Journal of Systems Engineering and Electronics
Vol. PP, No. 99, November 2023, pp.1 - 10

Improved spatio-temporal alignment measurement method for
hull deformation

XU Dongsheng'?, YU Yuanjin"’, ZHANG Xiaoli’, and PENG Xiafu®

1. School of Automation, Beijing Institute of Technology, Beijing 100081, China;
2. School of Aerospace Engineering, Xiamen University, Xiamen 361005, China

Abstract: In this paper, an improved spatio-temporal alignment
measurement method is presented to address the inertial match-
ing measurement of hull deformation under the coexistence of
time delay and large misalignment angle. Large misalignment
angle and time delay often occur simultaneously and bring great
challenges to the accurate measurement of hull deformation in
space and time. The proposed method utilizes coarse alignment
with large misalignment angle and time delay estimation of iner-
tial measurement unit modeling to establish a brand-new spatio-
temporal aligned hull deformation measurement model. In addi-
tion, two-step loop control is designed to ensure the accurate
description of dynamic deformation angle and static deforma-
tion angle by the time-space alignment method of hull deforma-
tion. The experiments illustrate that the proposed method can
effectively measure the hull deformation angle when time delay
and large misalignment angle coexist.
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1. Introduction

With the rapid development of marine technology, mod-
ern warships are usually equipped with radar systems,
shipborne missiles, and other shipborne equipment.
Therefore, it is necessary to establish a unified space ref-
erence for the whole ship to ensure the performance of
shipborne equipment [1-3]. In fact, the hull is not a rigid
body. During sailing, the hull is subject to flexure defor-
mation. Therefore, the real-time measurement of hull
deformation is of great significance to the establishment
of a unified spatial reference for the whole ship [4]. Bene-
fiting from the advantages of independence, continuous
measurement and low installation cost, inertial measure-
ment method has become one of the most promising hull
deformation measurement methods in recent years [5,6].
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The hull deformation angle consists of static deforma-
tion angle and dynamic deformation angle [7,8]. The
static deformation angle is mainly caused by the long-
term influence of structural aging, thermal expansion and
cold contraction caused by sunshine and other factors.
Generally, the static deformation angle is not an abso-
lutely constant during a long voyage, but changes very
slowly with time. Zheng et al. simplified the long-term
quasi-static deformation angle model into a random walk
process [9]. The dynamic deformation angle is usually a
short-period angular deformation caused by external
forces such as wave impact, hull emergency steering, and
so on. It is commonly modeled as a second-order Markov
model driven by white noise [10,11].

Inertial measurement system often installs one set of
inertial measurement unit (IMU) nearby the main naviga-
tion system, and also install another set of IMU nearby
the user equipment. Inertial matching method measures
hull deformation angle by utilizing output differences
between the IMUs [7,12,13]. The difference is used as an
observed measurement to establish the measurement
model of hull deformation inertial matching method [14].
Then, the model with noise is substituted into Kalman fil-
ter to accurately calculate the hull deformation angle [15-
17]. The interacting multiple model Kalman filtering in
[18] was utilized to improve the accuracy of filtering
operation of hull deformation with uncertain model
parameters. Neural extended Kalman filter proposed by
Kramer et al. was used to adaptively match the model
error [19].

In the inertial measurement of hull deformation, the
large misalignment angle can introduce nonlinear error in
space into the inertial measurement model, which no
longer meets the small angle assumption of traditional
inertial matching measurement and causes the decrease of
measurement result accuracy. He et al. derived inertial
matching method based on attitude quaternion for hull
deformation measurement with large azimuth misalign-
ment angle [20]. At the same time, if there is an informa-
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tion acquisition delay between the two sets of inertial
measurement unit, time delay will bring nonlinear errors
to the inertial measurement model of hull deformation
and decrease the convergence precision of measurement
results. Wang et al. proposed an adaptive variable para-
meter multiple model to compensate the time delay when
the measurement noise parameters and model parameters
are uncertain [21]. However, the large misalignment
angle and sampling time delay often appear in the iner-
tial matching measurement of hull deformation at the
same time. There are few methods to solve these prob-
lems at the same time in previous research work. There-
fore, the problem of time and space synchronous align-
ment inertial matching measurement of hull deformation
needs to be solved urgently.

