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Abstract—This paper introduces a novel multi-vector
matching deformation measurement method designed to
enhance the stability of deformation measurements in static
environments by incorporating specific force observations. The
approach effectively measures shift deformation and extends the
deformation measurement range by integrating with the
velocity matching equation. Furthermore, we propose a
conversion model that addresses angular deformation and shift
deformation, offering a solution for measuring shift
deformation in environments where comparison force
observations may not be straightforward. Real inertial
navigation experiments conducted in a laboratory setting
demonstrate the method's capability to measure deformation in
static environments while simultaneously capturing shift
deformation. The results illustrate the method's effectiveness in
practical deformation measurement scenarios.

Keywords—Inertial Matching, Hull Deformation, Multi-
Vector Matching, Kalman Filter, Deformation Measurement

L INTRODUCTION

Modern large-scale combat vessels, including amphibious
assault ships and aircraft carriers, are outfitted with a spectrum
of precision detection tools, such as radar, optoelectronics,
vision systems, and sophisticated weaponry like artillery,
missiles, and torpedoes. Carrier-based aircraft, such as drones
and ship-borne  helicopters, further enhance the
comprehensive capabilities of these vessels. Ensuring the
optimal functionality of these shipboard systems mandates the
provision of precise and consistent attitude information [1].
Typically, ships are equipped with high-precision inertial
navigation devices or platform compasses strategically
positioned at the platform's center or swing center, serving as
the primary reference for accurate navigation data. During the
construction or maintenance phases of a ship, the positional
relationship and attitude conversion between each shipboard
equipment and the main reference can be measured [2]. This
data, referred to as the attitude transformation matrix,
facilitates the conversion of the attitude provided by the main
reference into the attitude of the shipboard equipment [3].

However, the previously mentioned approach relies on the
assumption of the constancy of the attitude transformation
matrix. In real-world scenarios, environmental changes, such
as variations in load, wave impacts, external forces, and
temperature, can induce angular rotations of the ship's hull and
displacement-induced shift deformations [4]. Consequently,
the attitude transformation matrix experiences corresponding
changes, leading to attitude disturbances that may impact the
performance of shipboard equipment, potentially resulting in
failure. Therefore, the key to achieving a unified attitude for
the entire ship lies in measuring hull deformation and
correcting the attitude transformation matrix to provide
precise and consistent attitude information for each shipboard
equipment [5].

Hull deformation can be categorized into shift deformation
and angular deformation based on its form. Shift deformation
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involves the linear displacement of the hull, which can stretch
or contract in the three axes, while angular deformation
pertains to the angular displacement of the hull in three axial
directions. Typically, when the hull undergoes deformation,
both angular and shift deformations occur concurrently [6].
Shift deformation primarily influences the translation
transformation within the attitude transformation matrix. Even
a minor positional error can impact the safe landing of carrier-
based aircraft. Therefore, considering the influence of shift
deformation is crucial during takeoff and landing operations
[7]. On the other hand, angular deformation predominantly
affects the rotational transformation in the attitude
transformation matrix. Errors resulting from angular
deformation escalate with the extension of detection or
weapon strike distances. Even a slight angular deformation
can lead to a significant error at longer distances, thereby
affecting detection and weapon strike accuracy [8].

In the pursuit of measuring the dynamic deformation of a
ship's hull, researchers have proposed an array of real-time
measurement methods employing high-precision sensors,
such as optical measurement [9], GPS measurement [10], and
inertial matching measurement [11]. The inertial matching
measurement method, currently a research focal point,
exhibits high precision, excellent real-time performance, and
user-friendly attributes [12]. Originating from the work of the
Russian scholar Mochalov [13], this method involves
installing Laser Gyroscope Units (LGUs) at two ship positions.
Mochalov measured relative angular deformation based on the
gyro outputs of these LGUs, modeling hull deformation as a
second-order Markov process. The Kalman filter method is
then applied to derive accurate relative deformation, termed
the angular velocity matching deformation measurement
method. However, due to challenges in determining
deformation model parameters, accurately describing hull
deformation becomes difficult. Additionally, the angular
velocity matching measurement equation presents non-
homogeneous issues, leading to suboptimal measurement
outcomes in static environments and susceptibility to
divergence [11].

