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ABSTRACT Inertial matching measurement method has been widely used to measure hull deformation in
real time to establish a unified attitude reference for ships in previous decades, but most current methods were
based on linear error model which adopted small angle approximation. Therefore, the large misalignment
angle in the hull deformation will bring great challenges to the accuracy of inertial matching measurement
methods. In order to solve this problem, we divided the hull deformation with large misalignment angle into
two parts: large angle based on coarse registration and small angle of the residual part. Three improvements
were made as the following: (1) The quaternion optimization method (Q) was utilized to get the coarse
registration result; (2) Based on the result, we derived a brand-new residual small-angle measurement
algorithm. (3) We introduced neural network Karman filter (NNKF) to calculate the hull deformation in
real time to further reduce the nonlinear error of the system. The experiment results illustrated that the
proposed method, namely, Q-NNKEF, can accurately measure the hull deformation in real time and effectively
suppressed the nonlinear error caused by large misalignment angle.

INDEX TERMS Inertial matching measurement, hull deformation algorithm, large misalignment angle,

neural network Kalman filter.

I. INTRODUCTION

Inertial navigation system provides the position parameters,
attitude parameters and motion parameters of the carrier by
measuring the acceleration and angular velocity of the carrier
with gyroscope and accelerometer respectively. The fiber
optic gyroscope strapdown inertial measurement unit (FGU)
has the distinct advantages such as simple structure, small
volume, low cost and simple maintenance, which can be
fixedly connected to the carrier to provide digital navigation
information, [1], [2]. Inertial navigation system can obtain
navigation information without external information, thus
modern ships such as aircraft carriers, ocean-going destroy-
ers, astronautic measurement ship, and so on, usually need to
navigate with the help of high-precision inertial navigation
system or platform compass [3]-[5]. In order to ensure the
normal operation of radar, missile launcher, phalanx close
and other shipborne equipment, we need to provide a uni-
fied attitude reference for shipboard equipment. We provide
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accurate navigation parameters to the navigation system of
shipborne equipment to complete the binding of the initial
navigation parameters so as to adjust them quickly into the
accurate working state, and this process is referred to as a
transfer alignment [6]-[8]. However, the ship is not a rigid
body. With the change of the load of ship, the impact of
sea waves and other external forces, as well as the internal
structure changes of the ship caused by the long-term effect
of expansion and contraction with temperature, the ship will
undergo hull deformation, forming a certain misalignment
angle between the main inertial navigation system and ship-
board equipment, which we call hull deformation. Due to the
existence of hull deformation, ship-borne equipment directly
using navigation parameters provided by the central iner-
tial navigation system will bring misalignment angle error,
resulting in the lack of accuracy. Therefore, the measurement
of hull deformation is fast becoming a key instrument in
improving navigation accuracy.

A.V. Mochalov et al. found that the hull deformation
angle can be as high as 1° to 1.5° [9]. In order to over-
come the effect of hull deformation and establish a unified
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navigation coordinate datum for the whole ship, scholars all
over the world have adopted structural mechanics methods
such as oversize steel tube datum method, dual-source CCD
measurement method, photogrammetry method and grating
method to measure hull deformation. However, these meth-
ods often have shortcomings, including insufficient accu-
racy, poor implementability, and inability to obtain the linear
velocity change of dynamic deformation angle in real time.
The Central Institute of Electrical Instruments and the Insti-
tute of Electrical Engineering in St. Petersburg, Russia, put
forward the method of measuring hull deformation by inertial
measurement matching method in the late 1980s. By using
the difference of navigation information between inertial
measurement components installed on shipboard equipment
and the high-precision main inertial navigation, the deviation
caused by deformation angle can be detected and corrected in
real time by Kalman filter [9]. Inertial measurement of hull
deformation has the advantages of no dependence on external
equipment, easy installation and good real-time performance,
so it has become the most promising research direction
in current deformation measurement. The long-term static
deformation angle of hull is usually modeled as a constant or
random walk process, and the dynamic deformation is usually
modeled as a second-order Markov model [10]-[12]. Inertial
matching method of hull deformation measurement can be
calculated by using various navigation information, such as
angular velocity matching, attitude matrix matching, veloc-
ity and angular velocity combination matching, etc. These
algorithms are based on linear model, which means that the
algorithm can only operate when the misalignment angle of
hull deformation is small.

