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Abstract—For the rapid alignment of the ship-borne weapon
INS with large initial azimuth attitude error under complex
environment disturbances, a nonlinear error propagation model
augmented by sensor errors and disturbance sources was pro-
posed. Velocity plus angular rate matching method was applied
in the implementation of the alignment. Simulation results show
that comparing with the conventional solutions, this method can
accomplish the transfer alignment of a mooring ship’s weapon
INS with large heading error rapidly and accurately. Meanwhile,
it has strong adaptability to the sea condition and can improve
the precision of the alignment under complex environment
disturbances.

I. INTRODUCTION

Aligning SINS (slave inertial navigation system) of lower
accuracy by MINS (master inertial navigation system) is called
transfer alignment (TA). TA method can align the SINS with
short time and high accuracy. Conventional TA error propa-
gation model based on the hypothesis of small misalignment
angle between SINS and MINS is linear; however, there might
be large heading error between the frames of the two INSs in
ship-borne TA process[1],[2]. Thus, it is necessary to study
the methodology of TA with large azimuth misalignment.

In the works [3]and [4], velocity matching was used to
execute the TA with large heading misalignment angle of
SINS, but the long alignment time cannot meet the operational
requirements. In the research [5] , velocity plus angular rate
matching TA method estimated attitude errors accurately and
rapidly only by virtue of swaying movement caused by sea
waves, when the misalignment angles are small. Meanwhile,
it can give good estimations of gyro-drifts. However, there are
few researches on this matching method under the condition
of large azimuth attitude error between SINS and MINS.

There are some special problems for the transfer alignment
between the ship-borne weapon INS and the Master INS. On
the one hand, it is inappropriate for large warship to execute
maneuver in order to accomplish the alignment. On the other
hand, ship-borne TA is badly affected by environment distur-
bance. Based on the above considerations, a new approach
of the TA for ship-borne weapon with large azimuth error
was studied in this paper. This alignment method used the
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differences of velocity and angular rates between SINS and
MINS as the measurements. Meanwhile, dynamic and static
lever arm errors and flexure deformation are augmented to
system model of the TA. The alignment method was executed
by UKF. Performance of this approach was tested under two
typical sea conditions by the simulation.

II. ERROR PROPAGATION MODEL OF THE TRANSFER
ALIGNMENT

A. State-Equations of Transfer Alignment

According to [6], the error propagation equation with the
large azimuth misalignment is

¢ =(I—C)wp, — Ce+ng (1)

In the research [8], lever arm effects were compensated
in the velocity error propagation equation, it needs angular
acceleration information to calculate compensation item, and
however, the angular acceleration cannot be obtained directly.
Difference calculation is needed in order to get angular ac-
celeration, but it will bring extra alignment error. Therefore,
in this paper, instead of compensating lever-arm effects in
velocity error propagation equation, those errors were com-
pensated in the velocity measurement. Thus, the velocity error
propagation equation is

567 = [T—(CR)TICy £7 = (2w +wit,) x 0v] + Cf 7" 4y
2
In (I)and (2), ¢ is the attitude misalign vector between
SINS’s and MINS’s navigation frames, dv? is the velocity
error vector of SINS, ngand 7, are the noise vectors of
attitude and velocity, C’,”;”/is the transform matrix from the true
navigation frame(n) to the SINS’s navigation frame(n’), Cg‘/is
the body-axes-to-navigation direction cosine matrix of SINS.
When the azimuth attitude error is large, C', is given by the
following form

co8Qp, —sing, Gycosd, + Gpsing,
C;LL’ = sing, cosp, ¢y5in¢z — ¢zC080, (3)
_¢y (Z)x 1
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The flexure deformation, which is generated by sea waves,
winds and engine vibration, can be approximated by a second-
order Markov process [6] [7]

Opi+ 2807 + B0 =n; (i =u2,y,2) 4)
Where, 0 = [0,,0,,0,]T is the flexure deformation vector,
and its variance is 0 = [04,0y,0.]%, 1 = e,y n:]7 is a

white noise process with strength given by the diagonal matrix
Qn- B = [Bs, By, B-]" is a constant vector. The relationship
between Q,,;, o;and B is Q,; = 48307 (i = z,y,2) ,and
the correlation time 7; of the stochastic process is related with
Bi by 8; =2.146/7; (i =x,y,2) .