Addressing the parameter determination challenge, Wu
investigated online identification methods, enhancing
parameter accuracy and stability to some extent [14]. Wu also
explored utilizing the Bernoulli-Euler beam model as a
simplified hull deformation model to improve measurement
stability [15]. Similarly, Xu employed a multi-model
approach to enhance hull deformation model adaptability and
augment the stability of angular velocity matching
deformation measurement [16]. Nonetheless, the selection of
model parameters and determination of individual model
weights remain formidable challenges.

Recognizing the non-homogeneous nature of the angular
velocity matching measurement equation under static
conditions, Li introduced an accelerometer to improve the
stability of the angular velocity matching measurement
method [17]. Additionally, Ma proposed that increasing



specific force observations could enhance the stability of the
angular velocity matching measurement method [18].
However, augmenting specific force observations introduces
the shift deformation variable, leading to diminished
deformation measurement efficacy under static conditions.

This paper addresses the limited robustness of the angular
velocity matching measurement method in static conditions
and its inability to measure shift deformation. To overcome
these shortcomings, we propose a multi-vector-based inertial
matching measurement method. The multi-vector inertial
matching deformation measurement method employs joint
matching of angular velocity, attitude array, velocity, and
specific force to simultancously measure angular and shift
deformation. Furthermore, we investigate and analyze the
relationship between angular deformation and shift
deformation. The derived relationship equation enhances the
stability of the inertial matching measurement method under
static conditions.

The structure of this article is organized as follows: the
second chapter details the derivation of the multi-vector
inertia matching equation; the third chapter analyzes the
relationship between angular deformation and shift
deformation; the fourth chapter constructs the Kalman filter
equation based on multi-vector inertia matching; in the fifth
chapter, we conduct design simulation experiments and
physical tests to verify the method's feasibility, followed by a
discussion of the results; and finally, the conclusion of this
paper is presented in the sixth chapter.

II. MULTI-VECTOR INERTIAL MATCHING
MEASUREMENT EQUATION

The coordinate systems used in this paper are shown in
Fig.1, mainly including the earth-centered inertial coordinate
system (i-frame), the earth-centered ground-fixed coordinate
system (e-frame), the main inertial navigation coordinate
system (m-frame) and the slave inertial navigation coordinate

system (s-frame).
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Fig. 1. Coordinate system definition

The coordinate origin of the i-frame is the center of mass
of the earth O , the z-axis is the rotation axis of the earth and
points to the North Pole, the x-axis points to the vernal
equinox in the equatorial plane, the y-axis, z-axes and the x-
axis form a right-handed orthogonal coordinate system. The
measurement values of inertial devices (gyroscopes,
accelerometers) are based on the i-frame, and measure the
angular motion parameters and linear motion parameters of
the carrier relative to the inertial space.

The coordinate origin of the e-frame is the center of mass

of the earth O , the x-axis extends through the intersection of

the prime meridian (0 degrees longitude) and the equator, the
z-axis extends through the North Pole (that is, coincides with
the earth's rotation axis), the y-axis, z-axis and the x-axis form
a right hand Coordinate system, passing through the equator
and 90 degrees longitude. The e-frame is fixedly connected
with the earth, and the angular motion of the e-frame relative
to the inertial coordinate system is the angular velocity of the
earth's rotation.

The m-frame is the coordinate system of MINS (Master
Inertial Navigation System) on the ship, and its coordinate
origin is the swing center O, , the x-axis points to the
starboard side of the ship, the y-axis points to the heading
direction of the ship, the z-axis points to the sky, the distance

vector from the center of the earth is Rm, from O pointing

to O, .

The s-frame is the coordinate system of SINS(Slave
Inertial Navigation System) on the ship, and its coordinate

origin is a key position on the deck of the ship O, the x-axis

points to the starboard side of the ship, the y-axis points to
the heading direction of the ship, and the z-axis completes
the right-hand coordinate system, pointing to the direction of
the sky, and the distance vector from the center of the earth is

R, from O pointing to O, .
The MINS can measure the angular velocity @, —and
specific force @), at the position of the MINS, and the SINS

. s . s
can measure the angular velocity @), and specific force f;
at the position of the SINS.

