motion) is formalized in [1] where
appropriate dynamic assumptions are introduced. The conclusions deduced in [1]
are that a high-quality IMU should provide sufficiently small scale factor and non-
orthogonality errors to be compliant with the most stringent accuracy contraints,
while the most significant, and so critical, error component should remain the lever
arm correction error. Further according to the example proposed in [1], for a global
error budget in terms of A\/16 fixed to 1.25 mm (corresponding to a sonar central
frequency of 75 kHz) should be kept in the order of 1 cm.

On the basis of the available NavLab simulator, neither the dynamic random vari-
ables of the vehicle motion nor the lever arm and its error can be realistically mod-
elled [4]. Hence the contribution to error from the T3 terms cannot be evaluated.
More detailed and precise error evaluation measurements (under controlled condi-
tions) of the motion of the AUV recently procured by SACLANTCEN will contribute
to realistic modelling of these random contributions and hence, their computation
in an extended version of the navigational simulator.

Error contribution from T3, and T3,

The T3, and T3, terms represent the contributions to position displacement error
due to accelerometer and gyro white noise respectively. As shown in [1], assumed
the sensor white noise components as Gaussian and reciprocal uncorrelated, it is
straightforward to derive the respective variances of position error contributions as:
0-}22,3(1 = [qna,za na,y» q’layl]T %’ (43)
2 T ¢%t5
Optw = oy nuz O o5
where rigorously the g terms are the spectral densities of the accelerometer and
gyro white noise components referred to the ¢ frame. As for the previous term
analysis, under the hypothesis of small angle misalignment, they correspond with
good approximation to the spectral density values provided by the constructor (i.e.,
refered to the b frame).

As a consequence, the displacement error standard deviation due to accelerometer
random noise 7, is shown to vary in time with t3/2, that due to gyro random noise
N with /2,

Even in the case that the INS is aided by other navigation sensors and an EKF
approach is used for data fusion and navigation accuracy improvement, the IMU
white noise components cannot be filtered out at short term. However for high-
quality IMUs the spectral density of the gyro white noise is generally sufficiently
small to be acceptable [1]. Analogously, the white noise of the IMU accelerometers
must be requested to be low as a critical sensor specification. In Section 3 the effects
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and levels of these two error contributions will be shown and compared for the high
quality sensor procured by SACLANTCEN.

2.2.4 Displacement of attitude misalignment. Discussion

The error analysis of the sonar attitude displacement re. the aperture beginning

(¢¢,) is considered now. The error expression of Eq. (37) can be rearranged as:

A, =Prou +Pay + P3y, (44)
where the “P” terms are defined as:

Py, = (Cge+ws Ado)t,
Py = —C,T fywhdr = Cp N 5 (wh)?dr, (45)
P;. = — Jy Cinudr.

The P term contributions are considered separately as follows.

Error contribution from Py,

The Py, is approximated with a polynomial function of the first order in time, the
roughly constant coefficient of which depends on alignment errors (through 1) and
gyro bias error € at the start of an aperture. Hence the same considerations as drawn
for the position error 71, term are applicable here.

During stationary alignment phases the Earth rate misresolved by attitude error is
correlated to, hence can be compensated by, the gyro bias according to Eq. (41).
As explained in Section 2.2.3, the Py, error term becomes significant during (and
hence, immediately after) vehicle turns, when the gyro bias is uncorrelated with wy,.
This is formally represented by the following expression for P, variance:

1 0 0% 0 a%z
05 1w S 1|2+ Q%> 0 Q2 ai, ||t (46)
1 0 92 0 o,

Hence, the attitude displacement error standard deviation due to the gyro bias €
varies with ¢.

Error contribution from P,
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The P3,, term contains the coupling of the vehicle angular rate with gyro scale
factor linear and non linear errors and non-orthogonality errors. Analogously to
the position error T9 components, only the random components of the angular
rate sensed by the body contribute to Py, error variance. In the present NavLab
version, these random components cannot be simulated/estimated, hence the Py,
term cannot be discussed here, but for high-quality IMU sensors Ps, contribution
to global error is expected to be negligible [1].

Error contribution from P3

The P3, term represents the contribution to attitude displacement error due to gyro
white noise 7,,. As derived in Section 2.2.3, it is assumed that the sensor white noise
components are Gaussian and reciprocally uncorrelated, hence the P3,, variance is:

2 T

O 3w — [an,za dnu,y> q%,z] t. (47)
As discussed with reference to Eq. (43), if the ¢ terms are the gyro white noise
spectral densities referred to the ¢ frame, the equation above is exact, but a good
approximation is achieved by using the corresponding spectral density values referred
to the b frame and provided by the IMU constructor.