In order to solve these problems, an inertial measure-
ment method for spatio-temporal alignment of hull defor-
mation is proposed in this paper. A brand-new hull defor-
mation inertial matching model is deduced to compen-
sate for the nonlinear error caused by large misalignment
angle and time delay. The proposed method makes full
use of coarse alignment of quaternion optimization and
IMU output modeling, and derives a brand-new hull
deformation model with the condition of large misalign-
ment angle and time delay. The neural network Kalman
filter (NNKF) is utilized to complete the state estimation
for its nonlinear tolerance, and the two steps feedback
loop is designed to ensure the coarse alignment of large
misalignment angle under the time delay.

The remainder of this paper unfolds as follows: Sec-
tion 2 briefly introduces the proposed spatio-temporal
alignment model for hull deformation. In Section 3, the
hull deformation system state equation is established, and
the loop design based on Kalman filter is introduced. Sec-
tion 4 carries out the experiments to verify the effective-
ness of the proposed method. Section 5 draws the conclu-
sions.

2. Spatio-temporal alignment model for hull
deformation

The hull deformation inertial matching measurement sys-
tem installs two sets of IMU, which are respectively
installed near the main navigation system and user device

side, as shown in Fig. 1.
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Fig.1 IMU installation

The coordinate systems definition involved in inertial
matching method of hull deformation are denoted as fol-
lows:

i1, i, Ideal inertial coordinate system of IMU1, IMU2.

iy, i,: Calculation inertial coordinate system drifting
from i, i,, which is caused by gyro drift in IMUI and
IMU2.

by, b,: Carrier coordinate system of IMU1, IMU2.

According to the coordinate definition, the attitude
matrix output of IMU2 can be expressed as

Ci, =C.CiC,C 0 M
If real time hull deformation angle ¢ satisfy the
assumption of small angle, C’;; [7] can be expressed as

0 —¢; Py
Co~I+| ¢. 0 —¢ |=I+[px]. (2
_‘py ("2 O

However, under the condition of large misalignment
angle, CZ; and ¢ no longer meet the relationship of (2)
because large angle bring great nonlinear error to the
model. To solve the large misalignment angle problem,
the hull deformation angle ¢ is divided into two parts to
calculate, including the large angle ¢, obtained by
coarse alignment and the residual small angle ;. As
shown in Fig. 2, b, and i, are obtained by the coarse
alignment as a virtual coordinate system rotating from b,
and i,, respectively. Attitude transfer matrix C;', C;', and
CZ: corresponds to Euler angle ¢, ¢4, and ¢,,, respec-
tively.

Fig. 2 Coordinate definition for spatio-temporal alignment in the
hull deformation measurement

Y =it Po 3)
¢, =C,C, @)
CZ" in (4) chooses quaternion optimization method pro-

posed by Lu et al. in [22] to complete the coarse align-
ment because of its great robustness and accuracy in
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coarse estimation of misalignment angle. Let @(f) and
B(?) be the angular velocity output integral from time 0
to time ¢ of IMU2 and IMUI, respectively. The CZZ can
be expressed as

B~ Clra(). (5)

After denoting the quaternion of CZ” as g =[s,71]", (5)
can be written as

B =qoa()®q (6)

where ® is the quaternion multiplication operator, and *

is the quaternion conjugate operator.
By defining operators

s

| sl+p(x)
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(6) can be expressed as in a linear form as follows:
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and the minimum eigenvalue of matrix K can be
obtained. The normalized eigenvector corresponding to
the minimum eigenvalue is the optimal quaternion corre-
sponding to attitude transfer matrix Cf:j, so that the coarse

and
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alignment result C," is obtained [22].
C,' can be expressed by C," as follows by the coordi-
nate definition:

Cp =C,CITCICLCECECy. (®)

o~

For the time delay problem in hull deformation mea-
surement, time delay At between IMUI and IMU2 is
introduced into the improved method. As shown in Fig. 3,
because of the time delay, the data of IMU2, which
should have been acquired at z,, is not received until 7,
after Ar passed. The real-time output attitude matrix of
IMU2, i.e., CZ» can be written by first order expansion of
Taylor formula with the higher order terms R, (¢) at time ¢.

tu l/:+l l”‘z In*} lu+4 tu+5
| | | | | |

> IMUI
—> IMU2

n tn‘l l/1+2 l/1+3 tn‘-/l l/1+5

Fig.3 Output time delay between IMU1 and IMU2

C.(0=C, (0+C; () At+R, (1) ©

Let ¢ = [¢1,¢.¢5.94]" be the attitude quaternion of CZ’
so the C’b in (8) can be calculated as

ac:  acy  ac:  dC
q>+

C; = + L+ —— 4. 10
by aql qi aq2 aq3 q3 aq4 qa ( )

