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This article is intended as a tutorial to assist engineers who want to develop and implement low-cost
underwater vehicle inertial navigation systems (INS) aided by time-delayed hydroacoustic position measure-
ments. A discrete-time unit quaternion error-state Kalman filter (ESKF) is used for sensor fusion. The ESKF
is implemented as a feedback algorithm with reset functionality. This is motivated by the need for long-
endurance autonomous underwater vehicles (AUVs). Proprietary navigation systems do not allow users to add
more measurement equations to the code if additional sensors are available. However, the open-source filter
architecture presented in the article provides for this. The article also aims to make in-house development of

strapdown INS accessible and affordable for vendors of low-cost AUV systems. Finally, a case study of an AUV
with a standard sensor suite is included to demonstrate the performance of the ESKF aided by time-delayed

position measurements.

1. Introduction

The growth in low-cost uncrewed systems for commercial applica-
tions has created a demand for accurate inertial navigation systems
with a small computational footprint using low-cost inertial sensors.
Typical applications are small uncrewed surface vehicles (USVs), au-
tonomous underwater vehicles (AUVs), and fixed-wing uncrewed aerial
vehicles (UAVs). The literature on inertial navigation systems (INS) is
extensive and hard to navigate in textbooks and technical articles. Engi-
neers who want to use an INS in their vehicle control systems often buy
expensive proprietary systems with minimum interface capabilities and
options for adding third-party sensor systems. A survey of underwater
vehicle navigation and localization is found in Kinsey et al. (2006)
and Paull et al. (2014).

The traditional Kalman filter algorithms for INS aided by global
navigation satellite systems (GNSS) are described in detail by Farrell
(2008) and references therein. The interested reader is also recom-
mended to consult (Britting, 1971; Fossen, 2021; Grewal et al., 2001;
Titterton & Weston, 1997). For underwater vehicles, a hydroacoustic
position reference (HPR) system and a pressure meter can be used to
aid (Stovner, 2018). In some cases, a Doppler velocity log (DVL) is
included to improve the accuracy of the navigation solution (Jalving
et al., 2007; Morgado et al., 2011; Zhao et al., 2012). The attitude of the
AUV can be represented using Euler angles or unit quaternions (Fossen,
2021). The Euler angle error-state Kalman filter (ESKF) for underwater
vehicle navigation is described by Miller et al. (2010). If the attitude is
represented using a unit quaternion, a multiplicative extended Kalman
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filter (MEKF) can estimate the orientation as described by Markley and
Crassidis (2014).

When designing an INS, there are two primary design philoso-
phies (Fossen, 2021):

» Gimbal-mounted systems where the IMU platform is isolated from
the vehicle’s rotations through a set of gimbals, thus maintaining
a fixed orientation in space. Four gimbals are used to avoid
gimbal-lock, which happens when the axis of two gimbals is
driven in the same direction, turning off their isolation capa-
bilities. Mechanized systems use angular rate sensors, feedback
control, and an actuated platform to keep the IMU in a fixed
orientation in space.

Strapdown systems use an IMU strapped to the vehicle. Conse-
quently, the IMU will pick up the motions of the vehicle. This
implies that the strapdown INS equations must be integrated online
in a state estimator to accurately describe the IMUs and the
vehicle’s motions to separate these.

Gimbal-mounted systems are expensive compared to strapdown
INS, while strapdown systems require more computational power than
gimbal-mounted systems. Developing solid-state sensors based on mi-
croelectromechanical systems (MEMS) technology makes strapdown
INS very affordable. However, strapdown navigation systems can have
significant errors, especially in low-cost systems. This is usually handled
using feedback from accurate positioning systems to remove drift.
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This article focuses on designing a low-cost strapdown INS for AUVs
where drift is accurately compensated by the ESKF using hydroacoustic
position measurements and a depth sensor. Attitude is parametrized
using unit quaternions. The advantage of the unit quaternion to the
Euler angle representation is that the +90 degree singularity in pitch is
avoided (Miller et al., 2010). In addition, unit quaternions have better
numerical properties and accuracy than the Euler angle representation
when used in an ESKF.

1.1. Strapdown INS aided by hydroacoustic position measurements

The position of an AUV can be determined by using hydroacoustic
networks providing range measurements from known locations. A long
baseline (LBL) network consists of several transducers mounted on the
sea bed, and the AUV carries one transducer. An alternative is a short
baseline (SBL) network where the array of transducers is mounted
under a surface vessel and an AUV carrying one transducer. Finally,
ultrashort baseline (USBL) systems where the transducers are fitted
inside a small apparatus mounted under the surface vessel can be used.
The hydroacoustic networks provide the user with range measurements
from known locations, which can be used to compute the AUV’s North-
East-Down (NED) positions. The geometry and number of transducers
highly impact the position accuracy (Vickery, 1998).

1.2. Loosely-coupled integration algorithms for hydroacoustic-aided inertial
navigation

The most straightforward HPR/INS integration scheme is loosely
coupled where the NED positions from a hydroacoustic reference sys-
tem are used as aiding through an ESKF (Fossen, 2021). This solution
is shown in Fig. 1 where the hydroacoustic reference system is referred
to as the low-rate aiding sensor, typically operating at 1 Hz. The
accelerometers and angular rate sensors (ARS) of the inertial mea-
surement unit (IMU) work at a high rate (typically 100 to 1000 Hz).
The acceleration measurements are integrated twice, and the ARS
measurements are integrated once to obtain positions and orientation,
respectively. However, the estimates will drift due to sensor biases,
misalignments, and temperature variations. The drift is compensated
by the ESKF, which is designed to estimate the accelerometer and ARS
biases.