In the long-term voyage of ships, due to the limitation of
installation conditions and the aging of the hull deck in the
harsh external environment, the misalignment angle of hull
deformation will further increase, resulting in the calculation
error of the conventional inertia matching algorithm of hull
deformation increasing or even diverging [15]. Therefore,
matching algorithm of hull deformation under large mis-
alignment angle has been a largely under explored domain.
In view of the nonlinear problem caused by large misalign-
ment angle, the paper [13] put forward the idea of roughly
estimating large misalignment angle. Huang Yulong ef al.
completed Kalman filtering for coarse alignment of motion
by using odometer assisted Strapdown Inertial Navigation
System [14]. The paper [15] proposed a solution to transform
the alignment problem into quaternion optimization problem,
which provides a reference for reducing the nonlinear error
of hull deformation under large misalignment angle. In the
process of inertial matching of hull deformation, we need
Kalman filter for accurate calculation [16]-[18]. Under large
misalignment angle, conventional Kalman filter is associated
with increased risk of error increase or divergence, so we
need adaptive Kalman filter to deal with nonlinear prob-
lem [19], [20]. Ying He et al. put forward the guiding ide-
ology of combining neural network with Kalman filter [21].
Nevertheless, the algorithm for hull deformation with large
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arbitrary installation misalignment angle still need to be
solved urgently.

In order to solve the above problems, we introduced an
improved inertial matching algorithm, namely, Q-NNKEF, for
the hull deformation with large misalignment angle. In this
paper, we divided the hull deformation into two parts: the
large angle obtained by coarse registration and the small
residual angle. (1) We used the quaternion optimization
method to rapidly get the coarse registration result of large
misalignment angle quickly; (2) Using the result, we derive
a brand-new small-angle residual measurement equation to
reduce the nonlinearity of the system. (3) In order to ensure
the accuracy of the algorithm and further reduce the nonlinear
error of the system, the NNKF was utilized to calculate the
hull deformation in real time. Finally, semi-physical simula-
tion platform tests are carried out to verify the validity and
applicability of the investigated method.

The rest of the content is organized as follows. Section II
presents the reference frame definitions. Section III intro-
duces the Q-NNKF algorithmincluding the derivation of
quaternion optimization method, a new attitude matching
algorithm and the neural network Karman filter. Section IV
we narrated our hardware work for experimental platform
construction and conducted many experiments to compare the
proposed method and existing hull deformation algorithm.
The conclusions are given in Section V.

FGU

FIGURE 1. FGUs installation in deformation measurement on the ship.

Il. THE REFERENCE FRAME DEFINITIONS
In hull deformation measurement, FGUs are respective
installed near the shipboard equipment and the main naviga-
tion system, which are named as FGU1 and FGU2 as shown
in Figure 1. Because the hull is not a rigid body, there will be a
changing misalignment angle ¢> between FGU1 coordinate
system by and FGU2 coordinate system by, which is the
hull deformation angle. When the hull deformation ¢j; is a
large misalignment angle, the scheme proposed in this paper
divides the hull deformation @1, into two parts: @19 and @g.
o2 1s the large angle calculated by coarse registration, and
@10 is the residual part of hull deformation angle.

The coordinate frames mentioned in this paper are defined
as follows:

(1) by, by: Carrier coordinate system corresponding to
FGUI and FGU2 installation position, respectively.

(2) bo: The coordinate system which have the angle ¢,
with by.

(3) i1,i2: The body coordinate systems of FGU1 and
FGU?2 at the initial time #p which remain stationary in the
inertial space, relatively.
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FIGURE 2. Three-dimensional coordinate definition of FGU1 and FGU2.

(4) ip: The coordinate system of bg at the initial time 7y
which remain stationary in the inertial space.

(5) i1, i»: The coordinate systems respectively coincided
with i and i, at the initial time ¢y, and deviated from iy, ip
due to the attitude error caused by gyro drift of FGUI and
FGU2.

(6) ip: The coordinate systems coincided with iy at the
initial time fg, and deviated from iy due to the attitude error
caused by gyro drift of FGU2.

Ill. THE Q-NNKF ALFORITHM FOR HULL DEFORMATION
WITH LARGE MISALIGNMENT ANGLE

A. QUATERNION OPTIMIZATION METHOD

The function of quaternion optimization method, namely,
method Q, is introduced to estimate most of the large mis-
alignment angle ¢, [15]. After that, we can make linear
approximation filtering estimation for the small residual hull
deformation angle.