From (9) and (10), by ignoring the higher order terms
R, (1), we have

CiCiCICIC 00 =C +C oAt (1)

The real time attitude transfer matrix between b, and
b, is C,' with a small Euler angle ¢,

0 P,  Pioy
P10, 0 —P10x
—®1oy  Piox 0

Cp~1+ =I+[pix]. (12)

According to the coordinate definition, Cﬁ‘; represents
the initial small angle at initial time #,. Let ¢, be the
Euler angle of the initial small angle:

_ 0 —@o. o
CoxI-| ¢ 0 - |=I-[px]. (13)
_900)' Pox O

The gyro drift Euler angle of IMU1 and IMU2 are
denoted by 6, and 6, respectively:

Cl ~ I+[6,x], (14)

Cg ~ I+[6,x]. (15)

At initial time f,, C*

o

is same as C’,jz As a constant
matrix, C7? shows the rotation matrix from i, to i, and
still keep a fixed value, so C; :sz. So far, the hull
deformation relationship between IMU1 and IMU2 with
large misalignment angle and time delay is obtained:

{I=16:X1)C;: {1~ [o X} I + (6, X1}
C) {I+[@x]}Cy = C +C} - At. (16)
After multiplying by C"" on the left side and C}" on
the right side, (13) can be derived as follows:

{1-[(Co2) | = [@oxIHI + (8 x1}-
{1+ [(Ci'.solo)X]} =cp{c+Ce-Atfcrer.  (17)

Then (17) can be expressed as follows without consid-
eration of high-order small quantity.
(1+](Chpw+6,-C0,—0,) x|} =
cr{c: +C:-atfcrey. (18)

Let CZ“ s ijz , and Ci'l be denoted by follows:



=l oo
c=|c ¢ . (19)

i _ 1 1 I
Cb, =1 G Cy Cy

In order to simplify (18), Z = [Z(1),-Z2),-Z3)"
and Z,, = diag ([—Z; (1),Z (2),Zx (3)]) are defined. And

the elements in the vectors are shown as follows:

Z(1) = G5, (CY(C3Ch, + €3G, + CHC3) )+
CH(C3CH, +C3C3, + CC3,) + CHR(CH C + CHCo, +
CRC) + Co(CH(CHCT + CHC3, + CHRC3 )+
CH(CFICL + CHC3, + CC3) + CHR(CHCL + CH o+
CRCLH)) + C(CH(CECL + CHC3, + CHRE3 )+
CH(C3IChL+ CHCL + CRCH)+
CH(CCL +CHC3, + CC3)) (20)

2(2) = C,(CH(CC + CHC5, + CHC) + CR(CHCr+
C2Cy + C33C3) + CH(CHICy + GG+ C33Ci))+
CL(C(CHCH + €305, + CHC3) + G (CRCT+
CiaCoy + CHC3) + CH(CHIC + CCo + CiC))+
Cr(GH(CRICT + €305, + CHC3) + CR(CCh+
CiCy + C53C3y) + CH(CHIC + Cp Gy + C3C5y)
21

Z(3) = Cyy(CI(CIICH + CRCY, + CHCE) + CRH(CCH+
CHCo, +Cl5C3) + CH(CHCl + CHCy + CRC3)+
Cy(CH(CTICH + CREY, + CIC3) + Co(CHEC, + CHCo,+
CHRC3) + CH(CHCHL + CRC5, + CRC))+
Cos(CHI(CHIC, + CRCY, + CRCS) + CH(CHC +
CHCo, +C13C3H) + CH(CICly + CHCo, + C5CY))
(22)

Za(1) = Gy (CR(CC di + C1Chydr + CHC5 di+
CR(CICLAr+ CChLdr + CHCAD + CR(CT Cydit
CCLdr+ CRCLAN) + Ch(CR(CRCE, i+ CHCS, dr+

C0C2 dr) + CR(CHCdr + CRC,dr + CRCEdn+

CH(CHCRdr + CHCodr + CCRdn) + Cop(CH(CHC dit

CHC3dr+ CHC3dn + CRCHCdi + CRC,di+

C0C2,dn) + CR(CHCEdr + CHC,dr + CXC3,dn)

