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Abstract: The recent progress of measurement devices and algorithms of inertial navigation
opens up the perspective of deep integration between inertial navigation systems (INS) and
dynamic positioning (DP) systems. In the literature, novel mathematical algorithms for INS-
guided sensor fusion and sensor fault isolation have recently been proposed, aimed primarily at
robust and resilient observation of the vessel’s attitude and position. Much less has been done
for experimental testing of INS-guided DP systems in real environmental conditions. In this
paper, we report experimental results (from bench tests to real sea trials), demonstrating the
efficacy of a fiber-optic inertial measurement sensor in a real DP system. Besides this, we discuss
some new applications of INS systems in DP operations and relevant mathematical algorithms.

Copyright © 2021 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

The standard set of sensors for dynamic positioning (DP)
includes position references, gyrocompasses, wind sensors
and motion reference units (ABS, 2013). In parallel with
DP, the technologies of inertial navigation systems (INS)
was developing (King, 1998; Titterton and Weston, 2004).
The progress in electronics and fiber optics has yielded
precise, reliable and relatively cheap inertial measurement
units (IMU). This enables to implement long-standing
plans of using INS into DP operations as an additional
sensor (Vickery, 1999; Stephens et al., 2008; Carter, 2011).
Mathematical results, reported in systems and control
literature, suggest that the additional inertial sensor allows
to increase the precision of the vessel’s attitude and posi-
tion estimates (Hua, 2010; Grip et al., 2015; Bryne et al.,
2018), increasing the sensors’ redundancy Bryne et al.
(2017), enabling fault isolation (Rogne et al., 2014) and
operations in the position “dead reckoning” mode (Rogne
et al., 2016). However, the experimental results showing
that existing INS are instrumental in DP operations are
quite limited and mainly concerned with development of
new sensors, integrating INS and position references (Pa-
turel, 2014; Russell, 2012; Rinnan et al., 2012).

The R&D center of Navis Engineering OY company works
on deep integration of an INS into Navis NavDP 4000
DP control system?. As an inertial measurement unit

1 Email: {e .ambrosovskaya,d.romaev,a.loginov,a.mordvintsev, -
a.miroshnikov}@navisincontrol .com, anton.p.1982Q@ieee.org,
iv_fedorov@optolink.ru

2 https://navisincontrol.com/upload/iblock/c67/New-DP-
broshure_2.pdf
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Fig. 1. Integration of the INS and the DP control system

(IMU), we use a precise fiber-optic device IFOS-500 man-
ufactured by Fiber Optical Solution.? IFOS-500 provides
RS-422 interface and is connected to the control computer
through the interface box (Fig. 1) collecting sensors’ data.

Potential applications of the INS in DP operations, along
with the aforementioned vessel’s state vector estimation,
fault isolation and operations in dead reckoning modes,
include estimation of the external forces and online tuning
of the vessel’s mathematical models. In this paper, we
report our progress in these problems and the results of
experiments (including seatrials on a real vessel).

3 http://opticalsolution.lv/products/inertial-measurement-
units/
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2. VESSEL MOTION ESTIMATION

The reference frames (Fig. 2) associated with a ship
are (Titterton and Weston, 2004, Section 3.3):

e The inertial frame[i] has its origin at the centre of the
Earth and axes which are non-rotating with respect
to the fixed stars;

e The frame [e] has its origin at the centre of the Earth
and axes which are fixed with respect to the Earth;

e The North-East-Down, or navigation frame [n] has its
origin at the location of the navigation system, point
P, and axes aligned with the directions of north, east
and the local vertical (down);

e The forward-starboard-down, or body frame [b] is
an orthogonal axis set which is aligned with the
roll, pitch and yaw axes of the vessel in which the
navigation system is installed.

1]

Fig. 2. Coordinate systems associated to the vessel.

Henceforth, we use bold font for rotation matrices, 3-
dimensional physical vectors (velocity, acceleration, angu-
lar velocity) and their coordinate representations. Scalars
and coordinate vectors that do not correspond to any
physical vector are denoted by normal font.

The coordinates of an arbitrary physical vector (velocity,
acceleration etc.) z in the frame [f] (where f =i,e,n,b)
are henceforth denoted by z/ := [2f, 2:5 2], We use wyy,
to denote the angular velocity of rotation of frame [h]
with respect to frame [g]; it is well known that wy, =
w g +wgn. The symbol Ry stands for the rotation matrix

transforming frame [g] into frame [h]. It is well known that
=R, R = (R = (R

for any vector z and pair of frames [g],[h].