The result of quaternion optimization method, Cfg, is the
rotation matrix from b, to by, and its corresponding Euler
angle vector is ¢pp. The angular velocity of FGU1 and
FGU2 are w (t) and w; (1), respectively. Because the quater-
nion optimization method can estimate most of misalignment
angle, the relationship of FGU1 and FGU?2 is approximately
expressed as:

w1 (1) = C} (1) - w2 (1) (1

Considering the hull deformation is a slow variety, Cé’g )
can be approximated to be a constant over a short period of
time so that C ZS (¢) can be denoted by C,};f By integrating on
both side of the equation once, we get the following formula

(1) =Cpl ()

t t
,3(t)=/0 wi (T)dT, Ol(f)=/0 wy(r)dr  (2)

Letg = [s n ]T be the corresponding quaternion of C 52‘ ,
so formula (2) can be expressed as

B =qQua(t)®q" (3)
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Define the following operator:

+] _[s —nT =1 _[s - i|
u‘[n s1+n(x)Hq]‘[n sd-n| @

The formula (2) can be transformed into the following
linear equations in terms of g.

(PRI ®

The optimum solution of g should satisfy the following

eIl Lo De

2
dt = ming’ Kq
q

i [, T
= (Go]-Leal) (sl (o)

dt.q"qg=1 (©6)

The Lagrange multiplier A can be proposed in the following
equation to solve these typical optimization problems:

L(g)=q"Kqg—» (qTq - 1) @)
By differentiating the formula (7) to ¢, we have
(K —1)g=0 ®)

The optimal quaternion ¢ is the regularized eigenvector of
K corresponding to the minimum eigenvalue A.

L(g) =x )

The Cf; is the rotation matrix corresponding to the quater-
nion g. And @, is the Euler angle of C,f;’.

B. NEW ATTITUDE ANGLE MATCHING ALGORITHM FOR
RESIDUAL SMALL ANGLE

According to the definition of coordinates, we can express the
misalignment matrix between FGU1 and FGU?2 as follow

Cyl=Crcy (10)

In (10), C ;;3 has been determined after the quaternion opti-

mization method. And C,l;‘ corresponds to the rest of whole
misalignment angle which is small, it can be expressed as

by _ T T il ig i
Cbo _Cbl C;1 Ci0 ;Cbo (11)

According to the definition of coordinate system, C ;7(()) can
be written as

Cpy = CHCRCCy e (12)
By substituting (12) into (11), we have
CCRCPC G\ Gyl = .Gy (13)

In (13), CZ(: indicates the direction cosine matrix from
bo frame to the FGU1 body coordinate frame bj, and we
will use the Kalman filter to estimate the value of C,I)’S in
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order to obtain the final result of C;,’ 21 which shows the whole
deformation between FGU1 and FGU2. Let @19 be Euler
angle of C}lj(; , and according to the definition of coordinate

frame ¢ is small angle. So CZ ; it can be written as

) 0 —@io: @0y

Cog I+ | =010 0  —pion
ey —wiox O

=1+ [p1ox] (14)

;i' and C;i2 are the attitude drift matrix of FGU1 and

1 2

FGU2 which caused by gyro drift. Let 01 ; and 6, ; be the

Euler angle of C;’ ! and C;,’z, if they are small angles, they can
2

be described by :
;fl' ~ 1+ [61,%] (15)
C2 ~ I+ [62,:%] (16)

15}

Cl.i0 is the rotation matrix from FGU1 body coordinate
frame b to by at the initial time fy. Let ¢ be the Euler angle

of C;?, and according to the definition of coordinate system

@o is small angle, so C :? is approximately expressed as

; 0 —®¥oz Yoy
C,’? ~I—|—po; 0 —gox | =1—[pox] (17)
Yoy —Pox 0

Cl.lj is the rotation matrix from ig to i», and at the initial
time of #g it is same as CZ;. Because C;; is constant matrix,
we have

c2 = c{;; (18)

ip
From formulas (13)-(18), we have
{1 = [B2ix]} P2 T — Lo x I} {1 + [61.x]}
x CP I + [prox]} = C2C2 - (19)
On both sides of (19), let the formula be multiplied by
CZ;) on the left side and C;,b ' on the right side, respectively.