This article describes how a loosely-coupled strapdown INS aided
by hydroacoustic position measurements can be implemented in an
embedded computer system onboard an AUV (see Fig. 4). Unfortu-
nately, the hydroacoustic position measurements will be delayed when
transmitted in water. Sound travels about 1400 to 1550 meters per
second in seawater. Consequently, for an AUV operating at a 1500 m
range, the position measurements will be delayed by approximately
one second. Hence, the ESKF must be designed to compensate for time
delays. An alternative that adds complexity is to apply a tightly-coupled
navigation filter where range measurements are used to aid the INS. In
this approach, the unknown water speed of each range measurement
must be included as additional states in the Kalman filter (Batista,
2015; Batista et al., 2010; Hegrenzes et al., 2009; Morgado et al., 2011;
Stovner, 2018; Stovner et al., 2016).

A comparative study of loosely- and tightly-coupled INS architec-
tures are presented by Falco et al. (2017) where it is concluded that
the tightly-coupled algorithms provide better estimates of position and
orientation than a loosely integrated system. However, this article’s
scope is design simplicity and low cost, which can be achieved using
a loosely-coupled ESKF with time-delay compensation. Focus is placed
on accelerometer and gyro bias estimation, essential for long-endurance
AUV applications.
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1.3. Scope and contributions of the article

The article is written as a tutorial to assist engineers who want
to implement underwater hydroacoustic navigation algorithms in the
navigation computer onboard the vehicle. The goal is to make the
ESKF understandable to beginners and experts by concentrating on the
practical aspects of strapdown INS. Important contributions are:

» Development of a loosely-coupled ESKF for underwater vehicle
inertial navigation aided by slow hydroacoustic position measure-
ments. The fast measurements are used to propagate the INS. A
significant contribution is the accurate estimation of the specific
force and angular rate biases and the ESKF feedback modification
(reset) such that the INS can be used in long-endurance missions.
The MEKF for attitude estimation (Markley & Crassidis, 2014)
is extended to a complete INS solution aided by time-delayed
positioning measurements. The unit quaternion implementation
removes the Euler angle singularity and is more numerically
efficient than the Euler angle representation.

Matlab scripts for implementing the INS are made available
from the GitHub repository of the Marine Systems Simulator
(MSS) (Fossen & Perez, 2004). The m-files are also compatible
with the scientific programming language (GNU Octave, 2023),
which is free software under the terms of the GNU General Public
License.

A case study shows the strapdown INS’s performance with and
without time-delayed position measurements when applied to a
small AUV.

1.4. Organization of the article

The rest of the article is organized as follows. Section 2 discusses
the inertial measurement equations and lever-arm compensation. In
Section 3, the strapdown INS equations are presented, while Section 4
derives the unit quaternion ESKF with reset functionality (feedback
filter). Section 5 discusses methods for time-delay estimation and a
modification of the ESKF for time-delayed hydroacoustic positioning
measurements. Finally, an AUV case study is included in Section 6,
while the concluding remarks are drawn in Section 7.

2. Inertial measurements and lever-arm compensation

For local navigation, two reference frames are introduced:

+ {b} Body-fixed frame with coordinate origin CO.
» {n} North-East-Down (NED) tangent plane of the geoid acting as
an approximative inertial reference frame.

Applications using the reference frames {b} and {n} are also referred
to as “flat-Earth navigation”. The NED position vector will be accurate
to a smaller geographical area, typically 10 km x 10 km. Let,

p, Position of the CO w.r.t. {n} expressed in {n}
Linear velocity of the CO w.r.t. {n} expressed in {n}
Angular velocity of {b} w.r.t. {n} expressed in {b}
0,, Euler angles from {b} to {n}

q,  Unit quaternion from {b} to {n}

An INS uses a computer, a three-axis accelerometer, and a three-axis
ARS to continuously calculate by dead reckoning the position vector
p", = [x",y",z"]7, linear velocity vector v, = [x", 3", 2"]" and attitude
(unit quaternion g and/or the roll, pitch, and yaw angles ©,, =
[¢, 8, w]T) of a moving vehicle without the need for external reference
signals. The key sensory component is the IMU, which is composed of
the following sensors:

« Three-axis accelerometer
* Three-axis ARS
« Three-axis magnetometer
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Fig. 1. Loosely-coupled error-state feedback Kalman filter for INS. The strapdown navigation equations are propagated to obtain the estimate %;,;[k]. The Kalman filter error-state

estimate 6x[k] is fed back (reset mechanism) to ensure that % [k] — x[k].

The IMU is mounted onboard the vehicle in a body-fixed measurement
frame {m;} with coordinate origin CM; located at

Pom = Xngs Yoo 21T m
with respect to the {b} frame coordinate origin CO. It is assumed that
the axes of {m;} and {b} point in the same directions. Since the IMU
is rigidly attached to the body and a lightweight digital computer
propagates the strapdown INS equations, this is called a strapdown
system. Thus the need for a mechanical-gimbal system is eliminated.

2.1. Attitude rate sensors

The classic ARS is a gyro, a spinning wheel that utilizes conservation
of momentum to detect rotation. ARS based on MEMS dominate for
low- and medium-cost applications (Barbour & Schmidt, 1998). For
strapdown applications, optical gyros such as ring-laser gyros (RLG)
and fiber-optic gyros (FOG) have been used for some time. They are
also expected to be the standard for high-accuracy strapdown INS for
the foreseeable future.