(23)
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Zy(2) = C! (C(C2C2 di + CC2, di + C2C2, di)+
CH(C3IChLdr + C3Codt + C5C3,dD) + C(C3 Clidr+
C3Cdt + CHC3LdN) + CL,(C5(C/Chdr + C3C5, dr+

C2C2 dr) + CCHC di + CUC i+ CUC i)+

CR(CRIChde + CHCodt + CHC5,dn) + CL(CH(CEC dr+
COC2 di + CC2, dr) + C(CN 2 di + COC, dit
C2C2,dr) + CUCHC, i+ CUC2, i + C2C2,dn)

(24)

Zyn(3) = C)(CH(CHCE dt + CHC3 dt + CHC3 db) +
CR(CTIClLdr + CHC,dr + CEC,dn + CH(CTICldr+
CHCodr+ CHC5dN) + Cop (C(CHCT dE + CH Gy dr+

CHC3,dn) + CR(CHCE L dt + CHC5,dt + CHIC3,dn)+

CH(CHCHL A+ CHCdr + CRC3LAN) + Cop (CH(CTCY dr+

CHC5,dt+ CHC3 dt) + CH(CHCELdt + CHCa,dt+

CHCoLAN) + CH(CHCLLdt + CHCoydt + CCo,d1))

(25)
From (16)—(25), the inertial measurement method
equation of hull deformation with large misalignment

angle and time delay can be described as follows after
ignoring high-order small quantity:

Z=C)p+0,-Cp0,—p)+ZyAt. (26)

3. System state equation and filter design for
hull deformation

3.1 System state equation

According to (26), the state variables of system are estab-
lished:

X =[pip0, 0,8 8.8,8,At]. (27)

The hull deformation angle ¢, consists of static defor-
mation ¢, and dynamic deformation ¢,. The static
deformation is described as a random walk process called
quasi-static deformation because of its slow change [9].
The dynamic deformation is described as second-order
Markov process [7]. g, is the initial angle between b, and
b, at the initial time ¢,.

Oy =Wy (28)
&dy = _2ﬂ¢dy - b2¢dy + Zb \/D_/dey (29)
®=0 (30)

where u, A, and D represent the irregular coefficient,
main frequency, and variance of dynamic deformation
angle, respectively. In addition, b* = g + 22. wy and wy,
represent the white noise of static deformation and
dynamic deformation, respectively.

The gyro drift will cause the calculated coordinate sys-
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tem to deviate from the ideal inertial coordinate system
and form virtual drift angles of 8, and 6,, respectively.
After denoting &, as the gyro constant drift and &, as the
gyro random drift, the drift angle [9] is described as fol-
lows:

0] = _C21(8|c+81r)5 (31)

6, = _C;,zz (&2 + &) (32)

The gyro constant drift &, is constant and the gyro ran-
dom drift &, is modeled as first-order Markov model
driven by white noise w,:

6.=0, (33)

& = — &+ 0 2w, (34)

At = At,,At,,At.]" represents the time delay between
IMU1 and IMU2 and can be modeled as constant:

Ai =0. (35)

3.2 NNKF for spatio-temporal alignment

The two-layer parameters neural network is utilized to
estimate the hull deformation angle. Neural network con-
nection weights W is introduced into state variables of
system of NNKF because of the tolerance of neural net-
work in non-linearity [20]. Based on (27), the state vari-
ables of system are established as

X = [W $Po 01 02 & & &, &y At] (36)

In (36), W=[Wy, by, Wou boyl is time-invariant.
The number of neurons in the middle layer of the neural

network is denoted as [. Wy, and Wy, represent the input
and the output coefficients, respectively:

k>k,

T
)

L (UARUARUAN (37)

T
’

Wou = | (Wo) . (Wa) (W) ] 69

) . ) 1T
Wi, =[wi w2 W] (=1,2.3), and
Wg)ul = [W(j;it’ ngt’ W(j;it]T (j=12,---.D.

by, and b, represent the input and the output thresho-
1d values, respectively.

bln = I:blln?blzn"" 7bin]T (39)

where

T
bOut = I:bé)ut’ b(z)ul’ bg)ul] (40)

By introducing the neural network into system filter-
ing equation, the NNKF system filtering equation can be
expressed as

X=f(R)+w, (41)

Z=C)g(Z,W)+H(X)+v. (42)

In system filtering equation, w and v are system state
noise and  measurement  noise,  respectively.
H(X) =6, —CZZOz — o+ ZAt. The same Z as in (26) is
the input of neural network , and the target output
g(Z,W) is the ¢,.