Given a coordinate vector z € R?, we use [zx] to denote

the skew-symmetric matrix of cross product associated

with it: # x y = [xx]y whenever y € R3. For an arbitrary
frame [f] and two physical vectors z, w we have

(z x w) =2/ x|w/ = —[w/ x]z/.
It can be shown that if R is a rotation 3 x 3 matrix, then
R[zx]y = [Rzx]Ry <= [zx] = RT[Rex]|RVz,y € R>.
Replacing here R by R, the latter equality shapes into
[x]R = R[R zx]. (1)

The following relation between the rotation matrices and
angular velocities is also well known

R} = [w],x|R] = Rf[w},x]. (2)
2.1 The IMU measurements and data processing

Characteristics of the IMU are summarized in Ap-
pendix A. The structural diagram of data processing sys-
tem is shown in Fig. 3.

The inertial sensor measures the absolute acceleration
(with respect to the inertial frame) created by all non-
gravitational forces a — g and the absolute (inertial)
angular velocity of the frame [b]. Coordinates of both
physical vectors are written the frame [b]. Taking into
account the measurement noises &, €., the two coordinate
vectors received from the sensor are

Qimu(t) = ab(t) - b( t) + &a(t) € R?,
Wzmu(t) - wzb( ) +£w( ) € RS'

The noises can be decomposed into slowly changing bias
components ag(t),wo(t) (that are considered as almost
constant and depend on the temperature and internal
sensor’s parameters) and a small high-frequency noise.
The corrected measurements used to estimate the vessel’s
velocity and position are therefore

a(t) = aimu(t) — ao(t) = a’(t) — g"(t) (3)

B(t) = wima(t) —wo(t) = wi(t), (4)

where =~ means “equals modulo small high-frequency
noises (that can be rejected by low-pass filtering)”.

The equations of motion to be integrated involve the
following variables (we work in the navigational frame [n],
where the relations between the position, ground velocity
and the Earth angular velocities are simpler):

e the rotation matrix R};

e the vector of ground vessel’s velocity written in the
frame [n] v? = (vn,vE,vp) ' ;

e the coordinate vector of the vessel’s position p =
(o, A\, h)T, where ¢ is the latitude, A is the longitude
and h is the height

e the vector of gravity acceleration g" = (0,0,g,) " at
the vessel’s position;

e the angular velocities w?, (rotation of the Earth) and
Wen; obviously, wi, = wie + Wep.

The equation for the rotation matrix (Poisson equation)
is as follows

n(2) n (1),(2)
R [why ]

- Rg [u)an] =
n n n @ 5
= Ryl x] - wh xRy & )
— R} [(Wima () — wo()x] — [(@), + @) <R}
The vector of the vessel’s ground speed evolves as fol-
lows (Titterton and Weston, 2004, Eq. 3.22)

= R?[‘U?bx]

= Rj(a ~ &) - (], i) <V Fg = o
= R} (aimult) — ao(t)) — (2], +@0,) x V7 +g".

The vessel’s position in the geographic coordinates evolves
as (Titterton and Weston, 2004, Section 3.7)

UN VE T
(7)

) ,UD )
Mg ()" No(p)cosep

4 Note: p is not a geometric vector, but just a triple of numbers.

p(t) =
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Fig. 3. INS data processing: a structural scheme.

where Mg (¢) is the meridian Earth radius and Ng /() is
the transverse radius of curvature. Recall that the biases
wp, ag are supposed to be slowly changing, so

wo = ag = 0. (8)
To close the system of equations, one needs the represen-

tation of two angular velocities in the frame [n], which is
found as follows (Titterton and Weston, 2004, Section 3.7)

cos vg/Ne(p)
w?e =0 < 0 ) s w’;n = < _UN/MED(()O) ) ) (9)
—sing —vp tan p/Ng ()

where Q = |w;.| is the Earth’s absolute rotation rate (with
respect to the polar axis).

2.2 Integration of the equations: two-stage estimation
procedure

The direct integration of Eqs. (5)-(9) is impossible for
two reasons: first, we do not know the exact initial po-
sition and heading of the vessel, second, the sensor’s
biases are unknown. The standard approach to solu-
tion estimation is to use an observer whose structure
is borrowed from (Matveev and Raspopov, 2009). The
observer’s equation involve estimates of the variables
Ry (1), ve(t), p(t),wo(t),ao(t) (we denote them, respec-
tively, by R(t),0(t), p(t),oo(t), ao(t)) and the vector of
correction terms U = (ug, Uy, Up, Uwgy, Uay) ' - The elements
of the velocity and position estimates are denoted as

p=(p,\h).