A. Specific force matching equation

The relationship between vector R, , R and R :
R =R +R, (1)
Under the i-frame, (1) can be expressed as:
RI=R +R =R +C,R" )

Where C}; is the attitude transformation matrix from m-

frame to i-frame in (1), and its time differential can be
expressed as:

Cl =Cl o x] 3)

Where @, is the projection of the main inertial angular

m
velocity under the m-frame, [@] x] is the antisymmetric
. m
matrix of @, .
The time derivative of (2) is:

R =R +C.R" +C.R"

. . m ms m ITfS I (4)
=R, +C, [0, x]R, +C, R,

Time differentiation of (4) is:



R =R, + G\l xR, +C,[@), <IR;. +
CulopxIR),  +C R}, +C, Ry,
=R, +C,[onx][@) xR}, + C,[an xIR, (5
+C LR, +C, [ xIR;, +C R,
= R, +C, [ X)[@} IR}, +C,[@, xR},
2C,[@), xR +C, R,
Where the R}’n and Ré is the acceleration of the master
inertial navigation and the slave inertial navigation, and the
specific force f" and f.’ measured by the MINS and the

SINS includes the gravity g, and g at the two positions.

Since the master inertial navigation and the slave inertial
navigation are on the same carrier, it can be considered

En~"8 =8
R-creg
R=Cf -g
Substituting (6) into (5) gives:

(6)

Cf, -g=C, /' —g+C,la,xla), <R,
+C, [ xIRy, +2C, [ xRy, +C, R,
Simplification gives:

C.f =G/ +C e XNl@, xIR; +

m m

C! L@l x]R". +2C! [onx]R" +CL R

m ms

®)

Multiplying C; both sides of (8) at the same time, we can
get:
IO =Gt + Colanxla, xR, +

Col@, xR, +2C, [@, IR, + C, R,

The shift deformation between the MINS and the SINS can

be divided into static shift deformation and dynamic shift

deformation. Static shift deformation refers to the part that

does not change for a long time, while dynamic line

deformation is the part that changes all the time under the
influence of environmental factors, expressed as:

R" =R +R} (10)

where R(;" is the static shift deformation and R;" is the

)

dynamic shift deformation, and the corresponding time
differential is:

i -k
. . (11)
R, =R;
Put (10), (11) into (9) to get:
=G+ Qe+ [0 DRY +

([or X[l x]+[@nxDR) + 2 @nx]R) + R)']

When the Euler angle @ is a small angle,
C, =1-[px] (13)
Substituting equation (13) into equation (12) can get:

12 = =[x+ (opxlal <]+ [ x<DR;'
+([eop XN X1+ [ <DR +2A e xIR] + R} ]

= 17+ ([op <@l x]+ [ DR +([op <@ x] (14)
Hal xR +2[ @ <IRY + Ry ~[px] £ —

im

m

[@X] [([a);;)(][a)im)(] + [@;X])Rén +
(" X[ ]+ [ x])R" + 2" x]R + R"]

im im

where R and @ both are small quantities, ignoring the

second-order small quantity, we can get:

12 = for = o)) ([ wpxlleapx]+[an xRy
+([an X[ x]+[anxDRY + 2wl xXIR] +[ £ ¥]p

m
The condition for this equation to measure the dynamic
shift deformation is to know the static shift deformation and
deformation angle, and at the same time require sufficient
specific force observations, this equation cannot measure the

dynamic shift deformation during static or uniform motion.

(15)

B. Angular velocity matching equation

As shown in Fig. 1, the angular velocity @], measured by

the MINS is the projection of angular velocity of the m-frame
relative to i-frame the in the m-frame, and the angular

velocity @) measured from the SINS is the projection of the

s-frame relative to the i-frame in the s-frame. Their

relationship is expressed as:
S N m m
a)iS = Cm (a)lm + a)ms)
(16)
s m s
- Cma)im + a)ms

where @ is the projection of the angular velocity of the

m-frame relative to the s-frame under the s-frame. When the
deformation angle ¢ is a small angle, it can be considered

as:
a)ms = ¢
C, =1-[ox]
Substituting (17) into (16) gives:
o, =(I -[pxDay, +¢  (18)

The deformation angle ¢ can be divided into static angle

(a7

deformation @, and dynamic angle deformation &,
p=¢,+0 (19)
p=0
Put (19) into (18) to get:
@, =@, =0, X (9, +0)+0  (20)
The equation needs to know the static angle deformation
when measuring the dynamic angle deformation, but when
the carrier does not rotate enough and the angular velocity
observation is insufficient, the equation cannot measure the
dynamic angle deformation.