3.3 Process flow of

method

spatio-temporal alignment

Large misalignment angle and time delay often occur
simultaneously. They will interact with each other and
bring great challenges to the accuracy of hull deforma-
tion inertial measurement. To solve this problem, the spa-
tio-temporal alignment method for hull deformation mea-
surement is proposed.

node

IMU1

QO method
Y

Spatio-temporal
alignment by NNKF

Hull deformation
angle ¢

IMU2

Ar

Fig. 4 Calculation flow chart of the proposed method

Fig. 4 shows the calculation flow chart of the spatio-
temporal alignment method of hull deformation proposed
in this paper. Two step loop design, i.e., time rough align-
ment and space rough alignment are designed to ensure
the accurate measurement of hull deformation angle. In
the first loop, due to the existence of time delay, the data
dislocation effect leads to the relatively inaccurate coarse

alignment results with large misalignment angle of the
quaternion optimization (QO) method. Therefore, the
spatio-temporal alignment method combined with NNKF
is utilized to convert the problem into the rough estima-
tion of the time delay under the condition of a certain
misalignment angle, and the time delay rough alignment
result A¢* is obtained. The convergence point of the first
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loop state is recorded as k.. In the second loop, A¢* is
approximately converted into the number of sampling
periods, and the sampling data of IMU1 and IMU2 are
aligned together, so as to ensure the relative accuracy of
the QO method result, thus guaranteeing the approxima-
tion of the small angle hypothesis of ¢o. In this way,
IMULI attitude €, , IMU2 attitude C;; and large misalign-
ment angle coarse alignment results Cﬁ‘z‘ constitutes the
observation variable together. Then the observation vari-
able is substituted into the spatio-temporal alignment
model, and NNKF is utilized to calculate ¢;y. Finally,
inertial matching measurement results of hull deforma-
tion under the coexistence of time delay and large mis-
alignment angle are obtained by adding the ¢,y and ¢, -

4. Experiments and analysis

In order to verify the effectiveness of the proposed
method for hull measurement with large misalignment
angle and time delay at the same time, the simulation
experiment and turntable platform experiment are carried
out.

4.1 Simulation experiment

The experiment is carried out at 118.097 7° east longi-
tude and 24.439 0° north latitude. The accuracy of gyro in
IMU is 0.008°/h, and the sampling frequency is 200 Hz.
The static deformation angle is set as quasi-static defor-
mation angle [9], which is simulated by sinusoidal signal
with long period. The dynamic deformation angle is si-
mulated as second-order Markov model, which is simu-
lated by (29). The irregular coefficient is set as
Hay =[0.15,0.10,0.08]; the main frequency is set as
Agy =1[0.24,0.18,0.11]; the deformation variance is set as
Dy, =[3.5%107,1.8x107,1.6x10”7|. The hull angular
motion H; in three axial directions is simulated by sine
signal as follows:

H,' = ¢i Sin (a),t-i— ¢,) (43)

where the hull motion swing amplitude is set as
@; = [5°,2°,4°]7; the hull motion swing period is set as
T, =1[8°,6°10°]"; the hull motion initial phase is set as
@ = [OO,OO,OO]T-

For convenience of expression, the time delay is abbre-
viated as TD, and the large misalignment angle is abbre-
viated as MA. In order to verify the performance of the
proposed method in the face of misalignment angle and
time delay, three methods are utilized for comparison.
The three comparative methods are all inertial matching
method for hull deformation, including the method with-
out TD compensation and MA compensation (NoTD-
NoMA), method only with TD compensation (TD-

NoMA), method only with MA compensation (NoTD-
MA). In order to control the variable, the time delay of
NoTD-MA is set to a fixed value. The spatio-temporal
alignment measurement method for hull deformation pro-
posed in this paper is named as TD-MA.