.. 1 ..
After omitting the second-order small quantities, we get the
formula as

{I + [C,i‘] @10 +61,i — @0 — C}};feli] X} = Cffciicfﬁcfl
(20

In (20), C}', C;? are the attitude matrices of FGUI and
FGU?2 calculated by the output of the FGUs, respectively. C;;;’
is calculated by quaternion optimization algorithm._

For the right side of the equation (20), let C fg Cézz Cl})’; C;_” !

1
be

T Cn Ci2 Cp3
Cb;szCb;C;l] =|Cy Cxn Cy3 (21

C31 G C33
Supposing Z = [Zx,Zy,ZZ]T is the Euler angle of

crc2 e, we have
2 by by

Z, = arcsin (C3p)
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: < C31>
Z, = arcsin | ———
’ C33

. Ci2
Z, = arcsin | ——— (22)
Cx
According to (20) and (22), we get the measurement equa-
tion of hull deformation matching algorithm based on large
misalignment:

i b
Z=Cyo10+01i—¢o—Cplba; (23)
where @19 = [§0le7 ®10y, (plOZ]T is the Euler angle of Cl};(l.

C. COMBINATION OF KALMAN FILTER AND NEURAL
NETWORK

After obtaining the measurement equation of the small angle
residual error @19, we need to carry out filtering calculation.
Considering the further nonlinear approximate operation for
small angle @19, we consider introducing combination of
Kalman filter and neural network (NNKF) to achieve the
purpose of accurate calculation.

[Wn, BIn]T [VVOM, B()ur]T

FIGURE 3. Typical multilayer neural network structure.

A two-layer parametric neural network and a nonlinear
filtering algorithm are introduced to realize real-time esti-
mation on line [21]. The two-layer parametric neural net-
work contains four connection coefficients. They are input
coefficient W, input threshold ™, output coefficient W
output threshold 5% as shown in Fig. 3. The four vectors are
combined as

T
Wb = [W[n bln WOMI bOut] (24)

In the small angle ¢y, we can divide it into two cate-
gories according to the different frequencies. One kind which
changes slowly is static deforming angle ®g;, and the other
kind which changes rapidly is dynamic deforming angle ®py.

010 = Ps: + Ppy (25)

Combining the connection weight coefficient vector and
the variables in (23), we get the system state vector of non-
linear Kalman filter as

. . T
X = [®g 5 Ppy Py 01,02 €ct €2 €11 €12 9o Wh]
(26)
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For static deforming angle, considering to simulate the
small amplitude deformation of hull deck in long-term voy-
age, we model it as quasi-static angular deformation:

éI"St = WSt (27)

where wg; is the unit variance Gaussian white noise.
Dynamic deforming angle ®p, is set as a second-order
Markov process as follows

Bpy.i + 20iPpy.i + b ®py i = 2biy/Diptionpy,; (1),
i=x,z (28)

where p; is the dynamic deformation irregular coefficient,
A; is the main frequency of dynamic deformation, D; is the
variance of dynamic deformation, wpy is the unit variance
Gaussian white noise, and bl.2 = /,Liz + A%.

As Formulas (15) and (16) show, 81 ;, 02 ; are the Euler
angles of attitude errors caused by gyro drift. According
to differential equation of direction cosine matrix, the state
equations of @1 ;, @2 ; can be expressed as

b1 ~ —Céll (ec1 +&r1)
Ori ~ —C2 (e + £12) (29)

The random drift model of FOG is thought as first-order
Markov process. And the constant drift of FGU is a constant.
So we have the state equations of &1, €2, &1, &€, are

FOG1 constant drift: é.; =0

FOG]1 random drift: &, =0

Erl,i = —MWrL,i€rl,i + OrLiv/ 2lr1,io0r1,i (1),

i=x,9,2
FOG?2 constant drift: é.p =0
FOG?2 random drift
Er0i = —r2,i8r2,i + 02y 202,102, (1), T =X,Y,2

where p,1,i, i4r2,; are the first-order Markov coefficient of
the gyro random drift of FOG1 and FOG?2 in all three axial
directions, respectively; 0,1 ;, 0r2,; are the gyro random drift
mean square deviation of FOGI and FOG2 in all three
axial directions, respectively; w,1,; (t), w2, (t) are the white
noise.