C. Velocity matching equation
The projection of (1) under the e-frame is:



R =R +R, =R +CR"

m ms

(21)
For (21) both sides relative to the e-frame time derivative
can be obtained:

R =R +C°R" +CR"

m ms

. . (22)
=R +C.R" +C o) xR
Where Rse =V, R; =V’ (22) can be written as:
Ve=v. +C@" xR +C°R"  (23)
Project the (23) to the n-frame:
vi=v+C'o xR +C'R (24)

According to (10), (24) can be written as:
V' =V +Clal xRy +Chal xR, + CIR! (25)
Equation (25) can measure the static shift deformation
when there are enough velocity observations and angular
velocity observations.
D. Attitude angle matching equation
Let the attitude matrix measured by the main inertial
navigation and the slaver inertial navigation be C and CS"’ ,
The attitude transformation matrix between the MINS and
SINSis C’ , and its expression is:
c,=crcrer (26)
Where C” is the inconsistency of the navigation
coordinate system caused by the two inertial navigation
measurement errors, and the angle deviation ¥/, is a small

angle, then:
C =1-[y,.x] @7)
Then (26) can be written as;
C,=C"C,-C"ly,XIC, (@8

. n n'
Since C, and C. are very close and Y/, are small

angles, according to the antisymmetric matrix similarity
equation, the (28) can be written as:

C,=C"C—ly". ¥

" L
Y, is the projection of ¥/, under the n-frame, when the

(29)

deformation angle is a small angle, the equation (28) can be
written as:
[px1=1-C"Cp +[y",x]1  (0)
C)and C! " are the attitude measurement output of the
two INSs, denote:

¢, G, G,
C:'TC,: = C21 sz C23 G
G G, Gy

Then the angle deformation can be written as:
p=[Cy+y", Ci+y', Cu+y" 1 =C,+y. (32)

Where C, =[C;,, C; C,1-

Equation (32) illustrates that the static angle deformation
between two inertial navigation coordinate systems can be
determined through the attitude measurements of the two
Inertial Navigation Systems (INSs). When the carrier is

stationary, the INS can still measure the carrier's attitude,
enabling the equation to measure two static angle
deformations between INSs.

From equations (15), (20), (25), and (32), it is evident that
the velocity matching equation and the attitude matching
equation can be utilized to measure the static angle
deformation and static shift deformation of the two INSs.
Notably, the velocity matching equation requires angular
velocity observations, and static shift deformation cannot be
measured under static conditions. However, the specific force
matching equation can gauge static shift deformation by
considering the relationship between static angle deformation
and static shift deformation. Knowing the static angle
deformation and static shift deformation allows the angular
velocity matching equation and the specific force matching
equation to measure dynamic angle deformation and dynamic
shift deformation. These four inertial matching measurement
equations exhibit complementary functions. Consequently,
the multi-vector inertial matching measurement method,
combined with these equations, enhances the robustness of
deformation matching and extends the measurement range.

Nevertheless, the angular velocity matching equation
necessitates angular velocity observations, and the specific
force matching equation requires acceleration observations.
During carrier motion, the simultaneous occurrence of
rotational motion and acceleration motion cannot be
guaranteed, resulting in the inability to measure dynamic
angular deformation and dynamic shift deformation
simultaneously. Therefore, a conversion relationship between
angular deformation and shift deformation is required.

III. RELATIONSHIP BETWEEN ANGLE DEFORMATION AND
SHIFT DEFORMATION

During the hull deformation process, angular deformation
and shift deformation are not independent but are mutually
constrained. The high stiffness of ship materials makes it
challenging for the hull to experience substantial stretching
and compression. Instead, deformation and angular
deformation primarily result from the twisting deformation of
the hull. Consequently, when the hull undergoes bending
deformation, simultaneous angular deformation and shift
deformation occur. Fig.2 illustrates an example where the
hull deforms in the pitch direction, and the corresponding
shift deformation between the master and slave inertial
navigation systems changes accordingly.