We can notice that the displacement error standard deviation due to the gyro ran-
dom noise varies with v/¢. This result could be easily forecast as this angle error

contribution comes from the integration of white noise, i.e., is a random walk pro-
cess [6].
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3

INS error analysis based on simulation

In this chapter the validation of the theoretical considerations drawn in Section
2 is addressed by simulation. This allows the evaluation of short-term position
and orientation accuracy achievable by means of an INS system rigidly installed
with the sonar array on an underwater vehicle. The comparison of the forecast
estimation accuracy with the requirements imposed for guaranteeing SAS image
quality is outlined.

The quantification of the error affecting the position and attitude displacements of
the sonar along a SAS integration time (i.e., by short-term analysis) is performed in
terms of main contributions of sensor measurement errors on the basis of simulated
data analysis.

3.1 Test procedure for error statistical analysis

The error analysis purpose is to statistically evaluate the position and attitude dis-
placement errors over the time window of an aperture (i.e., over a SASIT) with
respect to the accuracy constraints imposed by the selected SAS application.

To perform SAS, a sonar aperture consisting of multiple transducers assembled in a
rigid frame is mounted on a stable underwater vehicle. The transducer signals are
continuously acquired and processed over a sliding time window, corresponding to a
SASIT period. The acoustic wavelength, the SASIT length, and the rate of update
of the related time window, known as the pulse repetition frequency (PRF), depend
on the application.

Given the sonar central wavelength A and the sonar array length L., the AINS
is required to provide navigational estimates of the sonar phase centre during an
aperture with a maximum tolerated error of A/16 on position displacement and of
A/(8L,) on attitude displacement.

In order to give typical values of these thresholds in the case of common SAS appli-
cations, three examples are selected here:

e hunting of buried mines by means of Low Frequency (LF) sonar;
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¢ hunting of proud mines by means of High Frequency (HF) sonar;

e seabed survey at intermediate frequencies.

In the first case the sonar central frequency is set to 10 kHz, in the second case the
central frequency of the sonar is set to 300 kHz, in the last case the central frequency
is supposed to be 50 kHz.

On the basis of main sonar and SAS parameters characterizing the three pilot ap-
plications the corresponding error thresholds can be computed, as summarized in

Table 4.

SAS Parameter LF sonar HF sonar Survey sonar
(buried mines) | (proud mines)

Wavelength A (cm) 15.00 0.5 3

Min. array length L, (m) 0.06 0.8 4

SAS Length L (m) 22.50 20.0 15
SASIT (s) 15.00 14.0 10
Position error threshold l’\—ﬁ(cm) 1 0.030 0.200
Attitude error threshold i(o) 18 0.045 0.054

Table 4 Definition and value of the main SAS parameters and related constraints
for three pilot applications.

The test procedure is shown in Fig. 1. The navigational simulator/estimator NavLab
was developed and provided to SACLANTCEN by NDRE (Norwegian Defence Re-
search Establishment) [4] (Annex C). The capabilities of NavLab include naviga-
tional sensor data simulation, IMU navigation equation solution and KF-based data
integration and navigation estimation from various types of sensor data. This report
is limited to:

e on the basis of a selected test configuration, simulation of the ideal (i.e., true)
values of all the vehicle dynamic variables involved in navigation (namely, geo-
graphic position and orientation, linear and angular velocities and accelerations
of the vehicle) as time varies, i.e, along the specified trajectory;

e simulation of sensor main error contributions on the basis of the IMU sensor
specifications;

e from the combination of the first two results, simulation of the outputs mea-
sured by the selected IMU (i.e., inertial force and angular rate);

e solution of the strapdown navigation equations using as inputs the simulated
measurements. It corresponds to the navigation result in free-inertial mode in
terms of vehicle position, attitude and velocity computation. The comparison
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INS accuracy

evaluation for
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Figure 1 Scheme of test procedure for error statistical analysis.

between the navigator outputs and the true corresponding quantities allows
the evaluation of the system error.

For a selected test configuration, a set of runs are performed so that a statistical
analysis in terms of the values and changes with time of error standard deviation
along a SAS aperture can be obtained. The standard deviation values of position and
attitude errors can be compared with the error thresholds imposed by SAS accuracy
requirements for a certain application, so that the maximum SASIT duration can
be estimated and compared with that effectively required by that application (see
Table 4).