@ is the deformation angle at the initial time 7y, so it is a
constant vector

9=0 (30
In (26), let I be the number of neurons in the hidden layer,
we have
r T T el
= (o) () ()]

r T
In __ In 3In In
b = bl,bz,n-,bl]

win — W win ... W.’"]T i=1,2.3
- i,1°> "2 s il » b= 1,4

() (o) () |

WOut —
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bOut — I:b?ut b20ut b?’OM[]T
T
wo = [wor wot Wi =120 6D

The weight coefficient of neural network can be regarded
as slow variation, and it can be seen as a random walk process
which finally converge to a value close to a constant. There-
fore, we choose a model with a small random walk coefficient
o and white noise w to describe the weight coefficient as
follow

WI” — O_Inwln
B = of'w}
wo — .04t (yOut
b = o0 O (32)

According to the above equation, the system state equation
can be written as

Rewr =1 (%) + 600 (33)
And the observation equation is

Zisr = h (R1) +8 Zaepr. Worp) + vt 34

where h (ffkﬂ) = Olik+1 — CZ§921',1<+1 — ©0,k+1, and viyq
is the measurement noise. We write the neural network target
output as g (Z, Wb) where Wb = [W pln W Out pOut ]T, and
the input is the observation vector Z in (22) Therefore, small
deformation angle ¢ is estimated by C ~'g(Z, Wb). And the
whole misalignment angle ¢, between FGU1 and FGU2 is

P =¢10t o (35)

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. CONSTRUCTION OF EXPERIMENTAL ENVIRONMENT

In order to fully simulate the actual hull deformation on
the ship, we use the physical experiment platform and com-
puter simulation platform to form experiment environment as
Fig. 4 shown. The hull deformation angle consists of static
deformation angle and dynamic deformation angle. Static
deformation angle is simulated by misalignment installa-
tion angle from physical platform and quasi-static deform-
ing angle from computer simulation platform. Because
the second-order Markov model is driven by white noise,
dynamic deforming angle is generated by computer simula-
tion platform. The turntable in physical platform is respon-
sible for simulating the ship motion excitation. By the
coordinate fusion operation, the original simulation data is
obtained. After the simulation data of FGU1 and FGU?2 is
synchronized with time, the data enters the hull deformation
test to verify validity and applicability of the algorithm.

As shown in Fig. 5, the physical experiment platform
provides a high-precision turntable, two sets of FGUs, a data
synchronous recording device, and a computer. The physical
experiment platform can output the ship motion excitation,
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FIGURE 5. Physical simulation experiment platform of hull deformation
based on large misalignment angle.

FGUs data, and be responsible for the time alignment of
FGUI and FGU2.

The high-precision turntable is responsible for simulating
the motion of the hull, and the three axes are set as sinusoidal
motion. The motion model is defined as follow

Y = ¥ sin (a)pt + gop)
Yy = yrsin(o/t + @)
h = hysin (a)yt + (py) (36)

where ¥, = 3°, y, = 4°, hy = 2° are the amplitudes of
vibrations on the axes of pitch, roll, yaw, and the sine period
of three axes are 8s, 7s, 6s, respectively.

The two FGUs are fixedly installed in the inner loop
of the high-precision turntable as shown in Fig. 6. In the
inertial measurement unit systems, three fiber optic gyro-
scopes (FOQG) are installed orthogonally. The random walk
coefficient of each FOG is 0.003°/+/h, and the bias stability
is 0.005°/h (1o). The outputs of FGUs are connected with
data synchronous recording device (DSRD) through serial
communication, and the sampling rate is set to 200 Hz.

Fig. 7 shows the DSRD. It contains data acquisition unit,
serial port expansion circuit board and power module, and its
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FIGURE 6. Two sets of FGUs fixedly installed with initial large
misalignment angle.

FIGURE 7. Data synchronous recording device of hull deformation
measurement system.

responsibility is data acquisition and the time alignment of
data. The data acquisition unit of DSRD is developed based
on VXworks system and it supports synchronous acquisition
and processing of multi-channel data. According to the FGU
data time stamp, two sets of FGUs data are collected together,

36639



IEEE Access

D. Xu et al.: Improved Inertial Matching Algorithm for Hull Deformation With Large Misalignment Angle

and the recording time error of the two sets of FGUs data
is compressed within one sampling period, thus reducing the
influence of the data time delay error of hull deformation cal-
culation. The DSRD is connected with the computer through
network communication to ensure the real-time and accuracy
of FGU data recording.