Fig. 2. The hull undergoes both angular and shift deformations

Assuming that the static shift between the MINS and the
SINS of the hull is Ry =[r, .7, .7 ] . the static

deformation angle is a small angle, and the dynamic
deformation angle is @ =[6,,6,,60.], in order to simplify

the analysis, take the oyz -plane as an example, as shown in
Fig. 3
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Fig. 3. Angular and shift deformations on the oYz plane

The deck of the ship OO, , whose length is r,, »isaffected

by external factors, and the deck is bent and deformed, and
the bending is an arc OO, , and the bending angle is €, In

this case the shift deformation becomes R; =[r, 7,7 ],

Xo2 Yo% 2o
Due to the strong structural stiffness, the tension and
compression of the deck is negligible, so the length of the arc

00! is still r,, » and the radius of the circle corresponding

to the arc OO, is R , the angle Z00'0! is 6_,

Rl
9)6
ry’o =Rsin6, (33)

. =R(1—cosd,)

Equation (33) can be sorted out to get:

, T, sin 0
Yo 0
) (34)
o r, (1-cosd,)
ZO - 9
Similarly, the deformation caused by Hy is:
o v, sing,
Zy 0
’ (35)
T (1-cos6,)
R
'gy
The deformation caused by 6, is:
, I, sing,
ry = —6’
) (36)
. T (1-cosd))
Yo 0

Taken together, the shift deformation caused by the angle
deformation € =[6,,6,,6.] is:

, r,sind r (1-cosd)
rxo — 0 + 0
0. 0,
sin @, 1-cos @,
ro= Do =+ A :) (37)
Yo ex 92
, n,sing, 1 (1-cosd)
7.20 — 0 + 0 -
0, 0.
Taylor expansion of the coefficients can be obtained:
. 2
S0 122 o)
1 _ 3
1-cosf® _0_6 +0(0)
0 2 24
According to Taylor expansion, (36) can be rewritten as:
6’ A
rl=r. (1-—=+o0(0.)+r, (*——+0(0
o =71 ( 6 (6.)) 20(2 o (0,

2

’ 0“ HZ 923
r, =r, (1- 6 +0(¢9X))+rxl)(?—§+0(92))
3

(39)

2

0, 0 0
"=y (1-2+0(0))+r, (*-—=+0(0
= (=00 +r, (5= 2 +0(6)

Ignoring higher-order small quantities the (38) can be
rewritten as:

2 rd
ro=r, (l—HZ R R
0 0 6 2
! exz rxo 02
r,=r,0- ‘ )+ 5 (40)
9 2
rl=r (=== +-=—
Written in matrix form as:
R, =R} + 4,0 (41)
Where the matrix A4, is:
0 . 0
1
4=5| 0 ., (42)
r 0 O

According to (10), it can be known that the dynamic shift
deformation is:

R} = 4,0 (43)
According to (43), it can be seen that when the deformation
angle is a small angle, there is approximately a linear

relationship between the dynamic shift deformation and the
dynamic deformation angle.

IV. DEFORMATION MEASUREMENT BASED ON MULTI-
VECTOR MATCHING

Owing to errors in the angular velocity, attitude, specific
force and velocity measured by INS, it is necessary to
improve the accuracy of measurement by filtering. From (15),
(20), (25), (32), (43), it can be seen that the measurement
equation is a linear equation, so the Kalman filter method can



be used to improve the measurement accuracy.

A. Hull dynamic deformation model

According to the description in [15], the dynamic
deformation angle 49:[0“9},,92]7 can be described by a

second-order Markov process, and the specific equation is:
6.+ 24,6, +b,°0, =2b,, [D, 1, w,(1) (44

where I = X, ),z are the three axes, bg2 = ,uaz + /13‘2 ,
M, is the irregularity coefficient, and A, is the main
frequency of dynamic deformation, D, is a constant
coefficient and w,(t) is white noise.

According to the (43), the dynamic shift deformation
R} = [RZ ,R‘Z ,RZ 1" can also be described by a second-
order Markov process, and the equation is:

R + 24, R" +b,° R =2b,, \|D, pt, wp(t)  (45)

Where I = X, ),z are the three axes, bR_2 = ,LtR_z +ﬁR 2,
M, is the irregularity coefficient, and A, is the main

frequency of dynamic deformation, D, is a constant

coefficient and W (¢) is white noise.