The IMU measurement equation for a three-axis ARS is

b _ b b b

Dimu = Pup + bars + Wars 2
- b _ b
bars - wb, ars 3

where the ARS bias vector is denoted as bgrs. Additive zero-mean
Gaussian white noise terms wgrs and wg, ars ar€ used to model the
measurement and bias noise, respectively. It is necessary to estimate
bgrs in the Kalman filter since the ARS bias will grow over time. The
ARS measurement (2) is only valid for low-speed applications such as
an AUV since it assumes that {n} is nonrotating, that is cofb ~ wa where
the subscript {i} denotes the inertial frame. For terrestrial navigation,
the Earth’s rotation will affect the results, and it is necessary to use an

inertial frame instead of the approximate inertial frame {n}.
2.2. Accelerometers

The IMU accelerometer is a device that measure three-axis specific
force, i.e., non-gravitational force per unit mass

f?mu = RqT(qZ)(aZm[ -8+ bgcc + wgcc C)
b _ b
bacc - wb, acc (5)

where g” = [0, 0, g]” is the gravity vector, g is the acceleration of
gravity, and R(q)) is the unit quaternion rotation matrix from {b} to
{n} given by Fossen (2021)

1- 2(5% + e%) 2(e &7 — £31) 2(e1€3 + £31)
2(e 6y +£3n) 1 = 2(8% + Eg) 2(ere5 —£11)
2(e 165 — £91) 2erez +E11) 1 = 2(&% + 6%)

R, (q)) = (6)

The vector qZ = [;1,51,52,53]T defines the unit quaternion. The ac-
celerometer bias is denoted as bgcc, while wgcc and wZ acc are additive
Gaussian white measurement and bias noise, respectively.

2.3. Magnetometer
The magnetic field strength can be measured by a three-axis mag-

netometer, usually included in the sensor suite of commercial available
IMUs. Mathematically this can be expressed as

b — T, n n b
Mimu = Rq(qb)m + wmag @
where mf’mu is the IMU measurement, m" is the strength and direction of

Earth’s magnetic field expressed in {n} and wf;ag is additive zero-mean
white noise expressed in {b}.

2.4. IMU lever-arm compensation

Instead of transforming the IMU measurements f ibmu, wfmu, and mfmu
to the coordinate origin CO, the state estimator is formulated in the
origin CM;. Hence, the state estimates izﬁml and c?)zml (output of the
Kalman filter) must be transformed to the CO using the lever-arm vector

rt , from the CO to the CM; according to

bm
sbo_ b _ b b
U = vnml mnml X rbm, ®)
~b _ ~b
@y = ConmI (€)

The motivation for this is that it is not straightforward to transform the
IMU-specific force measurement f fmu to the CO and express the state
estimator in the CO. This is seen from

b _ b ) b b b b
nb — fnmI + conm] X rmlb + wnmI x (wnmI x rmlb) 1o
where r® . = —r® . The angular acceleration vector @’, in (10)
mpb bmy nmy
requires that the angular rate ), = @} - b} is numerical differ-

entiated. Since this signal is not available as a direct measurement, it
is recommended to use {m;} as the reference frame in combination with
the transformations (8)—(9) when implementing the ESKF.
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3. Strapdown INS equations

Indirect filtering implies that the Kalman filter is formulated as an
ESKF. In this context, the INS state x;,, and error state §x are related
to the true state x by

X = Xips + 6% an

The estimate of the state vector is denoted by % = &;,; + 6%. The
ESKF in Section 4 computes the estimate 6%, while %;,; is obtained by
propagating a 16-state system known as the strapdown INS equations

Plhs = Vi a2)
o= Ry f s + 8" (13)
B, acc =0 (14)
Gins = T y@ins) 00 (15)
Bl s =0 16)

where ;s = g = [.£,.4,,£;]" denote the unit quaternion. The INS
position p - and linear velocity 7, . of the origin CM; with respect to
{n} are expressed in {n}. The inertial sensor bias states are denoted

by b ... and b} ... Let S(1) denote the skew-symmetric matrix
operator
0 -4 A
SWH=-STW=| 43 0 -4 a7
T M

where 4 = [4, 4, 4;]7. Hence, the cross product of two vectors a and
b satisfy a x b = S(a)b, and Fossen (2021)

T, =L1]  F as)
ains) = 31 a1 4 S@)

where & = [¢,,£,,45]". The inputs, f ibns and cofns to the strapdown INS

Egs. (13) and (15), respectively, are bias-compensated IMU measure-
ments

b ._ ¢b 2b

fins T fimu - bacc ,ins 19)
b ._ b 2b

Bins += Ojy — bars, ins (20)

The biases are initialized as ﬁscc ins[01=0 and i’er ins[01=0. However,
the ESKF will update the biases and remove the drift by feedback as
described in Section 4.

The discrete-time Egs. (12)-(16) can be implemented using exact
discretization. Let
ajl [k = R, @ins[kD Sy [k] + 8" @1
denote the linear acceleration expressed in {n}. Then (12), (13), and
(15) can be propagated using

. . ) 1,
Pinslk + 11 = Pl [k1 + hol, k] + 5 h*aj k] (22)
i"inns[k +11= ﬁinns[k] + hainns[k] 23)
Qinslk + 1] = eTo@hsDR g 111 @4

where h is the sampling time. The matrix exponential in (24) is com-
puted by Sola (2016)

b _ l 0 _(oibns[k]—r
Tw(mins)[k] - 2 wb [k] _S(mb [k]) (25)

ins ins

Finally, the unit quaternion estimate must be normalized each time the

state is propagated. This is mathematically equivalent to
Qins[k + 1]

Qins[k + HT@ins[k +1]

Qins[k +1] < (26)
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4. Error-state Kalman filter

This section describes the ESKF for estimating the error state éx
in (11). It is well known that estimating the biases of inertial sensors
is non-trivial, particularly if the vehicle is at rest or moving with
little excitation in the roll, pitch, and yaw modes. In particular, the
accelerometer biases are hard to estimate for certain maneuvers. How-
ever, by monitoring the excitation level of the vehicle, a strategy could
be to estimate the biases during agile maneuvers to ensure the con-
vergence of biases. For this purpose, an online metric for observability
with a threshold value can be used to trigger bias estimation.