The accuracy experiment is carried out with the 15
sampling periods of TD and the [6°,3°,2°] of MA
between IMUI and IMU2. Table 1 shows the compensa-
tion results of the TD and MA of the four comparison
methods, and the corresponding result accuracy of root
mean square error (RMSE). The NoTD-NoMA has the
largest error in the four comparative methods. It is clear
that the existence of TD and MA brings great challenges
to the traditional hull deformation inertia matching
method. TD-NoMA can effectively estimate TD and limit
the estimation error of TD within one sampling period (5
ms). But restricted by the large misalignment angle, TD is
not accurate enough. NoTD-MA has the ability to com-
pensate for large misalignment angle under the condition
of fixed time period. However, due to TD, the RMSE of
NoTD-MA is still large, and the result error exist a big
oscillation as shown in Fig. 5. It can be seen that MA
mainly leads to the steady-state error of hull deformation
estimation, and TD mainly leads to the drift and oscilla-
tion of hull deformation error, thus affecting the accurate
measurement.

Table 1 Accuracy result of four comparative methods

Evaluatine indicat NoTD- TD- NoTD- TD-
ing indicator
valudtng IMAIealor  \oMA NoMA  MA MA
- 74.76 - 74.81
TD/ms - 73.85 - 74.87
- 73.06 - 75.03
- - 407.99 359.05
MA/arc min - - 121.12 181.42
— — 257.91 120.16
395.28 11.25 19.20 0.87
RMSE/arc min 199.44 5.75 118.21 0.29
135.91 9.05 90.62 0.38
200
.g
g
o 100
8
E 0
E r
= -100}
[}
=4
-200 - - -
0 15 30 45 60
Time/min
—— :NoTD-NoMA; —— : TD-NoMA;
:NoTD-MA; — :TD-MA.

Fig. 5 Error curve of four comparative methods on Z-axis

TD-MA method, i.e., the spatio-temporal alignment
method proposed in this paper can effectively compen-
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sate TD and MA and get a smaller RMSE after the joint
model calculation of TD and MA. Fig. 6 shows the esti-
mation error curve of TD-MA method. Fig. 7 shows the
estimation of TD by the proposed method, and Fig. 8
shows the estimation of MA by the proposed method.
From the three figures, before the ko4, QO method can-
not accurately estimate the MA due to the TD. After the
At* is estimated by the spatio-temporal alignment model
and NNKF, the variable of state At* is fed back to the
QO method, the MA is calculated effectively. And the
result of TD-MA can be accurately calculated by the new
spatio-temporal alignment model to get a smaller RMSE,
and the error oscillation of the result is relatively small.

10

W

|
W

Error curve/arc sec
(=)

— 1 0 L L L
15 30 45 60
Time/min
——— : X-axis; : Y-axis; —— : Z-axis.
Fig. 6 Error curve of TD-MA method
90

o]
W

o0
(=]

Time delay estimation/ms
9 =
S G

AN
W

(=)
(=]

0 K,

node
——— : X-axis; —— : Y-axis; —— : Z-axis.

Fig. 7 Time delay estimation of TD-MA method

20

15

10

Misalignment angle estimation/(°)

0 Kioae

——— : X-axis; —— : Y-axis; —— : Z-axis.

Fig. 8 Misalignment angle estimation of TD-MA method

In order to analyze the coexistence influence of TD and
MA in the inertial matching measurement of hull defor-
mation, the second part experiment is carried out ulteri-
orly. In this part of the experiment, the RMSE of four
comparative methods are compared in Fig. 9-Fig. 11
under different combinations of TD and MA. The TD
increases from 0 sampling period to 48 sampling period
by six sampling period each time, where the sampling
period is also 5 ms. The MA increases from 0° to 5° by
1° each time.

-
S 200

50

RMSE on X-axis/arc
=
S

"0.10 0.15 020
Time delay/®

0 0.05

B : NoTD-NoMA; : TD-NoMA;
I : NoTD-MA; = : TD-MA.

Fig. 9 Estimation result of the comparative methods under diffe-
rent time delays and misalignment angles on the X-axis

2
<200

RMSE on Y-axis

005 0.10 0.15
Time delay/s

I : NoTD-NoMA; : TD-NoMA;
I : NoTD-MA; ma : TD-MA.

Fig. 10 Estimation result of the comparative methods under dif-
ferent time delays and misalignment angles on the Y-axis

In Fig. 9-Fig. 11, the RMSE of the NoTD-NoMA
method shows a rapid growth with the increase of TD and
MA, which indicates that the method faces great chal-
lenges under the interference of TD and MA coexistence.
The TD-NoMA method has the ability of TD compensa-
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tion. It can be seen from Fig. 9—Fig. 11 that the RMSE of
the TD-NoMA method begins to increase with the
increase of MA to a certain extent. Similarly, the MA
compensation ability of the NoTD-MA method also
reduces the error of this method, but with the increase of
TD, the RMSE of the NoTD-MA method begins to
increase greatly. When TD and MA coexist, the TD-
NoMA method and the NoTD-MA method can restrain
the error caused by the coexistence of TD and MA bene-
fiting from one of the variable compensations in the
model, but the existence of the other variable will still
greatly affect the method accuracy.