The dynamics of the estimates are as follows

V= (’DN7’5E71~}D)7

R = R{(@imu — @0)x] — (@}, + &7, + up) x| R
O = R(aimu — G0) — (207 +@") X 0+ g" + y,
. UN UE 17
7= e @) Na(@ o) T

Wo = Uy, a0 = Uqayg,

Notice that g" and the measurements a;my,Wimy are
known and @7}, @7, are found by substituting ¢ into (9).

It can also be shown that R is a rotation matrix provided
that the initial condition R(0) is a rotation matrix.

2.8 Reference-aided data processing: estimation errors

The dynamics of observation errors can be represented as
a set of differential equations

B —lwp, <] S5 S, -R O B
Av [(Raimu)x] SU ST 0 R| | Av
il I 0 Sv ST 0 0 Ap
Awg 0 00 0 0 Awy
Aag 0 00 0 0 Aag
ug + Sy,
Uy + 0 % (SSu,)

+ up

uwo

uao

Here S%, S7,, S&, Sy, Sy, Sy7, Sy are matrix coefficients

(that can be found explicitly), Av =0 —v2, Ap=p5—p,

Awg = Qg — wo, Aag = ag — ag and vector (3 is defined as
[5x] = R(R})" — 1,

which is considered as a discrepancy between the observed
and actual rotation matrices (I is the 3x 3 identity matrix).

If the vector of discrepancies Ax = [3, Av, Ap, Awg, Aag] "
was measured, the correcting terms U could be found as a
simple “PI controller”

ug = _kﬂﬁv Up = —kpAp, (10)
Uy = _kaAW07 Ugy = _kaOAG/O? (11)
Uy = 7kvAU - kv,i / Av. (12)

However, the whole discrepancy vector (equivalently of
course cannot be measured). In the normal situation
(GPS data are available), we can measure the vector of
position p (which allows to find Ap) and/or the ground
velocity (course and speed over ground) v? (allowing to
find Av). The remaining components are recovered by
using the extended Kalman filter (EKF) of order 15. In
the absence of GPS measurements, manual input of the
vessel’s position is possible (as used, for instance, in the
testbench experiment described below). In the case of dead
reckoning, the sensor is updated by zero velocity.
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2.4 FExperiments on a testbed and a real vessel.

Since it is difficult to compare fast-oscillating signals, so-
phisticated maneuvers are needed to compare measure-
ments of different pitch/roll sensors. During these maneu-
vers, accelerations in x-,y- and yaw directions are given.

Picth/roll estimation results.  For experiments, we use
a platform equipped with sensors and computer (Fig. 4).
This platform can be considered as a pendulum of 2.3m
length (natural period is about 3 sec). During the experi-
ments, the INS filter is “zero-aided”, that is, it receives the
constant latitude and longitude of the testbench location
(oscillations of the platform are ignored).

In Fig. 5, the results of pitch and roll estimation during the
aforementioned testbench are shown. We compare Navis
INS (3) with two different MRU sensors (1 and 2). The
accuracies of the pitch and roll estimates are within 0.1°.

Fig. 4. Pitch/roll estimation testbench
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Fig. 5. Pitch/roll estimation (steps), testbench

Heading estimation results. In Fig. 6, we compare the
estimated vessel’s heading with gyrocompasses. The mea-
surements have been collected during the seatrials of an
icebreaking vessel (Appendix B). Starting vessel at almost
zero speed and constant heading, the heading estimate is

ready in about 5-15 minutes and has approximately same
quality as navigation gyrocompasses.

Heading Gyro and INS

400

300 - |

200 W

2
3

100 -

0 1 2 3 4 5 B 7 8 9
— Gyro 1-2
— Gyro 1-3
1 Gyro 2-3
— Gyro 1-INS
— Gyro 2 - INS
Gyro 3 - INS

05

!
i

t,hours 9

Fig. 6. Heading estimation and errors, sea trials

3. FORCES AND MOMENTS ESTIMATION

During DP control system calibration or verification (an-
nual trials), one of the problems is to calibrate the forces
and moments of the vessel’s actuators using special maneu-
vers (Ambrosovsky and Ambrosovskaya, 2005). In the sim-
plest situation (fixed-pitch propeller or tunnel thruster),
such a calibration requires to tune a single correction
coefficient for the thruster, that is, the ratio between the
actual and the nominal forces. Calibration of CPP pro-
pellers, rotational thrusters and rudders is more delicate,
because the correction coefficient, in general, depends on
the propeller’s pitch and/or the thrust direction.