4.1. Three-parameter attitude dynamics

The MEKEF is an ESKF where orientation is parametrized by a four-
dimensional unit quaternion. However, the attitude error is uniquely
defined by three parameters, which is the minimal representation for
the 3-DOF rotational motion of a rigid body (Crassidis et al., 2007;
Markley & Crassidis, 2014). It is well known that it is impossible
to represent attitude by three parameters globally. Three-parameter
representations, such as the Euler angles, all have singular points. It
is tempting to use the four-parameter unit quaternion in the ESKF
to avoid singular points. However, the unit constraint will make the
covariance matrix rank deficient. Another problem is the ESKF injection
term. The standard ESKF with the additive-error injection cannot create
an unbiased estimator with the unit quaternion in the estimated state,
as the additive-error injection would also violate the quaternion unit
constraint. To overcome these difficulties, the MEKF formalism is used.
The main idea of the MEKF is that the unit quaternion error

54 = [ o ] @)

is parametrized using a three-parameter attitude representation where
6n and S¢ are the real and imaginary components of the unit quaternion
8qy. There are many candidates for the representation of the unit
quaternion error. A frequently used representation is the Rodrigues
parameters (Gibbs vector)

13 1 1

Sa, = —, 5l = —— [ ] (28)

g b
on A1+ ﬁagéag oa,

It is convenient to scale Gibbs vector by a factor 2 such that the
ESKF covariance estimates will be given in radians squared, which is
equivalent to angle errors using a first-order approximation. This is
mathematically equivalent to

1 [ 52 ] (29)
V4 +éa'sa a

The differential equation for éa is derived in Appendix A, where it is
shown that

da :=2éa,, 6q, =

b Jda+ b, — ol (30)

ns ms

ba = —%S(a)ﬁb +o

where o’ = @ - b} is the bias-compensated IMU measurement.
Since 6w, = @, - @} , application of the IMU measurement Eq. (2)
gives
bo._ b pb
Dins *= Dimy ™ Dars
— (b b b 2
- (mnb + bars T Wa) - bars
— b b b
=@a,, +0by  +w, [€29)]
From this it follows that
. 1 b b b b
éa= —ES(meS + 6w, )6a — &b,  —w; (32)

Finally, neglecting the second-order term .S (ﬁwz ,)oa in (32) gives

sar~ -S@! )sa—5bd —wh (33)
ib L o b
5bars = _T_(Sbars + wb, ars (34
ars
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Note that the ARS bias is modeled as a first-order system with user-
specified time constant T, while wg ars 18 Gaussian white noise. The
exponential convergence of 5b°  to zero is essential during sensor

ars
failure (dead reckoning).
4.2. Translational motion error dynamics

. . . _ n
Consider the position and velocity error states (szmI = PZmI - Pl

and (szmI = vaI — 0} .. The vehicle's linear acceleration is obtained

from (4), which yields

a' =R (@) — B sk —wb y4g (35)
nmp T N 4q, imu acc acc acc g

Then the translational motion errors dynamics becomes

6p" = 60" (36)

6010, = Ry(@) (S = oo = 881 — )+ "
~ (RU@ = B + 8")
= (Ry(@}) = Ry(@)) (Fh, = byco)
- R, (q))(b] +wh.)

acc acc

% Ry (@in) SGa)Sh B
= R, (Gins) (I3 + S(6a)) (8% + wb ) 37)
where §;,s = g, and
R,(q}) = R (Gins ® 5q))
= R,(@ins) R, (5q})
~ R (i) (I3 + S(5a)) (38)

have been applied (see Appendix A). The second-order cross-product
term S(5a)sb? in (37) is neglected such that

acc

8By, = OV, (39)
80, ~=R(@in) S(f1,)5a
= R,(Ging) (b + whe) (40)
b = —TL&b’;CC +wh (41)
ace
where f? = fb B’ is the bias-compensated IMU measurement.

The bias is modeled as a first-order system (41) with time constant
T, and Gaussian white noise w’b’ acc as driving input. The exponential
convergence of the bias 5bZCC to zero is important during sensor failure

(dead reckoning).
4.3. Kalman filter state-space model

The goal is to estimate the discrete-time state vector x[k] given by
(11). The state estimate is denoted by

%[k] = Xing[k] + 6%[k] (42)

where the strapdown INS equations in Section 3 are used to com-
pute %;,s[k]. The ESKF estimates the errors state vector 6x using the
discrete-time state-space model

ox[k+ 1] = Aylklox[k] + E [klw(k] (43)
oylk] = C,[klox[k] + €[k] (44)

where A,[k], C,k] and E,[k] are the discrete-time system matrices,
and w(k] and e[k] are Gaussian white noise vectors. The ESKF equations
are given by Table 1. This is a special version of the ESKF known as a
feedback filter due to the reset function. The error-state model derived
in Sections 4.1 and 4.2 is a 15-states nonlinear system

6x = f(6x,w) (45)
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8y = h(5x) + ¢ (46)

with state and process noise vectors

5x = [(5pZmI)T, (5v;mI)T, (662 )T, 8a’, (662 HT1T 47)
w=[wh )" @y )T @)t @y 0717 (48)

Note that Sa replaces the unit quaternion as an error state in (47).

Consequently, linearization of (33)-(34) and (39)-(41) about 5x[k] = 0

and w[k] = 0, and application of Euler’s integration method gives

df (6x[k], wlk])
26x[k]

o f (6x[k], w(k])
Jwlk]
where 4 is the sampling time and
df (6x[k], w[k])
d6x[k]

A lkl= Ii5+h (49)

6x[k]=0, w[k]=0

E [kl ~h (50)

5x[k]=0, wlk]=0

Sx[k1=0, wik]=0
03><3 13 03><3 03><3 5 03><3
03,3033 =R (Qins[KD) =R (@ins[KDS (f  [KD) 0353
1
033033 —7—13 03,3 033 (51)
05,5 —S(@’ [k]) -1,

03,30353 ins

1
03,3033 033 03,3 “r. 13

and

o f(6x[k], wlk])
owlk]

5x[k1=0, wlk]=0
03><3 03><3 03><3 03)(3
_Rq(qins[k]) 03><3 03><3 03><3
0353 I; 035 0343 (52)
03><3 03><3 _13 03><3
0353 033 033 13
Unfortunately, the error state estimates §x[k] will grow too large for
long-time applications. Hence, a reset technique (feedback filter) is
used to regulate the state 6%[k] to zero such that %;,;[k] — X[k].