The computer simulation platform is responsible for out-
putting quasi-static deforming angle and dynamic deforming
angle in hull deformation. The quasi-static deforming angle
is set as a sinusoidal motion with a period of 2 hours and
an amplitude of 0.1° degrees to simulate the extremely slow
change of the static deformation angle between FGU1 and
FGU2 with time. And the dynamic deformation parameters
of the three axes are set as shown in Table 1.

TABLE 1. Dynamic deformation simulation parameters setting.

Irregular Main Variance,

Axes coefficient, frequency, 2)
,u(l/s) A(Hz) D(deg

X 0.15 0.20 4.5x107

Y 0.10 0.15 2.1x107

A 0.08 0.10 1.6x107

Finally, the measurement data from physical platform and
the simulation data from computer simulation platform con-
stitutes the simulation of hull deformation by coordinate
transformation.

B. RESULT AND ANALYSIS OF METHOD Q

We use the quaternion optimization method (Method Q) to
roughly estimate the most of misalignment angle ¢, between
the two FGUs, in order to make preparation for the hull
deformation filtering algorithm based on large misalignment
angle. Therefore, our pursuing for this link is to quickly
converge to obtain the results with certain accuracy.

In order to verify the performance of the quaternion opti-
mization method, in this experiment, we set the initial large
misalignment angle, i.e., the installation misalignment angle
between the two FGUs as [250”; 1000”; 2400”], and other
parameter settings remain unchanged, thus we can verify the
convergence speed and accuracy of optimization quaternion
for different estimation of small angle, medium angle and
large angle.

In the hull deformation environment based on large
misalignment angle, we respectively used the optimiza-
tion quaternion method (OQ), the least squares estimation
method (LSE) and the analytic coarse alignment method
(ACA) to make preliminary estimate of the large misalign-
ment angle. The quaternion optimization method and the least
squares estimation method use only FOG data, the analytic
coarse alignment method uses both FOG data and accelerom-
eter data.

As shown in Figs. 8-10, in the environment of hull defor-
mation based on the large misalignment angle, the con-
vergence speed of OQ method is the fastest one in the
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FIGURE 8. Estimation result of large misalignment angle by the

optimization quaternion method (0Q).
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FIGURE 9. Estimation result of large misalignment angle by the least
squares estimation method (LSE).
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FIGURE 10. Estimation result of large misalignment angle by the analytic
coarse alignment method (ACA).

three methods, which is about four times as fast as LSE
method; the LSE method convergence speed takes second
place with the general performance of convergence stability;
ACA method has the worst convergence performance with an
oscillating trend, which is not suitable for fast estimation of
hull deformation based on large misalignment.

Table. 2 shows the estimation results of large misalignment
angle with the three methods after convergence stability, and
we can conclude that OQ method have a relatively more
accurate estimate of large alignment angle than the other
two methods. Therefore, quaternion optimization method is a
good choice to estimate the misalignment angle ¢oy quickly
with certain accuracy, and output of quaternion optimization
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TABLE 2. Comparison of coarse registration result.

Optimization Least squares Analytic course
Axes quaternion estimation alignment method
(arc sec) (arc sec) (arc sec)
X 266.1 197.5 170.8
Y 1060.5 880.4 991.9
VA 2352.4 2381.1 2306.1

method can meet the requirements of following hull deforma-
tion algorithm.

C. RESULT AND ANALYSIS OF Q-NNKF ALGORITHM

To estimate the whole misalignment angle ¢, of hull defor-
mation, we use Q-NNKF to make more accurate calculation.
In order to verify the validity of Q-NNKF method, we set the
installation misalignment angle vector as [1.5°; 2°; 3°], and
the other experimental parameters remain unchanged. In this
link, we choose the traditional attitude angle matching algo-
rithm with Conventional Kalman filter (CKF) and Extended
Kalman Filter (EKF) for comparative experiments, respec-
tively. Method CKF and Method EKF adopted the traditional
attitude hull deformation matching measurement equation
which didn’t introduce the result of coarse registration:

Z=C'6! =6 —g0) +¢ @37

where Z is the Euler angle of C;\ 7 C, .

To make sure that the comparison between the proposed
method and the comparative method is fair, the experimen-
tal environment and the original parameters are completely
consistent among the different test.
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FIGURE 11. Hull deformation estimation result of Q-NNKF on X-axis.
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FIGURE 12. Hull deformation estimation result of Q-NNKF on Y-axis.