In a more detailed error analysis, by means of the simulation results it is also possible
to perform a statistical evaluation of the main error contributions of the IMU sen-
sor separately. This allows one to select/specify the IMU having the most suitable
performance characteristics for achieving the accuracy requirements of a certain
SAS application, and to focus the efforts in improving the design of an integra-
tion/estimation architecture on the reduction of the error components which most
influence the positioning performance in SAS applications.

3.2 Definition of test configuration

The IMU selected for tests recently procured by SACLANTCEN is produced by
iIMAR. It is a high-quality sensor consisting of a 3-axes laser gyro (Honeywell
GG1320) and three accelerometers (Honeywell QA2000). The main error parameters

SACLANTCEN SM-368 - 20 -




Report no. changed (Mar 2006): SM-368-UU

SACLANTCEN SM-368

of the sensor provided by the constructor are summarized in Table 5. These values
are used as inputs to Navlab simulator in order to generate appropriate random
processes of measurement errors. The bias errors are simulated as Markov processes
of the first order with the specified standard deviation and a long time constant set
to 1800s [4][6]. The white noise processes are assumed to be Gaussian [4].

[ Error Parameter | Unit ‘ Value ‘
Gyro (each axis)

Bias Repeatability (std-dev)

Scale Factor error (std-dev)

Scale Factor nonlinearity (std-dev)

(°/hr) 0.003
pure number | 10 ppm
pure number | 10 ppm

White Noise (power density) (°/vhr) - 0.003
Accelerometer (each axis)

Bias Repeatability (std-dev) ‘ (png) 30
Scale Factor error (std-dev) pure number | 70 ppm
Scale Factor nonlinearity (std-dev) (ng/g?) 15
White Noise (power density) (ng/VHz) 8

Table 5 Definition and value of the main error parameters of iMAR IMU sensor.

The simulated true trajectory selected for statistical tests is shown in Fig. 2 on the
plane (NE) defined by the fixed local level frame centred in the trajectory starting
point O. The trajectory is typical of an AUV survey mission. The SAS processing
is generally performed along straight line paths, in this case along the final 200
m segment, which is bounded in the plot by the points indicated as ty, and ¢y,
corresponding to the first and last time instant of the aperture period.

The vehicle is supposed to travel at a constant depth of 20 m, at the constant
speed of 2 m/s, with a constant angular rate of 15 °/s during turns. Under these
conditions the SASIT period along the last 200 m of the trajectory is 100 s. The
mission is supposed to start in a sea area close to La Spezia, at the initial geographic
coordinates (44° latitude, 10° longitude), heading East.

3.3 Simulation results

The statistical analysis of the error in position and attitude displacements along a
SAS aperture with respect to the SAS starting point is performed by using the IMU
sensor only, i.e., under free-inertial navigation conditions. It is based on a relatively
large number of runs (i.e., 150) of the Navlab simulator described in Annex C.
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Sonar true trajectory (NE plane)
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Figure 2 Simulated true trajectory of the sonar (hence of the body) selected for
sensor accuracy tests. The trajectory is seen from a fized local level frame centred
in the mission starting point O and projected on its North-East horizontal plane.

3.3.1 Simulated position errors

The statistical analysis presented is performed on the basis of 150 runs of the Navlab
simulator under the same test configuration.

In Fig. 3 the standard deviation computed on 150 runs of the global position dis-
placement error as expressed in Eq. (37) (i.e., as the sum of a set of main error terms
T; - see the related discussion in Section 2), is compared with that directly obtained
from NavLab error computations under free-inertial mode. If the curves are com-
pared with the A/16 threshold shown in Table 4 and imposed for guaranteeing SAS
image quality, the constraint is not satisfied even in the LF application, given the
SASIT length requested (see Fig. 4 in which the plots shown in Fig. 3 are zoomed
on short SASIT length).

Although Eq. (37) is approximated, the curves compared in Fig. 3 fit well. This
implies that the following analysis, performed on the single T; error contributions,is
consistent. The standard deviations of the error contributions T, T1,0) T1w, T3
and T3, are computed and shown separately in Fig. 5.