Algorithm 1 (Feedback filter). The reset for the ESKF is implemented in
two steps:

Step 1. After every slow position measurement, the INS states are corrected
by setting the error-state vector 5%[k] to zero. This is mathemati-
cally equivalent to

Xins[K] < Zins[k] + 6X[k] (53)

Step 2. ensures that the error-state vector will be zero before applying
fast IMU measurements. Therefore, the state predictor of the filter
becomes redundant since
6% [k+1]=Aykl0=0 54)
Consequently,

OX[k] = 6X7[k] + K[k](&y[k] - Cd[k]65f[k])
reset

= KIKI(ylk] = C4[k]%ins[ 1) (55)
Note that A,[k] is still necessary to compute since it is used in the
ESKEF covariance prediction step; see Table 1.

4.4. Measurement equations

The C,[k] matrix in the measurement model (44) depends on the
sensor suit. For underwater vehicles, the primary sensors used for aided
INS are

6y,lkl - Hydroacoustic position vector

é yplkl - Pressure meter

6y,[k] - DVL (optionally) (56)
Syg[k] - Gravity reference vector

5y.lkl - Magnetometer reference vector
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The hydroacoustic position measurement relates to the error states as
follows

oyulkl =

Pl K1+ £4TK]) = Pipg[K]

= 6}, [K] + £41K] 7)

where ¢,[k] is Gaussian white measurement noise. For AUVs, a pres-
sure meter can be used to improve the accuracy of the vertical position.
This is mathematically equivalent to

‘ 8y,[K1 = 10,0, 115pf, [k] + £,[K] ‘ (58)

where ¢,[k] is Gaussian white measurement noise. The DVL measure-
ment equation is

‘ 5y, [kl = 607, [k] + €, [K] ‘ (59)

where ¢,[k] is Gaussian white measurement noise. For underwater
vehicles, the bias-compensated specific force vector f} = :=f; - A';CC
can also be used to aid the INS. Let the reference Vector v =10, 0, 117
expressed in {n} denote the normalized gravity vector, p01nt1ng down-

wards. Then the normalized specific force and its estimate become

b_ 1oy

~b Tra ul
1 E ins’ vl = Rq(qb)v()l (60)

where g is the acceleration of gravity. Since §; = §jps, the measurement
equation for the gravity reference vector vy, takes the following form
(see Appendix B)

8y, [kl = S(R](Gins KDV, )5alk] + €, [k] (61)

where ¢,[k] is Gaussian white measurement noise. The IMU magne-
tometer can be treated as a second reference vector vy, = m"/|m"||,
where m" is the strength and direction of Earth’s magnetlc field ex-
pressed in {n}. Hence,

b m?mu ~b Toany .n
v, = m, b, = Rq(qb)v02 (62)

Consequently, from Appendix B it follows that

8Ymlk] = S(R [(@ins[kDVjy)5alk] + €, (k] (63)

where ¢,[k] is Gaussian white measurement noise. The resulting
measurement matrix (44) corresponding to the measurements (56)
becomes

dh(6x[k])
C lklr ———
¢ 00x[k] |5xik1=0
I3 03><3 03><3 03><3 03><3
[0,0,11 0153 0453 01,3 01,3
~ 033 I3 033 03,3 03,3 (64)

035 03,3 033 S(RT(@ms[k])vS]) 03,3
033 033 03,3 SR (GinslkDrg,) 03,3

and the Gaussian white noise measurement vector is

elk] = [g, k17, £,lk], &,[k]T, £,[k]T, £, [k]T1" (65)

4.5. Programming code for computer implementations

The discrete-time ESKF is implemented as a while-loop where the
hydroacoustic position measurements are much slower than the IMU
measurements; see Fig. 2. The Matlab function ins.m (see Appendix C)
is called with all the 11 arguments to update the ESKF estimates when a
slow position measurement arrives. This activates the reset function of
the ESKF, and the INS states are updated accordingly. When there are
no position measurements, the function ins.m is called with 7 arguments
to propagate the INS states using only the fast IMU measurements.

Control Engineering Practice 138 (2023) 105603

Table 1

Discrete-time error-state Kalman filter (ESKF) with reset (feedback) modification.
5%7[0] = 6x,

P7[0] = E[(6x[0] — 6% [0])(6x[0] — 6%~ [0))T] = P,

Initial values

ESKF gain K[k] = P"[KIC][KI(C,[k]P"[KIC][K] + R,[k])™!

S%[K1 = 63 (k] + KTK] (8y[K] — C,4[K16%™[K]) "=
K[k] (yIk] = Cy[k)%iqs K1)

Covariance corrector Plk] = (I, - KIKIC,[k1) P"(k] (I, - KIKIC,[k])" +
KIKIR,[KIKT[k]

State corrector

837 [k+ 11 = A, k131K =" 0
6P [k + 11 = A [kIP[K]A][k] + E,[k]Q,[K1E] k]

State predictor
Covariance predictor

where

Q,lk], R (k] Covariance matrices for the process and measurement noises.

6%"[k], P~ [k] A priori error state and covariance matrix estimates (before update).
8x[k], i’[k] A posteriori error state and covariance matrix estimates (after update).

Initialization: &;,4[0] = m0|

\ 4
R Fast IMU
"| measurements
v
Aiding
no yes

Slow positioning
measurements: Y|k — D

\ 4

| Time-delay compensation: y[k] |

\ 4
Kalman filter corrector:

sa[k] "=" K [k] (y[k]

- Cy [k?]i’ins [k])

\4

\ INS reset: 1’111@

INS propagation: &ing|k + 1]

| < @ons|k] + 0|

Fig. 2. Flow chart showing the ESKF with reset mechanism. The fast IMU measure-
ments propagate the INS strapdown navigation equations, while the slow time-delayed
position measurements are used to correct the estimates.