For the time of the TA is short, the random errors can be
treated as white noises besides the zero-biases of the gyros and
accelerometers. Thus, the models of gyro and accelerometer
can be approximated as

)
(6)

where, ¢;, is constant zero-drift, ¢,, is Gaussian white noise.
W 1S constant zero-bias, </, is Gaussian white noise.

The measurement error vector of static lever arm is constant,
thus 071, = 0 . According to the investigation [8], since
the deformation angle is small, the dynamic lever arm length
(07f), which is caused by the deformation, can be described
as dry = Ry, thus

E=¢p+eEw

V =Vb+ Vuw

6 = RO; = Ruwy (7)
where,
0 Z0 0
H=| 0 0 (8)
Yo 0 0

Comparing with the conventional TA model of large az-
imuth misalign, in order to estimate those environment dis-
turbances in the alignment process, this augmented model is
established.

B. Measurement Equations

The measurements of this TA method are velocity and
angular rate differences of of SINS and MINS.

As discussed above, the lever-arm effects should be com-
pensated in the velocity matching measurement, thus

Av = vl — v, = vy + vy )

The compensation for velocity measurement is governed by
(10), if the measurement of the lever-arm is accurate
vy = Cl(wi Crrg

(10)

where, r{" is the deterministic lever-arm in the body-frame of
MINS, which can be measured beforehand, and 7> = 0 in
this situation, x stands for the skew matrix of the vector.
However, there are some uncertain errors, which cannot
be measured accurately. These errors are the static lever-arm
measurement error (07meqs) and the dynamic lever-arm error

(0r¢) caused by deformation. Thus, the real lever-arm is as
following

(11)

Accordingly, the compensation item of the velocity measure-
ment is

7 =10+ 0Tmeas + 0T

v = O lwin, X (16" + 07 peqs + 0r7)] + Crdiy - (12)

where, wj;’ x is the skew matrix of vector wj},

After compensating the deterministic lever-arm effect by
(10), the velocity matching measurement is still affected by
0Tmeas and 07y, and it is governed by (13)

Av = Sl + Colwi X (7 + 67T + Cr o7
= 0ug + O Wit X (0rieas +07F")] + C Rufd3)

The angular rate measurement is the difference of angular
rates of SINS and MINS in each navigation frame, therefore

*Cbs zbs Cbm fb% (14)

where, bm and bs are the body frames of MINS and SINS
respectively. w?s, and w¥" are the outputs of angular rates of
SINS and MINS respectlvely The relationship of w’, and

meas

!
. n
Aw = wjp, —

w%fﬁ is
wip, = Cps (wipm + wi™) + € (15)
Substituting (15) into (14), then the
Aw = Cbm i+ C’bsw + C’bS —Ccp whm
= C” Wihm — Wipm + Cbsw + Cbss
= (C¥ —Dwly, +Cpwh +Cpe (16)
Comparing with the traditional TA method, the circum-

stance disturbances are augmented to this TA model, and these
errors can also be reflected in the measurement equations.

III. SIMULATION VERIFICATION OF THE TA METHOD

Augmenting the deformation and lever-arm errors to the TA

model, the states of the TA filter are as follows
= [ T T T YT 9? w? orL s 57‘? }T
17)

Summarizing the TA filter model, the state vector is defined
as (17), and the corresponding state equation consists of the
attitude error (1), velocity error (2), the disturbances (4) and
(7) ,and constant zero-bias of IMU (5)(6).