The discussion is focused on the terms depending on IMU sensor measurement errors,
i.e, T14, T1w, T34and T3,. As anticipated in Section 2, among these contributions
the most significant effect to position displacement error comes from T} ,, which in
turns depend on the accelerometer bias. This component is large and the fact
that it varies in time with ¢> makes the error increase quickly. Among gyro errors
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Std-dev of sum of TI (i=0,1,3) error contributions (b) vs. std—dev of Sp:s as NavLab output (r)
10 T T T T T T T T I

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100
SASIT time (to=84) (sec)

Figure 3 Statistical analysis of the global position displacement error along a 100
s aperture: standard deviation of the sum of T; components computed over 150 runs
vs. standard deviation of the position displacement error as derived from NavLab
outputs.
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Zoom on Oso Image quality threshold (A/16) for LF sonar application (g)
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Figure 4 Zoom of Fig. 3 on short SASIT length. Comparison of the standard de-
viation of global position displacement error to the image-quality threshold computed
for a LF sonar application.
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Std-dev of position displacement error from: T0 (m), T1a (n, Tm (9), T3a (b), T3a) (k)
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Figure 5 Statistical analysis performed over 150 runs along a 100 s aperture of
the main position displacement error components.

the main contribution is given by the gyro white noise, while the least significant
contribution among the four considered comes from the gyro bias: the component
standard deviations increases in time with ¢> but the gyro bias nominal value (from
the selected sensor specifications) is so low that the error contribution remains low
even after 100 s.

The lowest error contributions can be better appreciated by zooming on Fig. 5 as
shown in Fig. 6 where only the terms T 4, T1., T34 and T3, are plotted. It is
possible to notice that the accelerometer bias contribution make the error to over-
come both the LF and HF thresholds immediately after the aperture beginning even
using the selected high-quality inertial sensor. This proves the unfeasibility of purely
free inertial navigation for SAS applications and implies the necessity of designing
a refined estimation architecture in which this error component in particular could
be significantly reduced by integration with sensors of different nature.
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Zoom on std-dev of T1a (r), Tm (9), Taa (b), T3m (k)
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Figure 6 Zoom of Fig. 5 on the lowest contributions of position displacement error.

If a much shorter aperture (e.g., of 15 s is considered, which is in accordance with the
parameters selected from typical applications (see Table 4), the time dependence of
the four T components and consequently the unfeasibility of free-inertial navigation
are even better outlined (see Fig. 7).

The standard deviations of the four error contributions T g4, Tiw, T34 and T3,
computed from 150 simulation runs are now compared to their approximated an-
alytical formulas in Eqs (42) and (43) in order to validate the consistency of the
approximations. The comparison results are presented in Figs 8, 9, 10 and 11 respec-
tively. Despite the relatively low number of runs over which to make the statistical
analysis, the plots generally confirm the validity of the formulas, which, as outlined
in Section 2, are very useful to separate the various error contributions coming from
the IMU sensor measurement errors, hence to interpret the error results in terms
of these components. The number of runs for statistical convergence is particularly
critical in the statistical analysis of the error contributions T3, and T3, depending
on the accelerometer and gyro white noise respectively. In these two cases the theo-
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< 107 Short-time SASIT. Std-dev of components T1a (r), Tm (9), TSa (b), TSm (k)
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Figure 7 Short-term (15 s) aperture: main contributions of position displacement
error.

- 27 - SACLANTCEN SM-368




Report no. changed (Mar 2006): SM-368-UU

SACLANTCEN SM-368

Std-dev of position error component T1a (Accelerom. BIAS): analytical formula (r); statistical analysis (b)
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Figure 8 Comparison between the approximated analytical formula (Eq. (42)) of
the T, std-dev and the statistical analysis result obtained over 150 simulation runs

(Fg. 5).

retical formulas for the standard deviation (Eq. (43)) are rigorous, but the statistical
computation from NavLab simulation results would have needed a larger number
of runs (i.e., much larger than the selected 150) in order to be consistent, hence to
converge to the theoretical curve. The deviation of the statistical computations with
respect to the analytical formulas is particularly evident on a relatively long period
(of the order of 100 s), as shown from the comparison of Figs 10 and 11 with Figs
12 and 13, where a shorter aperture (of 15 s) is selected. This effect is due to the
high order dependence of the two standard deviations on time, particularly in the
case of gyro random noise contribution.
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Std-dev of position error component Tm (Gyro BIAS): analytical formula (r); statistical analysis (b)
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Figure 9 Comparison between the approzimated analytical formula (Eq. (42)) of
the T1,, std-dev and the statistical analysis result obtained over 150 simulation runs