5. Error-state Kalman filter with time-delay compensation

The feedback ESKF is shown in Fig. 1. The fast IMU measurements
propagate the strapdown INS equations, while the hydroacoustic posi-
tioning measurements represent the slow corrections used to remove
drift. The section describes the methods for time-delay estimation and
correction.

5.1. Time-delay estimation

The hydroacoustic position measurements can be significantly de-
layed when transmitted in water. Sound travels about 1400 to 1550
meters per second in seawater; see Fig. 3. Hence, the time delay can
be seconds for underwater vehicles operating at great depths. When
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Fig. 3. Speed of sound in water as a function of temperature. Courtesy to K. Krallis,
SV1XV, CC BY 1.0, https://creativecommons.org/licenses/by/1.0, Wikimedia Commons.

designing a loosely-coupled position-aided ESKF, it is necessary to
have an accurate estimate of the time delay. This can be obtained by
combing the non-delayed pressure measurement with the time-delayed
hydroacoustic position measurement. The classical method computes
the cross-correlation peak between the output and the input where
the output is the delayed version of the input (Hero et al., 1998).
A survey of methods for time-delay estimation, including time-delay
approximation model methods, explicit time-delay parameter methods,
area and moment methods, and higher-order statistics (HOS) methods,
are found in Bjorklund and Ljung (2003).

5.2. Time-delay compensation

The ESKF must be redesigned to compensate for time-delayed hy-
droacoustic positioning measurements. The alternative to a loosely-
coupled ESKF aided by position measurements is to apply a tightly-
coupled navigation filter where range measurements are used to aid the
INS (Batista, 2015; Batista et al., 2010; Hegrenaes et al., 2009; Morgado
et al., 2011; Stovner, 2018; Stovner et al., 2016). However, the scope
of this article is the loosely-coupled ESKF due to design simplicity.

Assume that the time-delay D has been estimated using one of the
methods described in Section 5.1. Then there exist several methods for
filter time-delay compensation (Comellini et al., 2020):

Filter Recalculation (FR): The FR method goes back to the time
step when the delayed measurement is taken, incorporating the
measurement and recomputing the entire trajectory of the state
until the current step. Hence, the whole time history will be
optimal. The estimation requires two filters: a principal one,
which operates at a constant rate by processing fast measure-
ments, and a second one, which is activated any time a delayed,
slow measurement arrives.

Extrapolation methods: The Alexander (1991) and Larsen et al.
(1998) extrapolation methods compute a correction term, which
is added to the filter estimate when the delayed measurement
becomes available.

State augmentation: The classical approach (Gelb, 1974) is to aug-
ment the state vector with the delayed state to incorporate
the delayed measurement. This is only convenient for constant
and small time delays as the dimension of the state vector is
significantly increased.
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Fig. 4. The Remus 100 at the Applied Underwater Robotics Laboratory (AUR-Lab) at
NTNU.

The approach in this article is to extrapolate the delayed hydroa-
coustic position measurements y,[k— D] to y,[k] where D is the known
time delay. The propagated states will be based on the strapdown
INS Egs. (12)-(16). The INS states and specific force measurements
are stored in a table from time #,_j, to t,. Let i denote the sampling
time, and N = round(D/h) is the total number of samples rounded
downwards. Hence, the bias-compensated specific force and angular ve-
locity vectors (fast measurements) can be computed for future samples
i=1,2,...,N using

b s b . b .
fins[l] = fimu[l] - bins, acc[l] (66)
The linear acceleration vector expressed in {n} is
afl [i1 = Ry @ins[iDSf i1+ 8" 67)
For each slow hydroacoustic measurement, initialize the state p}[0] =
yulk — D]. Then y,[k — D] can be extrapolated to y,[k] using the fast
acceleration measurements
P+ 11 = plLil + ho! [i] + %hza” lil (68)

ins ins

until y,[k] = ﬁ;"[N + 1] is reached. Consequently, the ESKF in Section 4
can be run without time-delayed measurements by replacing the un-
known measurement y} [k] with the estimate y}, [k]. The price being paid
is that the INS states (giys, ¥y, IAanS’ acc) and specific force measurement
ffns must be stored in a lookup table to execute (68) when a slow
measurement arrives. If the time delay is 1 s and the IMU runs at 100 Hz,
the table will contain 13 x 100 entries. Even at 1000 Hz, this will not
be a problem for a commercial low-cost embedded computer.

Note that white noise measurement noise will also be propagated
when applying (68) for extrapolation. The position and velocity terms
are white, while the acceleration term contains a squared white noise
signal resulting in a bias term. However, the bias term will be small
when propagating the state vector only 1 to 2 s into the future. If these
results are unsatisfactory, the FR or the state augmentation methods
can be implemented at the price of increased computational loads.

6. AUV case study

The case study aims to demonstrate the performance of the feedback
ESKF with and without time-delay compensation. The IMU is assumed
to be onboard a Remus 100 AUV, as shown in Fig. 4. The specific force
vector measurement is simulated using

ay, cos(y)
f?mu =| apsin(w) |- Rq(qz)Tg" + bgcc + wgcc 69
al)
where b® =1[0.05,0.1,—0.1]" is the unknown accelerometer bias vector

acc
and wgcc is a vector of Gaussian white measurement noise. The acceler-

ation of gravity is chosen as g” = [0,0,9.82]7, while the horizontal and
vertical acceleration components are chosen as a;, = 0.1 and a, = 0.01,
respectively for time ¢ < 30 s. Both acceleration components are zero
for time ¢ > 30 s. The ARS measurements vector is