Figs. 11-13 show that the performance of algorithm esti-
mation result and the reference value of Q-NNKF. We can
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FIGURE 13. Hull deformation estimation result of Q-NNKF on Z-axis.

see that the Q-NNKEF has a good tracking effect on the hull
deformation under the condition of large misalignment angle.

200
X-axis
N 150 Y-axis | |
S )
S 100} Z-axis | |
<4
& 50 4
c
S i
©
£ °
7}
w50
o
2 -100f
[}
-150
200 L L ' L L L L
0 15 30 45 60 75 90 105 120

Time (min)

FIGURE 14. Error of estimation of Q-NNKF on three axes.
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FIGURE 15. Error of estimation of CKF on three axes.

Fig. 14 shows the estimation error of Q-NNKF method,
and the root mean square error (RMSE) vector on three axes is
[5.1909”; 4.4826"; 7.6578"]. At the same time, Fig.15 shows
the estimation error of Method CKF, and the RMSE of
Method CKF is [280.0055”; 226.2037"; 122.5661"1; Fig.16
shows the estimation error of Method EKF and the RMSE of
Method EKF is [274.2886"; 220.7788"; 109.0031”]. There-
fore, compared with CKF and EKF, we can find that the hull
deformation filtering algorithm for the large misalignment
proposed in this paper can effectively reduce the estimation
error of hull deformation with large misalignment angle.
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TABLE 3. RMSE of method CKF results under different misalignment angle.

Misalignment 0 05 1 15 2 25 3 35 4 45
angle (deg)
X-axis (arc sec) 4.163 13.682 47.401 108.254 195.637 305.509 444.259 611.157 803.820 1027.010
Y-axis (arc sec) 3.051 17.913 53.928 119.032 201.161 309.073 440.709 592.107 759.474 946.302
Z-axis (arc sec) 2.811 9.759 33.462 65.966 116.614 167.941 236.756 315.326 401.871 500.301
TABLE 4. RMSE of method EKF results under different misalignment angle.
Misalignment 0 0.5 1 15 2 25 3 35 4 45
angle (deg)
X-axis (arc sec) 3.678 13.804 52.136 116.165 202.691 312.205 456.675 623.647 821.257 1046.251
Y-axis (arc sec) 2.961 9.683 45.231 102.717 188.211 293.038 415.090 561.548 728.516 912.244
Z-axis (arc sec) 3.968 8.781 26.203 57.348 96.882 146.314 206.332 286.420 365.081 457.5889
TABLE 5. RMSE of method NNKF results under different misalignment angle.
Misalignment 0 0.5 1 15 2 25 3 35 4 45
angle (deg)
X-axis (arc sec) 2.222 10.603 39.611 82.958 146.793 234.571 321.243 444.555 621.694 803.267
Y-axis (arc sec) 4.367 10.499 28.070 69.130 119.276 168.116 215.790 328.036 346.979 387.452
Z-axis (arc sec) 4.769 11.904 40.176 83.304 128.54 196.758 275.798 394.444 414.503 468.863
TABLE 6. RMSE of method Q-NNKF results under different misalignment angle.
Misalignment 0 0.5 1 1.5 2 2.5 3 3.5 4 45
angle (deg)
X-axis (arc sec) 2.647 1.485 2.146 4.568 1.648 4.499 1.230 3.065 1.692 2.863
Y-axis (arc sec) 2.685 3.784 2.993 4258 3.095 2.321 2.707 3.268 2.370 4.989
Z-axis (arc sec) 5.935 2.763 1.636 3.908 4.836 2.621 5.836 1.564 5.995 4.573
2500 We set ten groups of experiments, and in each group of
2000 i(_'::i': experiments the large misalignment angles on three axial
Z-axis directions are the same. The large misalignment angles in
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FIGURE 16. Error of estimation of EKF on three axes.