Traditionally, offline frequency-domain procedures are
used to estimate accelerations. Usage of direct acceleration
measurements, provided by INS, can simplify this process
and, furthermore, provide an online calibration tool for DP
operators. Impulsive external forces can also be estimated.

3.1 The estimator of forces and yaw moment

The forces estimator (Fig. 7) includes:

(1) Nonlinear filter provides median filtering of raw ac-
celeration measurements a,, a, (sampled at 600Hz)
with subsequent and moving averaging. Fig. 8 shows
the result of online X-acceleration filtering.

(2) Nonlinear differentiating filter to estimate the yaw
acceleration w,.

(3) Actual forces are determined by the mass, added
masses and accelerations Fy sum = (m + myp)ag,
Fy sum — (m + m22)aya M, sum = (Jz + m66)wz-

(4) Estimator of “nominal” forces (based on actuator
commands and feedbacks); these nominal forces can
be compared with estimated actual forces Fgym to
compute correction coefficients.
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(5) Estimator of external forces and their corresponding

arms, which can be found from the relation
Fsum = Fthr + thdro + Faero + Fea:ternal

Nonlinear
> Filter > Mass, Inertia

INS Moment, Add 0;’]‘:;?;“;"
—» Differential ——» Masses ____,  External —»
Filter Forces
Actuator Estimator
Commands Actuator .
and ——>  Forces Peak Detector_, ~ Direct Force

Feedbacks Estimator

Fig. 7. Forces estimation scheme

a0

Fig. 8. Filtered acceleration
3.2 Ezxperiments

Fig. 9 demonstrates the results of online X-force estima-
tion (INS, command force and feedback force estimations)
during the longitudinal calibration maneuver. Fig. 10
shows the result of online yaw moment estimation (INS,
command force and feedback force estimations) during
the rotation calibration maneuver. All data are obtained
during seatrials of an icebreaking vessel (whose particulars
are summarized in Section B). Comparing the nominal
(bollard pull) forces estimated from the thrusters’ feed-
backs and the actual forces given by INS, the correction
coefficient for each thruster can be obtained.

Fig. 11 demonstrates windows of Navis NavDP 4000
control system, displaying the estimated generalized forces
and the vessel’s position on a map during test maneuvers.

F 0

60 -

a1 | | I [

IRV

150 200 250 300 350 400 450 500 550

Fig. 9. X-Forces: commanded (1), feedback (2), estimate
from INS (3)
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Fig. 11. Navis NavDP 4000 windows: thrusters com-
mands and forces, the vessel’s trace.

To investigate possibility of estimation and compensation
of single ice floes impact on vessel hull (open ice con-
ditions) a joint study with Aker Arctic was conducted.
Aker Arctic facilities for study includes Ice Towing Tank
(Fig. 12) and a scaled model of an icebreaker with ex-
tended telemetry system for local hull positioning. For the
experiments, this model was additionally equipped with
the IMU sensor and the interface with Navis NavDP 4000
system. External forces can be applied manually at differ-
ent points of the vessel (Fig. 13) to simulate ice impact.

Aker Arctic

Fig. 12. Towing tank tests with Aker Arctic (Polaris
icebreaker model), January 2019
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Assuming a simple model of impact process, the point of

impact can be found by finding a minimum of the least-
square “error”

. 2
e, ly] = argmzn{Z[lIFy(t) — Ly Fp(t) — M.(t)]"}
over all possible points (I,1,) on the vessel’s waterline.

Our experiments have shown that in reality a simpler least-
square problem gives a good approximation of the z-arm

[l.] = argmin{Z[l$Fy(t) — MZ]Z}.
The above formulation provides estimation of the impact
point location on the waterline. It was found that this
simplified approach provides a more robust estimation of
external impact point and direction in real time. For the
experiment in Fig. 13 the following data were estimated:

Ex- Starting | Direction | x-arm X-arm
peri- Time, s estimate, | estimate, | actual,
ment ° m m

1 120 225 0.82 0.8

2 200 195 0.50 0.5

3 255 270 0.57 0.5

4 330 265 -0.08 0

5 400 268 -0.84 -0.8

6 485 220 -1.58 -1.5

Estimated impact point (x-arm [,) and force direction
shows a good agreement with experimental measurement
as shown e.g. in Fig. 14. For instance, in the first exper-
iment an impulse to the vessel is given by applying the
force whose direction in the body-fixed system is 225° (di-
rection 0 corresponds to the force from bow, direction 180
corresponds to the force from stern). The force (Fy, F))) is
determined from the acceleration measurements (left plot)
using the vessel’s masses (see Subsect. 3.1); the estimated
directions are shown in the middle plot. Similarly, the yaw
moment is determined from the measured yaw angular
velocity, after which the [, ~ 0.82 is estimated. On the
right plot, we compare the actual and estimated moments
(I, is small compared to [, and is neglected here).