0.01 cos(0.21)
®® =] —0.005sin(0.17)

imu + b+ w) (70)
0.02 sin(0.17)

ars ars

where ber = [0.05,0.1,-0.05]" rad/s is the unknown ARS bias vector
and w!  is vector of Gaussian white measurement noise. The gravity
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Fig. 5. Upper plot: North-East positions versus time. Lower plot: Down position (depth)
versus time.

reference vector vgl = [0,0, 117 is used in (60). The second ref-
erence vector vy, = m"/||m"|| is computed for Trondheim, Norway
using the (NOAA, 2023) magnetic field calculator. This yields the
magnetic field vector m" = [13536.8,1086.8,50355.8]" nT. Hence, the
time-varying IMU measurement vector becomes

My = Ry(@y) m" +wy 1)

im mag

where w? __ is vector of Gaussian white measurement noise. Finally,
the AUV state vector is obtained by exact numerical integration of the
differential equations

pr=v (72)
v = Rq(qg)ffmu + gn (73)
@ =T @)al, 74

at 100 Hz. The fast IMU measurements are assumed to be available
at 100 Hz, while the hydroacoustic position measurement frequency is
chosen as 1 Hz. The time delay D is assumed to be known, and it is
chosen as 1.0 s implying that 100 samples of INS data must be stored to
apply the predictor (68). The following cases are shown in the plots:

True measurements: The true position measurement y[k] obtained
by numerical integration of (72)—(74) driven by the IMU mea-
surements f ibmu[k] and a)fmu[k].

KF aided by predicted measurements: Aided INS using the predic-
ted position measurements y[k] defined by (68).

KF aided by delayed measurement: Aided INS using the time-dela-
yed position measurements y[k — D] instead of y[k].

Figs. 5-7 confirm that the estimated positions, linear velocities, and
Euler angles are close to their actual values for the strapdown INS when
aided by predicted position and time-delayed position measurements.
However, the difference in performance is clear when zooming in on
the plots. In Fig. 8, it is seen that position accuracy is improved by a
couple of meters when using the predicted values. This also improves
the accuracy of the attitude estimates, as shown in Fig. 9. Note that
attitude is estimated using unit quaternions, but it is straightforward to
map a unit quaternion to the roll-pitch-yaw Euler angles using (Fossen,
2021)

¢ = atan2 (2(e 3 + £11), 1 — 2(5% + 5%)) (75)
0 = —asin (2(e &3 — £,1)) (76)
w =atan2 (2(e &, + £31), 1 —2(e3 + £3)) 7
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Fig. 6. North-East-Down positions, linear velocities, and acceleration biases versus
time.
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Fig. 7. Euler angles (roll-pitch-yaw) and ARS biases versus time.

Finally, the case study also confirmed that the ESKF manages to es-
timate the acceleration biases (lower plot in Fig. 6) and ARS bi-
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Fig. 8. Position zoom showing the performance improvement of the INS aided by the
predicted positions to the 1 Hz delayed position measurements. The predicted values
(green) are close to the measurements (red cross). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Euler angle zoom showing the performance improvement of the INS aided
by the predicted positions to the 1 Hz delayed position measurements. The predicted
values (green) are close to the true values (red). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

ases (lower plot in Fig. 7) with great accuracy. This is important for
long-endurance underwater vehicle applications.

7. Conclusions

A tutorial article for the design of inertial navigation systems (INS)
for underwater vehicles aided by time-delayed hydroacoustic posi-
tioning measurements has been presented. The state estimator was
implemented using an error-state Kalman filter (ESKF) and a loosely-
coupled integration scheme where the North-East-Down (NED) posi-
tions from a hydroacoustic reference system were used to aid the INS.
The discrete-time unit quaternion ESKF, known as the multiplicative
extended Kalman filter (MEKF), was implemented as a feedback al-
gorithm with reset functionality. This is necessary for long-endurance
autonomous underwater vehicle (AUV) operations. Proprietary naviga-
tion systems do not allow the user to add more measurement equations
to the code if additional sensors are available for aided INS. However,
the open-source filter architecture presented in the article provides
for this. Hence, the presented ESKF is useful for vendors of low-cost
AUV systems who aim to make in-house development of strapdown
INS accessible and affordable. Finally, a case study of an AUV with a
standard sensor suite confirmed that ESKF could accurately estimate
the NED positions, linear velocities, and attitude when correcting the
time-delayed position measurements. The ESKF also estimated the bi-
ases of the inertial measurements, which is essential for performance
improvement and dead-reckoning operations.
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Appendix A. Attitude dynamics

The unit quaternion error oq; satisfies (Sola, 2016)
11'; = Qins ® 5q; 78)
where §g;,s = g;. The unit quaternion differential equations are

R o 1_1, . 0
qb - qu ® [ wzb - 2qms ®6qb ® wzb (79)

Differentiating (78) gives

qz = &ins ® 5qZ + Qins @ éq;’,
1, 0
=qins ® @’

2 ins

] ® 5‘1; + ‘AIins ® 5‘12 (80)

Combining (79) and (80), and at the same time isolating the term §;,,
gives

1., [0 1_1[ o0
25qb®[a}2b]_2[w”

ins

] ® oq, +6q, (81)
Neglecting second-order terms in (29) implies that

1 0
5'122[ laa] = 5‘12:[ 15a
2 2

Hence, (82) inserted into (81) gives

0 ; 0 0 .
[ ]-wiel & ][, Jo

] (82)

The product of two unit quaternions (Hamiltonian product) is defined
as

T
'7111 '742 gql qu (84)
€,

q,®q =
e [ fgy €q, T+ Ngy€q, + S (€

Expanding the second line in (83) gives

. 1
sa=ab, + ES(éa)a)ﬁb -l S )iq]

ins
1 1
= a)zb - ES(a)Zb)éa —ob — ES(a){’ )oa

ns s

1
= —ES(a)ﬁb + a)ibns)ﬁa + a)zb - cofns (85)

where S(3a)o’, = —S(@’,)5a and 64 = (1/2)5a have been exploited.
Appendix B. Reference vector measurement equation