(Fg. 5).
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Std-dev of position error component Tsa (Accelerom. WN): analytical formula (r); statistical analysis (b)
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Figure 10 Comparison between the analytical formula (Eq. (43)) of the T3, std-
dev and the statistical analysis result obtained over 150 simulation runs (Fig. 5).
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Std-dev of position error component Tw (Gyro WN): analytical formula (r); statistical analysis (b)
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Figure 11 Comparison between the analytical formula (Eq. (43)) of the T3, std-
dev and the statistical analysis result obtained over 150 runs (Fig. 5).
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<107 Short-time SASIT. Std-dev of T, : analytical formula (r), rigorous analysis (b)
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Figure 12 Short-time SASIT. Comparison between the theoretical formula
(Eq. (43)) of the T3, std-dev and the statistical analysis computed over 150 runs.

SACLANTCEN SM-368 -32 -




Report no. changed (Mar 2006): SM-368-UU

SACLANTCEN SM-368

<107 Short-time SASIT. Std-dev of T, .- analytical formula (r), rigorous analysis (b)
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Figure 13 Comparison between the theoretical formula (Eq. (43)) of the T3, std-
dev and the statistical analysis result obtained over 150 runs.
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3.3.2 Simulated attitude errors

The statistical analysis of the error in attitude displacement along a SAS aperture
with respect to the SAS starting point is also performed under free-inertial naviga-
tion conditions based on 150 Navlab runs under the test configuration specified in
Section 3.2.

The analysis of the global error in attitude displacement is considered first. In
Fig. 14 the standard deviation computed on 150 runs of the attitude misalignment
as expressed in Eq. (37) (i.e., as the sum of a set of main error terms P; - see
the related discussion in Section 2), is compared with that directly obtained from
NavLab error computations under free-inertial mode. If the error values on the
plots are compared with the values of the threshold A8L,) proposed in Table 4 for
guaranteeing SAS image quality in either LF, HF and survey cases, it is clear that
the computed error remains much lower even over SASIT lengthswhich are much
longer than the selected ones. This is caused by the very high quality of the selected
IMU gyro.

Although Eq. (37) is approximated, the curves compared in Fig. 14 fit well. This
implies that the analysis, performed on the single P; error contributions,is consistent.
The error components P1,, and Pg3,, are statistically evaluated by means of the
computation of their standard deviations as time varies and plotted separately in
Fig. 15. It is immediately clear that for the selected IMU sensor, the attitude error
contribution due to the gyro white noise is more significant than that due to gyro
bias. Further, the dependence of random walk error standard deviation with the
square root of time is evident.

The standard deviation computations based on statistical analysis of NavLab simu-
lations are compared with the approximated analytical formulas provided in Section
2.2.4. Figures 16 and 17 show the comparison results. It is evident that the curve fit-
ting is good, hence the corresponding analytical formulas are shown to be accurate,
even over a long-term aperture of 100 s. This is particularly evident for the error
component due to gyro white noise (Fig. 17). Here the limited number of runs seems
not to affect the accuracy of standard deviation estimation (as noticed in the cases
of T3, and T3, because the time dependence is of orders equal to (accelerometer
error contribution) or less than (gyro error contribution) the first.
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« 10_Std—dev of sum of F’i (i=1,3) error contributions (b) vs. std—-dev of A\ygs as NavLab output (r)
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Figure 14 Statistical analysis of the global attitude displacement error along a 100
s aperture: standard deviation of the sum of P; components computed over 150 runs
vs. standard deviation of the error as derived from NavLab outputs.
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<1074 Std-dev of attitude displacement errors Pm (), PSw (b)
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Figure 15 Statistical analysis performed over 150 runs along a 100 s
the main attitude displacement error components.
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« 1Séqrdev of attitude error component Pm (Gyro BIAS): analytical formula (r); statistical analysis (b)
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Figure 16 Comparison between the approzimated analytical formula (Eq. (46)) of

the P1,, std-dev and the statistical analysis result obtained over 150 simulation runs
(Fig. 15).
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1Sotd‘—dev of attitude error component P3co (Gyro WN): analytical formula (r); simulation analysis (b)
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Figure 17 Comparison between the analytical formula (Eq. (7)) of the P3,, std-
dev and the statistical analysis result obtained over 150 runs (Fig. 15).
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4

Conclusions

The feasibility of using a high quality INS in free-inertial mode for achieving short-
term positioning and attitude accuracy compatible with the requirements imposed
by SAS processing has been studied.