To furtherly analyze the effect of different large misalign-
ment angles on the hull deformation matching algorithm, and
verify the applicability of the Q-NNKF algorithm proposed
in this paper, we carried out more tests.
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ten groups of experiments were set as 0°, 0.5°,1°, 1.5°,
2°, 2.5°, 3°, 3.5°, 4°, 4.5°, respectively. We choose the
results of four methods for comparison, including Method
CKEF, Method EKEF, traditional attitude angle matching algo-
rithm with Kalman filtering with neural network (NNKF),
the method proposed in this paper (Q-NNKF). Method CKF
adopted conventional Kalman filtering without coarse reg-
istration process; Method EKF adopted Extended Kalman
filtering without coarse registration process; Method NNKF
adopted Kalman filtering with neural network; Q-NNKF
adopted the brand-new attitude angle matching algorithm
combined with NNKEF filter as introduced in this paper.
Tables 3-6 respectively show the RMSE of Method CKF,
Method EKF, Method NNKF, and Method Q-NNKF with the
increase of the large installation misalignment angle. From
the four tables, we can get that when the large installation

VOLUME 9, 2021



D. Xu et al.: Improved Inertial Matching Algorithm for Hull Deformation With Large Misalignment Angle

IEEE Access

misalignment angle between FGU1 and FGU?2 is relatively
small, the accuracy of the four methods is similar. With
the increment of the large installation misalignment angle,
the nonlinear factors in the system measurement model
become larger, and the accuracy of the contrast algorithms
is affected to varying degrees

In order to more intuitively analyze the effect of large
misalignment angle on the accuracy of hull deformation algo-
rithm, RMSE curves of the four methods results on three
axes with the changes of the large misalignment angle are
respectively plotted in the Figs. 17-19.
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FIGURE 17. RMSEs of CKF, EKF, NNKF, Q-NNKF on X-axis.
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FIGURE 18. RMSEs of CKF, EKF, NNKF, Q-NNKF on Y-axis.
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FIGURE 19. RMSEs of CKF, EKF, NNKF, Q-NNKF on Z-axis.

The accuracy of Method CKF is greatly affected by the
increase of misalignment angle, and the error of Method
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CKEF begins to increase exponentially from less than 10” to
hundreds of arcseconds.

The accuracy of Method EKF is slightly better than Method
CKEF in the calculation of hull deformation with large mis-
alignment angle. Because the performance of EKF algorithm
depends on the local nonlinearity of the model, and the
high-order terms ignored in the linearization process will
affect the accuracy of the results, the results of Method CKF
in calculating hull deformation under large misalignment
angle are not satisfactory.

Method NNKF combines the linear approximation char-
acteristic of neural network, it performed better than CKF
and EKF in dealing with the model nonlinearity caused by
large misalignment angle. However, due to the lack of coarse
registration process, the accuracy of NNKEF is still greatly
affected by large misalignment angle.

Method Q-NNKF obtains the coarse registration result of
hull deformation by using quaternion optimization method,
and substitutes the result into the attitude angle matching
algorithm proposed in this paper to obtain the measurement
equation to estimate the residual part of hull deformation
misalignment angle, which can effectively reduce the nonlin-
earity of the measurement equation model. Then, the neural
network Karman filter is used for filtering operation, and
the nonlinear error of the whole algorithm is further reduced
by the linear approximation characteristic of neural network.
From fig. 17-fig. 19 and Table 6, we can see that the accuracy
of Q-NNKF is relatively high, and it is almost not affected by
large misalignment angle.
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FIGURE 20. RMSEs of Q-NNKF under different misalignment angles.

As shown in Fig. 20, RMSE of Q-NNKEF algorithm results
are all less than 10” under the condition of large misalignment
angle, even if the installation misalignment angle increases
from 0° to 4.5°. RMSE of Q-NNKF algorithm results no
longer change with the size of large misalignment angle. The
experiment results show that Q-NNKF method can accurately
estimate hull deformation under the condition of large mis-
alignment angle.

V. CONCLUSION

In this paper, we present a real-time hull deformation
measurement algorithm, namely, Q-NNKF, and apply the
algorithm to hull deformation measurement with large
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misalignment angle to solve the nonlinear error problem.
By optimizing the coarse registration result parameters esti-
mated by Method Q, we deduced a brand-new attitude angle
matching algorithm to reduce the nonlinear error caused by
large misalignment angle. After that, NNKF was utilized
to perform filtering calculation to make a further nonlinear
approximation filter for the residual part of the large mis-
alignment angle. The field test experiments show that the
proposed algorithm can accurately calculate hull deformation
with large misalignment angle, and the RMSE of method is
less than 10”.

In the future work, we should consider the hull deforma-
tion matching algorithm under the condition of time-varying
large misalignment angle, rather than the fixed large initial
installation misalignment angle.
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