Assume that vf is a measured vector expressed in {b}. Consequently,
the estimated vector is i)f’ = R;—(QZ)vg’_ where vy is the reference vector.
From this, it follows that
8y; = W) +&) - R@)vp;

= RJ(@))vf, + e~ RG],

~ (I3 = S(6a)) R)@ins)V; — R (@ins)V; + &

= —S(ﬁa)RqT(@ins)VS,- té&;

= S(R (@ins)V})0a + £; (86)

where (38) and g = §i,s have been used on line three.
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Appendix C. Strapdown INS Matlab function

The flow chart for implementing the strapdown INS in a computer
language is shown in Fig. 2. The Matlab function ins.m calls the func-
tions Smtrx.m, Rquat.m, and Tquat.m, which can be downloaded from
the GitHub repository of the Marine Systems Simulator (MSS) (Fossen &
Perez, 2004). The Matlab scripts are also compatible with the scientific
programming language (GNU Octave, 2023), which is free software
under the terms of the GNU General Public License.

function [x_ins, P_prd] = ins(x_ins, P_prd,..

h, Qd, Rd,f_imu, w_imu, m_imu, m_ref, y_pos, y_pre)
% [x_ins, P_prd] = ins() updates the INS states x_ins
% and covariance matrix P_prd at each sample.
%
% INPUTS:
% x_ins[k], [p_ins, v_ins, b_acc_ins, q_ins, b_ars_ins]
% P_prd[k], 15 x 15 covariance matrix

% h sampling time [s]

% Qd, Rd, ESKF process/measurement covariance matrices
% f_imu[k], w_imu[k], m_imu[k] fast IMU measurements
% m_ref, magnetometer NED reference vector, compute

% m_ref = R'" % m_imu when theta = phi = psi =0

% y_pos[k], slow position measurement

% y_pre[k], slow pressure measurement

%

% OUTPUTS :

% x_ins[k+1] INS state vector (16 states)

% P_prd[k+1] ESKF covariance matrix (15 x 15)

% User—specified constants

T_acc = 1000; % acceleration bias time constant
T_ars = 500; % ARS bias time constant
rho = 1026; % density of water

g = 9.82; % acceleration of gravity
gn=1[00g]'; % NED gravity vector

% INS states

p_ins = x_ins(1:3);

v_ins = x_ins (4:6);

b_acc_ins = x_ins(7:9);

q_ins = x_ins(10:13);

b_ars_ins = x_ins(14:16);

% Unit quaternion rotation matrix

R = Rquat(q_ins);

% Bias—compensated IMU measurements

f_ins = f_imu — b_acc_ins;
w_ins = w_imu — b_ars_ins;
% Normalized gravity vector
vi0 = [0 0 I]"; % NED
vl = —f_ins/g; % BODY
vl = vl / sqrt( vl' % vl );
% Normalized magnetic field vector
v20 = m_ref / sqrt( m_ref' % m_ref ); % NED
v2 = m_imu / sqrt( m_ref' % m_ref ); % BODY
% Discrete—time Kalman filter matrices
03 = zeros(3,3); O31 = zeros(3,1);
O13 = zeros(1,3); I3 = eye(3);
A=1[031I3 03 03 03
03 03 —R —RxSmtrx (f_ins) O3
03 03 —(1/T_acc)=I3 03 03
03 03 03 —Smtrx (w_ins) -—13
03 03 03 03 —(1/T_ars)*I131];

Ad = eye(l5) + h «+ A+ 0.5 % (h = A)"2;

10
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Ed =h = [ O3 03 03 03
-R 03 03 03
03 13 03 03
03 03 -13 03
03 03 03 13 1;
Cd=1] 13 03 03 0303 % NED positions
013 [0 0 1] O13 013 013 % pressure
03 03 03 Smtrx(R'«xv10) O3 % gravity
03 03 03 Smtrx(R'«v20) O3 ]; % magnetic field
if (nargin == 7), % no aiding
P_hat = P_prd;
else % aiding (slow measurement)

K= P_prd % Cd' % inv(Cd % P_prd %= Cd' + Rd);
IKC = eye(15) — K * Cd;

% Estimation error: eps[k]
eps_pos = y_pos — p_ins;
eps_g = vl — R' % v10;
eps_mag = v2 — R' % v20;

eps_pre = y_pre / (rho % g) — p_ins(3);

eps = [epsfpos; eps_pre; eps_g; epsfmag];

% Kalman filter corrector:
delta_x_hat = K % eps;
P_hat = IKC % P_prd % IKC' + K % Rd % K';

delta_x_hat[k] and P_hat[k]

% Error quaternion (2 x Gibbs
delta_a = delta_x_hat(10:12);
delta_q_hat =1 / sqrt(4 + delta_a'

vector): delta_q_hat[k]

# delta_a) * ..

[2 delta_a '] ";
% INS reset: x_ins[k]
p_ins = p_ins + delta_x_hat(1:3); % position
v_ins = v_ins + delta_x_hat(4:6); % velocity
b_acc_ins = b_acc_ins + delta_x_hat(7:9); % acc bias
b_ars_ins = b_ars_ins + delta_x_hat(13:15); % ars bias
q_ins = quatprod(q_ins, delta_q_hat); % Schur product
q_ins = q_ins / sqrt(q_ins' % q_ins); % normalization
end

% Kalman filter predictor: P_prd[k+1]
P_prd = Ad = P_hat % Ad' + Ed = Qd % Ed';

% INS propagation: x_ins[k+1]

a_ins = R % f_ins + g_n;
p_ins = p_ins + h % v_ins + h”2/2 % a_ins;
v_ins = v_ins + h % a_ins;
q_ins = expm( Tquat(w_ins) % h ) % q_ins;
q_ins = q_ins / sqrt(q_ins' % q_ins);
x_ins = [p_ins; v_ins; b_acc_ins; q_ins; b_ars_ins];
end
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