/\

[ —_ [ [\ (9%

(= wn (=3 wn (=3

(=] (=] (=] (=] (=]
T T T T

RMSE on Z-axis/arc min
wn
(=}
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Fig. 11
ferent time delays and misalignment angles on the Z-axis

Estimation result of the comparative methods under dif-

The TD-MA method proposed in this paper is less
affected by TD and MA and keeps a small RMSE, which
verifies the effectiveness of the proposed algorithm for
inertial matching measurement of hull deformation under
the coexistence of time delay and large spatial misalign-

ment angle.
4.2 Platform experiment

The platform experiment is carried out to verify the per-
formance of the proposed method on the turntable.

The IMU is fixedly installed in the inner ring of
the high-precision turntable, and synchronously con-
nected with the upper computer through serial com-
munication as shown in Fig. 12, whose output is excited
by the three-axis sinusoidal motion of the turntable. The
IMU accuracy is 0.008°/h, and the sampling period is
200 Hz.

Fig. 12 Installation schematic diagram of IMU on the turntable

The hull deformation is simulated by quasi-static
model and dynamic model, and the model parameters are
the same as those in the simulation experiment. The hull
deformation signal is added to IMU output signal through
unified coordinate system transformation with large mis-
alignment angle. The upper computer dislocates the IMU
data to simulate the time delay sampling of hull deforma-
tion inertial measurement system. In the platform verifi-
cation experiment, the time delay is set as 15 ms, and the
misalignment angle is set as [6°,3°,2°], the estimation
result of hull deformation angle in three axial directions
are shown in Fig. 13—Fig. 15. Combined with the error
curve of three axes estimation results as shown in Fig. 16,
the performance analysis of the proposed method is as
follows. In the previous estimation process, due to the
influence of time delay on the coarse alignment results
with large misalignment angle, the result error of the first
loop is large, and only the trend of quasi-static deforma-
tion angle can be tracked. With the development of the
second loop of the proposed spatio-temporal alignment
method, the estimation results quickly converge to a
smaller error range under the coexistence of large mis-
alignment angle and time delay, which can accurately
track quasi-static deformation and effectively suppress
the oscillation effect of time delay on dynamic deforma-
tion in the inertial matching measurement, thus accu-
rately describing the details of dynamic deformation
angle.
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Fig. 13 Estimation result curve of hull deformation on X-axis
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Fig. 14 Estimation result curve of hull deformation on Y-axis
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Fig. 15 Estimation result curve of hull deformation on Z-axis
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Fig. 16 Error curve in platform experiment

Fig. 17 and Fig. 18 show the time delay estimation
result and the misalignment angle estimation result in the
two step loops, respectively. In the first loop, the time
delay is effectively converged by the proposed method,
accompanied by inaccurate coarse alignment result of
large misalignment, which leads to the low estimation
accuracy of the proposed method in the early stage. In the
second loop, the time delay converges more quickly and
is brought into the model. Combined with the more accu-
rate coarse alignment results of large misalignment angle
after the time delay IMU data is aligned, so that the pro-
posed algorithm can effectively track the quasi-static
deformation angle and dynamic deformation angle under
the coexistence of large misalignment angle and time
delay, and the effectiveness of the proposed algorithm is
verified.
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Fig. 17 Time delay estimation in platform experiment
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Fig. 18 Misalignment angle estimation in platform experiment

5. Conclusions

An improved spatio-temporal alignment inertial measure-
ment method for hull deformation is proposed. The pro-
posed method can complete the inertial measurement of
hull deformation with a relatively small error under the
joint influence of large misalignment angle and time
delay. A brand-new hull deformation measurement model
based on large misalignment angle coarse alignment and
time delay modeling of IMU is derived. And the two
steps control loop based on neural network Kalman filter
is designed to ensure the synchronous alignment in space
and time. The simulation experiments and turntable plat-
form experiments illustrate the effectiveness of the pro-
posed method.
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