The static angle deformation and static shift deformation
can be considered as constant values in the short term, so

®,=0.
B. Errors of gyroscope and accelerometer
The error of laser gyro & in inertial navigation is divided

. T
into constant error &, = [80 »€ »€y ] and random error

T .
& =[¢,.¢, .6, ], the constant error is a constant, and the

random error is white noise. Similarly, the accelerometer
r . . . . . . o . .

error & in inertial navigation is also divided into constant

error and random error, the random error is white noise.

C. System state equation

The state vector of the hull deformation measurement
system is:

X=[p, 6 0 R' R R' As A&l (46)
Where @, :[(pox (Doy ®. ]T is the static angle
deformation, & :[ex l9y 92 ]T is the dynamic angle
deformation, 9 = [Hx éy éz ]T is the time differential of
0, Ry =[R; Rg; Ry 1" is the static shift deformation,
R

Ry

[R:Z R:Z, R; 1" is the dynamic shift deformation,

[R], K]

R; ]T is the time differential of R,

and Ae =[Ae, Ag, Ac, 1" is the difference between
the gyro errors of the two INSs, which can be regarded as
white noise , A& =[A€, Aé‘y AE.]" for Ac the time

differential of , satisfying the equation:

A&+ Ae, = \2uw(t) (47

where ,u; is the irregular coefficient, 0; is the standard
deviation of the random error, W(¢) is white noise.

Ag'=[A¢g! Ag; A&!]" is the difference between

INSs, and
A" =[AE. A€ Aé‘;]T is the time differential of

the  accelerometer errors of  the
A&’ | satisfying the equation:

AE + pAe! = o] 2w (1) (48)

where £ is the irregular coefficient, & is the standard

deviation of the random error, W'(¢) is white noise.

The matrix form of the state equation of the system can be
obtained:

X =FX+Gw (49)
Where
_03><3 O3><3 O3><3 03><3 03><3 03x3 03x3 03x3 1
O3><3 O3><3 ]3x3 O3><3 03x3 03x3 03x3 03><3
03><3 BO Bl 03><3 03x3 03x3 03x3 03><3
F — 03><3 O3><3 03><3 O3><3 03><3 03><3 03x3 03x3 ’
O3><3 O3><3 03><3 O3><3 13><3 03x3 03x3 03><3
O3><3 O3><3 03><3 03><3 BZ BZ 03x3 03x3
O3><3 03><3 03><3 03><3 03><3 OBXS B4 03><3
_O3><3 03><3 03><3 O3><3 03><3 03><3 03x3 BS

G =diag(0,,,C,,0,,..C,.C,,C,) >
B, =diag(=b,’,~b,*,~b,"), B, =diag(-2u, ,~2 Ho s=244)
B, =diag(~b, *,=by*,~b;*) 1 By =diag(~2u, ,~24t, ,=2p1,)
B, =diag(~p,~p,,~ ) Bs=diag(—u,—p;,—1)
C, =diag(2b, \[D, 1, ;2b, \/Dgy Hg,+2b, \[D, 115.)
C, = diag(2by \[Dy p1y 2by \[Dy ty +2b, \[Dy 1ty )

C, =diag(o\241, .02, ,5.[241]).

Cy =diag(o, 21,0, 2p1), 0.2 1))

D. System measurement equation

Considering the errors of gyroscope and accelerometer and
the relationship between dynamic shift deformation and
dynamic deformation angle, (15), (20), (25), (32) become:

a),l _a)ir:l = a)ir:l ><((/)0 +9)+9+A8
£ =1 = (Xl X1+ [ xRy
N R 0

im im im

2@ X]R" + " x (g, +0) + Ag’

im

n no__ n m n m n bWl
vi—v =Cla) xR, +C o) xR, +C R} +w,

m em m-="em

Cw =y —(p,+6)+w,

Where the w, and w_ is white noise.