The theoretical investigation based on ¥-angle error analysis of the navigation equa-
tions has been validated by simulation. The statistical analysis has been performed
on a SAS integration time of up to 100 s.

IMU sensor measurement errors, as specified by the constructor, were taken into
account separately and their effects on the sonar position and orientation global error
evaluated and interpreted. The analysis is useful for selecting the most suitable IMU
to achieve the specified SAS accuracy requirements, and for focusing future activities
on the optimization of a multi-sensor navigation system able to maintain low the
error components which influence the positioning performance in SAS applications.
The global navigation architecture will integrate the IMU measurement with either
traditional aiding navigation sensors (DGPS, Doppler Velocity Log, Depthmeter,
etc.), as in standard Aided Inertial Navigation Systems (AINS) [7][4], or sonar-based
micronavigation estimates (e.g., achieved by DPCA technique [2][3]).

One of the main results achieved through the free-inertial error analysis was the
identification of the accelerometer bias as one of the most critical IMU error com-
ponents for short-term position accuracy, as it gives rise to big quadratic position
drift. Bias will be significantly reduced by integration with SAS-based micronaviga-
tion techniques. High accuracy attitude estimation (re. the constraints imposed by
typical SAS applications) has been achieved even in free inertial mode, which shows
the feasibility of using a high quality IMU for this particular purpose. High-accuracy
attitude estimation is of great importance for achieving high SAS image quality.

Future work will include:

e Optimization and performance evaluation of a standard AINS system (consist-
ing of INS, DVL, depthmeter, etc.) able to improve the free-inertial short-term
navigation results discussed in this work (with the help of an adapted NavLab

version).

e Design of a new navigation architecture (consisting of the AINS system in-

-39 - SACLANTCEN SM-368




Report no. changed (Mar 2006): SM-368-UU

SACLANTCEN SM-368

tegrated with SAS micronavigation) to improve both long- and short-term
navigation accuracy (this will imply the integration of DPCA into a new SAS-
extended NavLab tool).

e Evaluation of the accuracy performances of the new navigation architecture
in terms of SAS image quality by simulation (by means of the SAS-extended
NavLab tool) and using experimental data.
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Annex A

Navigation reference frames and
transformations between them

A.1 Main navigation frames

In order to develop a navigator for the INS and eventually to integrate data from
inertial and non-inertial positioning/navigation sensors, it is necessary to define
the appropriate sets of Cartesian coordinate reference frames. Fach frame is an
orthogonal, right-handed system of three axes. The fundamental frames involved
in the solution of the navigation problem proposed in this report are defined in the
following.

e Earth frame (e): has its origin O, at the Earth’s centre and its axes, namely
X, Ye and Z,, fixed with respect to the Earth. X, coincides with the Earth’s
polar axis (which is assumed to have invariant direction) oriented towards
North, and the other two lay on the Equatorial plane with Y, passing through
the Greenwich meridian [7]. The frame rotates with the Earth at the Earth
angular rate {2 around the X, axis.

¢ Inertial frame (7): its axes X;, Y; and Z; are fixed with respect to the fixed
stars. For convenience its origin is chosen to coincide with the Earth centre
and its X; axis coincides with X, [7].

e Local frame (!): is the local geographic frame centred on the average Earth
surface at the latitude and longitude of the vehicle current location, i.e., of
the vehicle reference point B in which the navigation system is assumed to be
installed. Its axes X;, Y; and Z; are aligned with the directions of true North,
East and local vertical (Down) respectively [4]. Its turn rate with respect to
the Earth, &, is caused by the motion of B (i.e., of the vehicle and also of
the sonar phase centre) with respect to the Earth and is also referred to as
“transport rate”.

e Body frame (b): its axes X, Yy and Z;, are aligned respectively with the
Roll, Pitch, Yaw axes of the platform (i.e., the “body”) on which the navigation
system is installed, and its origin is assumed to coincide with the INS reference
point B.
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Oe =0i
Equatorial Plan

Figure 18 Scheme of the Earth (e), Inertial (1), current Local-level (1) and Body

(b) reference frames.
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Figure 19 Scheme of the Body (b) and Sonar (s) frames.

Figure 18 shows the Earth-fixed, Inertial, Local level and Body frames for navigation
over the Earth; Figure 19 focuses on the Body frame and another coordinate system,
the Sonar frame, which is derived from the mentioned fundamental ones through
translation/rotation and is useful for SAS evaluation:

e Sonar frame (s): is a “body frame” with origin in the sonar array phase
centre S (i.e., translated of the lever arm L, from the body frame origin B)
and roll set to zero (i.e., its y axis is always on the horizontal plane).