4. A VESSLE’S VELOCITY ESTIMATION AND
DEAD RECKONING

Accurate dynamic positioning requires precise measure-
ment of the vessel’s velocity, which are not directly avail-
able from GPS and other reference sensors (position mea-

W~ _—%m |
o

Fig. 14. External force direction and arm estimation.

surements can be noisy, velocity measurements provided
by GPS are not very accurate at low speed). The problem
of robust observer design for DP is well studied in the
literature (Loria et al., 2000; Fossen and Perez, 2009),
falling beyond the scope of our paper.

The velocity estimators can be improved by the results of
INS processing in two ways:

e In presence of position measurements, the INS filter
can be used as a sufficiently accurate source as veloc-
ity. Fig. 15 shows velocity estimates during maneuvers
of the icebreaking vessel (Appendix B): we compare
the output of INS filter (aided by GPS1) and the
velocities given by the two GPS filters.

e In the absence of position measurement (dead reckon-
ing), the “unaided” INS filter can nevertheless predict
the vessel’s position for several minutes. The qual-
ity of prediction depends on the acceleration biases
(low-frequency component of the measurement error)
ap(t),wo(t). Results predictions are shown in Fig. 16.

Vx estimation, mis

07 - \ //7"7’9—‘

N A

o

600 750 00 1050

Fig. 15. Sea trials data: velocity estimation

X-Position (GPS and INS data).m

Y-Position (GPS and INS data)m

GPS#2 off
INS works without GPS data

ssss
Tme,s 75 50 25 Tmes

Fig. 16. Two maneuvers with 60s INS prediction (dead
reckoning). GPS1 is not fed to INS and used only
for comparison; INS is aided solely by GPS2. When
GPS2 data is lost, the INS is fed by the last stored
measurements of latitude and longitude.

5. CONCLUSION

This research shows benefits of using deep integration of
inertial system with DP control system. Commonly, an
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INS is considered as a self-standing external device and
uses a simplified kinematic model of motion. Its close cou-
pling with a DP controller makes it possible to provide the
fusion of all sensors data, using a comprehensive vessel’s
motion model and other information available to the DP
control system. The marriage of INS and DP control sys-
tem yields a number of benefits such as the external force
estimation, sensor fault detection and isolation (based on
comparison of measured linear accelerations and angular
rates with vessel dynamics model with thrusters forces and
moments corrected by IMU data processing), enhanced
unaided positioning (dead reckoning). A necessary re-
quirement for the aforementioned applications, however, is
the availability of a well-tuned and checked mathematical
model of the vessel which is not always possible in practice.
With further development of autonomous vessels, which
are specially designed for DP operations, the INS sensors
could be used widely for autonomous shipping. We are also
working on new intelligent sensor devices, meshing INS
measurements with data from other positioning references,
e.g. GPSs and hydro-acoustic sensors.
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Appendix A. THE IMU SENSOR SPECIFICATION

IFOS-500 communicates with a DP system via RS-422 in-
terface at the baud rate 921600. IFOS-500 provides a pro-
prietary binary interface. To detect delays and dropouts
in data, each message contains a timestamps. IFOS-500
provides termo-compensated measurements of linear ac-
celerations a, ay, a, and angular rates wg, wy, w, (see
Fig. 2) at 600Hz frequency. The accuracies reported by
the manufacturer are: the acceleration bias drift is < 0.5 -
10~3g, angular rate bias drift is < 0.1° /hour, and the angle

random walk (ARW) is 0.007° /v hour.
Appendix B. VESSELS’ PARTICULARS

The characteristics of the icebreaker vessel are: length
overall 121 m, breadth 25 m, displacement 14500 t, bow
azimuth thruster 6500 kW, bow tunnel thruster 1800 kW,
two stern azimuths each 7500 kW.

The particulars of a vessel model used for towing tank
tests (provided by Aker Arctic): length 4.25 m, breadth
1.25 m, displacement 0.95 t, thrusters: one bow and two
stern azimuth, each 0.5 kW.