Observations can be set as:

z=lo,-a), f-f7 vi-v, C, ]6D

According to (50), the corresponding observation equation



can be obtained as:

Z=HX+v (52)
Where
@, % @y x I, (U8 05,5 055 Ly 0y,
H= S x furx 0y D D Aajyx] 0,5 I,
0,5 05y 0, Coaf,x Cla, X G, 055 0Oy
_13><3 _I3><3 03><3 03><3 03><3 03><3 03><3 03><3
., D =[a), x][@), x]+ @), %
The error Vv is:
T
v= [O3x3 05 W, W, ] (53)

V. EXPERIMENTAL VERIFICATION AND RESULT ANALYSIS

The method proposed in this paper is validated using laser
Inertial Navigation Systems (INSs) on a simulation device in
the laboratory. And compare it with the original angular
velocity vector matching measurement method. For
simplicity, the two methods are abbreviated as MVM(multi-
vector matching measurement method) and AVM(velocity
vector matching measurement method), respectively.

A. Test environment

The experimental setup involves using a 5-meter-long
elastic steel plate to replicate the hull's deck. The steel plate
is compressed to simulate deck deformation, and a
deformation measurement system is arranged on the device
to validate the proposed method in this paper. The MINS is
positioned in the middle, with the SINS located 2 meters
away from the MINS. The centers of both INSs are aligned
with the central axis of the device. To measure the actual
deformation and verify the accuracy of the deformation
measurement system, a photoelectric autocollimator is placed
on one side of the device. The specific measurement
environment is illustrated in Fig.9.

Fig. 4. Deformation measurement test environment

B. Test results

During the test, external force impacts occur at intervals of
5 minutes, with each impact lasting for a duration of 1 hour.
Data from the photoelectric autocollimator and inertial
navigation are recorded separately. Utilizing the recorded
inertial navigation data, the structure's deformation is
calculated using both the angular velocity matching method
and the multi-vector matching method. The results are
depicted in the Fig.10. To assess measurement accuracy, a
comparison is made between the roll angle deformation
measured by the photoelectric autocollimator and the roll
angle deformation measured by the multi-vector inertial
matching, as presented in Table V.
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Fig. 7. Photoelectric autocollimator test results. (a) The photoelectric
autocollimator. (b) The test results.

TABLE L. DEFORMATION ESTIMATION (DEG/M)
Method Estimation X Y A
MVM Static angle \ 0.0071 \
AVM static shift \ \ \

Fig. 5 illustrates that the angular velocity matching
measurement method remains ineffective in measuring
deformation when there is only a small roll. In contrast, Fig.
6 demonstrates that the multi-vector inertial matching
measurement algorithm proposed in this paper performs
better in actual conditions, effectively measuring the entire
deformation between the two inertial navigation coordinate
systems. Both Fig. 7 and Table I confirm that the
measurement accuracy of the multi-vector inertial matching
deformation measurement method can essentially reach a
measurement accuracy of 20 arcsec.

The above experimental results show that the deformation
measurement method based on multi-vector inertia matching
proposed in this paper has better robustness. When the carrier
is at rest, it can provide more observations than the traditional
inertia matching method, and thus the deformation can be
measured. At the same time, the method proposed in this



paper is able to measure the shift deformation and thus has a
better scope of application.

VI. CONCLUSION

This paper introduces a novel approach, the multi-vector
inertial matching measurement method, developed after
analyzing various inertial matching equations. Addressing
the limitation of existing methods in measuring deformation
under static conditions, this proposed method leverages the
unique characteristics of each equation. Notably, it not only
successfully measures deformation in a static environment
but also captures shift deformation between two Inertial
Navigation Systems (INSs). Moreover, the method
overcomes the original limitation of measuring shift
deformation, providing a comprehensive solution.

Given the challenging conditions for dynamic shift
deformation measurement, this paper introduces a dynamic
deformation conversion relationship. This innovation allows
the proposed method to measure dynamic shift deformation
even when the force vector observation is not apparent.
Testing methods validate the effectiveness of the multi-vector
inertial matching measurement method in measuring
deformation under static conditions, as well as capturing
outgoing shift deformation and angular deformation under
dynamic conditions.

Comparative analysis with the original angular velocity
matching deformation measurement method demonstrates
the superior stability and broader applicability of the multi-
vector inertial matching measurement method. While these
findings are promising, further validation is required,
particularly in real sea conditions. Therefore, the feasibility
of this method needs to be confirmed through verification on
sailing ships in future studies.
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