Another frame involved in the error analysis is the:

e “initial” local level frame (lg): is the local frame fixed in the position
occupied by the navigation system at the aperture starting time ¢g.

The comparison between the initial and current local level frames and their relation
with the body frame are outlined in Fig. 20. The rotation between the initial and
current local frames is exaggerated. The relation between the body and sonar frames
is shown in vertical projection in Fig. 21.

It is necessary to define how to transform any 3-D dynamic quantity, represented by
the generic three-element vector k, originally expressed in a reference frame m, into
another reference frame n. This transformation is carried out through the so-called
Direction Cosine Matrix (DCM) from m to n, C}, (3 x 3), by means of the equation:

K* = O k™ (A1)
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Current /

Reference Ro ’
Initial / (/) / ’

Figure 20 Schematic of the relation between the body and local level frames between

the initial time tog and the current time t within a SASIT (horizontal projection of
the vehicle trajectory).
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Figure 21 Schematic of the relation between the body and sonar reference systems
(projection on the body cross-section plane).
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The DCM dynamics follow the law:

Cn = Clwimh) = CLOT (A2)

nm?

where w]} = [w,Tm,z,wTTm’y,w,Tm’z]T is the turn rate of the m frame with respect to
the n frame decomposed in the m frame, and the [3 x 3] matrix Q™ | defined as:

0 —wh w

nm,z nm,y
m m _,.m
Qnm - wnm,z 0 wnm,z ’ (A3)
m m
“Wamy Ynmge 0

represents the skew symmetric form of w™ .

A.2 Relationship between “computed” and “ideal” reference frames

As anticipated in the previous subsection, the ”ideal” reference frame selected as
navigation system for short-term (over a SASIT period) error analysis is the initial
local level frame [y, i.e., a fixed local level frame centred on the Earth surface at the
latitude and longitude of the body position at the aperture beginning (¢9). According
to the ¢ angle methodology, the navigation equations can be attempted to be solved
by the navigation system in a frame which is only the “corrupted” version of the
ideal one. This frame, called computer frame c, is defined as the reference frame in
which the navigation equations are solved by the computer. In this case ¢ is the
computed version of /.

The two frames are assumed to be generally misaligned, i.e., to differ for an angular
rotation 9y,.. This vector is called angular misalignment of ¢ with respect to the
ideal [y frame and is assumed to be small. As the error analysis is performed on
the position error of the body, in order to formalize and solve the navigation error
equations it is necessary to define also the misalignment between the body and
computer frames, namely %.,. This can be defined in terms of Vi, and of the
misalignment between the body and local level frames, ¥4, as follows:

¢cb = wlob - d)loc* (A4)

The relation between the b, Iy and ¢ coordinate frames is shown in Fig. 22, where,
for the sake of simplicity, misalignment is limited to the zy plane (i.e., to the ¥(z)
components of the angular misalignment vectors).
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Horizontal plane

(xy)

i

Yo

Figure 22 Simplified scheme of the relation between the “ideal” Local level navi-
gation frame ly (indicated here as 1), its “computed” version ¢ and the body frame
b. In the example misalignment is limited to the z angle components.
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Annex B

Derivation of the errors in position and
angle displacement in terms of vehicle
dynamics and IMU sensor errors (Eq. 20)

From Eq. (19), which is the result of the ¥-angle short-term error analysis described
in Section 2, the position and attitude displacement errors re. the aperture beginning
can be derived as follows. It is assumed that the computer frame c is fixed to the
computed local level frame at the beginning of a SAS aperture, {;. This is the
reference frame with respect to which the error equations are expressed.

The starting aperture (and integration) time ¢g is set to 0 without lack of generality.
Hence the terms of Eq. (19) are integrated between 0 and the generic time instant ¢
within the SASIT period. From the following definitions where the quantities with
the subscript “displ” are displacements with respect to the same quantity computed
in ¢y and denoted with a 0 in the subscript:

0pgy = 0Pey 0 + OP displs

(B1)
OVey =0V o+ 0V gigp = OVo + OVep displ>
it is straightforward to derive:
opgy = (sp:b,displ’ (B2)
OVey = 0V, dispr-
Hence the first equation of (19) becomes by integration:
i
G
5peb,displ = /0 ngb,displdT + 5V0t. (B3)

By integration of the second and third equations of (19) and using Eq. (3) decom-
posed in ¢ and Eq. (18), we have:

MGy = (—wi Ado) t — Wi, A Jg AYgdr — f5 Cidwhdr,
Over = —vo A Jgaidr + (o A gfy) t + 8g/ot + fj (Avg, A gly) dr + f§ Csothdr.
(B4)

In the first equation of (B4) the second term on the right side can be considered
negligible over a SASIT because if the vehicle is assumed to follow a straight line
path under constant speed conditions then the average (and the integral) of vehicle
attitude misalignment between the instants ty and t can be considered as tending
to zero. This equation correspond to the second equation of (20).
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If the first equation of (B4) is substituted in the second one and the expression:

t
/ agdr = vy — Vi (B5)
0

is applied, after a second integration the resulting expression for the position dis-
placement error is:

OPSyaiept = Vot + (o Avo)t — (Yo APS + (Yo AgS) & +85 A (Wi Avo) G+
g5 A J [ [ Cdwbdrdr'dr’ + 6g' oL + [ [ Coothdr.

(B6)
In the following, for the sake of notation simplicity, with dp¢, it is intended the
corresponding displacement error, omitting the subscript “displ”. Hence, assumed
the Earth mass attraction as exactly known (gf = gﬁg), taking into account the
definitions in Eq. (21) and after grouping of some terms according to the time
polynomial order, Eq. (20) is obtained from Eq. (B6).
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Annex C

The navigational simulator/estimator
NavlLab (FFi-Kjeller)

The navigation simulator/estimator NavLab was developed and made available to
SACLANTCEN by NDRE (Norwegian Defence Research Establishment) [4]. It
consists of two main parts, a simulator synthesizing measurements from a selected
set of navigation sensors by starting from a test configuration defined by the user, and
an estimator fusing either real or simulated sensor data and providing the navigation
solution by means of a strapdown navigator and an EKF(Extended Kalman Filter)-
based [6] integration architecture.

The block diagram of the system is shown in Fig. 23. The set of sensors, the
measurement of which can be simulated and integrated, can be reduced or extended.

The sensor simulator consists of:

e a trajectory simulator which provides the true values of the vehicle position,
orientation and velocity as the time varies, given the initial position, velocity
and orientation of the vehicle and changes in velocity and orientation along
the simulated mission,;

e a sensor simulator which provides a measurement data set per semsor (i.e.,
combination of true value and sensor error contributions) as the time varies,
given the sensor specifications in terms of error parameters.

At present, the sensor simulator includes the following main error components: white
noise, bias repeatability, linear scale factor error.The error stochastic model param-
eters (e.g., magnitude, time constants, etc.) describing the different error types are
user selectable and can be easily deduced from navigation commercial product data
sheets. The data sampling rate is also user-selectable.

The strapdown navigator solves the navigation equations presented in Section 2 (see
Eq (7), and related Eqgs (8), (11), (12) and (15)), which means that, from the IMU
raw data (wfb and fﬁ,) as provided by real sensors or by the simulator, it provides the
navigation solution in terms of body position, attitude and velocity with respect to
the Earth. The solution is updated every time a new IMU measurement is available.
Errors between the true value and the computed solution of each dynamic variable
are evaluable at the navigator output.
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Figure 23 Block diagram of NavLab architecture. The dashed red line separates
the stmulator from the estimator. The closed loop is identified by the blue-line path.
The green bozx outlines the blocks used in the present work (open loop - free-inertial

mode).

The EKF-based integrator performs IMU initial alignment and navigation estima-
tion based on multi-sensor data fusion. It works on an error state vector and its
outputs are backpropagated to the navigator in order to reset the navigator compu-
tation at every EKF step in a closed loop mode (which is outlined in blue in Fig. 23).
The estimator includes also an off-line optimal smoothing process on the estimated
position.

A user-friendly man-machine interface allows the user to select and plot all the
dynamic variables of interest as provided by the simulator, the navigator and the
estimator (i.e., variable true values, sensor measurements, navigator solutions and
filtered estimates respectively). The expected residual error after filtering is provided
in terms of covariance matrices.

NavLab use is limited here to the trajectory simulation on the basis of the selected
test configuration, the IMU sensor measurements on the basis of the sensor specifi-
cations, and the navigation solution with related error computation (see the green
box in Fig. 23). Hence the system is used in free-inertial mode (open loop). Further
the accuracy evaluation is performed only on short-time straight-line segments of
the simulated trajectory where SAS processing can be applied.
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