Adding velocity measurement noise and angular rate mea-
surement noise to (13) and (16), the measurement equations
of this TA filter are

{ ZAU = AU"—)\AU

Znaw = Aw + Aaw (18)

where, Aa, and A, are the measurement noises of velocity
matching and angular rate matching respectively.
The implementation of this TA method is by UKF [4], [10].
The ship is mooring in the TA process. Under the waves
excitation, the ship sways around the pitch axis, the roll axis
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TABLE 1

PARAMETER SETTINGS OF FLEXURE DEFORMATION
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— — meadium sea
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Parameter g
Sea " oLﬁ
condition Variable Roll Pitch Yaw <§
Medium Amplitude 17 157 37 x -y s 10 15 20
sea Correlation 60s 60s 60s 5
time ‘ ‘ ‘ ‘
Peaceful Amplitude K 6 27 r
sea Correlation 60s 60s 60s N
time 2 0
F -1 ‘ ‘ ‘ ’
> 0 5 10 15 20
TABLE 1T 04 : : ! .
ERRORS OF THE SINSs IMUS @ 02
g O =
Sensor Accelerometer Gyro 3 oaf
error Constant Random Constant Random B T I e
zero-bias walk zero-drift walk
coefficient coefficient
Degreel 100 pg 10ug/Vh | 0.01%h 0.001°/v/h )
Degree2 40048 40 pg/Vh | 1°/h 0.05°/v/h Fig. 1.
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Estimation bias of flexure deformation angular rate.

and the heading axis separately for sinusoidal motion. The
model is given as follows

Y =P Sin(wpt + ‘pp)
¥ = Yo sin(wit + )
H = H,, sin(wpt + ¢n)

(19)

where, 1, ,vm and H,, are the amplitudes of the sway.
w; = 2rw/T;(i = p,r,h) ,and T; is the period of sways.
wi(i = p,r, h) is the initial phase, and ;(¢) is a random value
in (—27,27). Parameters of the above model are determined
by the sea condition, two sea conditions are studied in this
paper, one is medium sea condition, and another is peaceful
sea condition, the parameters of these two conditions are

For medium sea condition,

"zz)m =2.5° sYm = 12° H,, = 4°

T, = 85,1, = 135 , T}, = 40s .

For peaceful sea condition,

’d)m =0.5° sYm = 2° 7H =2° 5

T, = 5s,1, = 10s ,T}, = 60s

The parameter settings of the flexure deformation are shown
in table 1. The TA method is also tested by two different
accuracies (see table II) of the SINSs IMUs

This TA filter can estimate flexure deformation angular rate
accurately, the results are shown in Figure 1.

The disturbance of the lever-arm effect becomes bigger
as the strength of the ships sway increases. Thus, in the
following simulation, the influence of the lever-arm error is
analyzed in the medium sea condition. where, let 077" .. =
[O.5m,0.5m,0.5m]T . The velocity errors caused by 07 pcqs
and 07y are shown in Figure2 and Figure3.

From Figure2 to Figure5, we can see that the velocity error
caused by 07y,eqs and dry influenced the velocity measure-
ment in certain degree, and this disturbance is even more
harmful to SINS of high sensor accuracy (such as a shipboard
aircraft). Thus, in order to get useful velocity measurement
for the TA filter, these errors must be compensated. This TA

-0.02

Static measurement lever—arm velocity error ( m/s)

-0.04

Fig. 2.

25 T T T T T T T T T

Dynamic lever—arm velocity error ( m/s)
b o P
{
I

Fig. 3. Velocity error caused by the dynamic lever-arm error.

method can estimate 07p,cqs and dr¢ accurately, the estimation
errors of them are shown in Figure6 and Figure7.
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Velocity error of SINS (m/s)
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Fig. 5. Velocity error of SINS with IMU error degree 2.
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The static lever-arm measurement error of a shipboard
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Estimation bias of the static lever-arm measurement error.
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Fig. 7. Estimation bias of the dynamic lever-arm error.

TABLE III
TA RESULTS OF DIFFERENT COMPENSATION SITUATIONS

L. Different compensation situations
Estimation
error Situationl Situation2 Situation3 Situation4
b 9.97017 9.45117 5.18217 4.06457
by 16.5467 15.9928’ 4.37807 3.9019’
b= 13.76417 12.7643’ 6.43357 5.0075"

aircraft can be more indeterminate, thus, let 077, .
[1.5m, 1.5m, 1.5m|7" in the following simulation. Table III
shows the TA results of partial or all disturbance compen-
sations. In situation 1, there are no compensations of both
lever-arm error and deformation. In situation 2, there is only
lever-arm error compensation. In situation 3, there is only
deformation compensation. In situation 4, all the disturbances
are compensated by the method of this paper.

The simulation results shows that both flexure deformation
and lever-arm error affect the accuracy of the TA in some
degree, see Table III, whereas the TA method in this paper can
compensate all these disturbances very well, and the alignment
accuracy can be improved a lot. From the alignment results in
the four situations of different sea condition and sensor error
, as shown in Figure8 through Figurell, we can get that this
TA method has strong adaptability to the sea condition, and
the degree of sensor error does not affect the TA results too
much (see table 1V).

The above results are acquired in the situation that the
measurement noises of actual value and the TA filter are same.

TABLE IV
ESTIMATION BIASES OF MISALIGNMENT ANGLES OF THIS TA METHOD

Sea ::;esor error de- | o oy b=
condition

Medium Degree 1 4.0645" | 3.9019" | 5.0075
sea Degree 2 457357 | 43017 | 559717
Peaceful Degree 1 48917 | 4.0133" | 5.4335’
sea Degree 2 5.0103" | 4.38557 | 5.8011"
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Fig. 8. Estimation bias of the misalignment angle, in the condition of medium
sea and sensor error degree 1.
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Fig. 9. Estimation bias of the misalignment angle, in the condition of medium
sea and sensor error degree2 .

From(16), we can see that deformation angular rate is a main
disturbance of angular rate matching measurement. In the TA
method of this paper, the flexure deformation disturbances are
augmented to the states of the TA filter, the measurement
disturbance could be compensated to some extent in the
process of alignment filtering. Thus, the actual measurement
noise will just change in a small range. Assuming that the
actual measurement noise is two times larger than the TA
filter’s. The comparison simulations are carried out in the
condition of peaceful sea and sensor error degree 1, and the
results are shown in Figure 12. The estimation bias of the
misalignment angle is 6¢ = [5.5011’,4.7566’,5.6179']T.

The simulation results show that the bigger actual measure-
ment noise can cause lower accuracy of the misalignment
angle estimation. Meanwhile, the research [11] has shown
that the adaptive Kalman filter could be one solution of this
problem.

Besides, time-delay is another influencing factor of TA.

Fig. 10.
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Estimation bias of the misalignment angle, in the condition of
peaceful sea and sensor error degree 1.
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Fig. 11.  Estimation bias of the misalignment angle, in the condition of
peaceful sea and sensor error degree 2.

According to the research [12] , time delay may cause some
misalignment between the MINS and SINS, which can reduce
the accuracy of the TA. Recent research [12] has shown that
the fire control computer of the MINS can give the time-delay
information to the SINS, then the data can be processed by
Kalman filtering and the time origin is unified to the moment
corresponding to the MINS data. Therefore, the time-delay
barely affects the TA process in this situation.

IV. CONCLUSION

This transfer alignment method is for the purpose of
reducing alignment errors induced by the disturbances and
aligning the weapon INS with large azimuth attitude error
on a mooring ship. The method has been established through
the disturbances state augmentation and velocity plus angular
rate matching, and via qualitative explanations and interpreting
computer simulation results, it turns out to be that comparing
with the conventional TA method the present one is more
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Fig. 12. Comparison of estimation bias of the misalignment angle under two
different measurement noise situations

suitable for weapon INS with large azimuth attitude error of
a mooring ship under complex environment disturbances.

A related further research of TA with large azimuth attitude
error should develop an adaptive state estimation method in
face of uncertain measurement noise and an error compensa-
tion scheme based on uncertain time-delay.
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