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Abstract

CrossMark

Existing polar transfer alignment (TA) algorithms are designed based on linear Kalman

filters (KF) to estimate misalignment angles. In the case of a large misalignment angle, these
algorithms cannot be applied in order to achieve accurate TA. In this paper, a TA algorithm
based on an unscented Kalman filter (UKF) is proposed to solve the problem of the large
misalignment angle in the polar region. Based on a large misalignment angle, nonlinear
navigation error equations, which are the UKF dynamic models, are derived under grid frames.
This paper chooses the velocity plus attitude matching method as the TA matching method and
errors of velocity and attitude as observations. The misalignment angle can be estimated by
the designed UKF. The simulation results have demonstrated that the polar TA algorithm can
be effective in improving the TA accuracy, especially when large misalignment angles occur.

Keywords: transfer alignment, large misalignment angle, grid frame, UKF

(Some figures may appear in colour only in the online journal)

1. Introduction

Polar navigation technology can ensure the safety and reli-
ability of a ship when it sails in a polar region [1]. Traditional
electromagnetic navigation suffers from serious magnetic
disturbances in polar regions [2]. Similarly, in a high latitude
area, the multipath effect [3] may decrease the positioning
accuracy of a global positioning system (GPS) and even cause
a failure of the GPS. However, a inertial navigation system
(INS) is highly autonomous and self-contained [4], and it can
address the serious challengesposed by polar environments
[5]. Therefore, INS is the optimal choice for civil and military
navigation in polar regions.

As a key technology of the Strapdown INS (SDINS), the
initial alignment is to obtain an initial attitude matrix before
navigation [6]. The performance of initial alignment directly
affects the following navigation accuracy [7]. Currently,
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transfer alignment (TA) is an initial alignment method which
has been widely researched. The basic idea of TA is using a
high-precision master SDINS output to match low-precision
salve SDINS motion parameters, and then estimate the states
of alignment by using a filter algorithm. TA based on the
velocity plus attitude matching method [8] has the advantages
of both rapid speed and low cost, and it has been used in ship-
board aircrafts and for shipborne weapons alignment [9].
When TA operates in the polar regions, three problems
should be addressed. First, meridian lines converge in the pole
in the polar region, which motivates the selection problem of
the navigation frame. A traditional north-oriented frame loses
its effectiveness for polar navigation, since in this frame navi-
gation error increase sharply due to the meridian convergence
[10]. As a primary solution, the wander frame was selected
for the polar navigation problem. However, the definition of
the wander angle is ineffective at a 90-degree latitude [1, 10].
Therefore, it is necessary to choose a suitable frame for the
polar region. Secondly, TA can be classified as coarse and fine
alignment according to the alignment stages. A Kalman filter
(KF) is commonly employed in fine alighment to estimate mis-
alignment angles. The existing KF models are linear based on

© 2016 IOP Publishing Ltd  Printed in the UK
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the small-misalignment-angle assumption. This assumption
will be invalid if the azimuth misalignment angle is large due
to ship deformation and inaccurate coarse alignment. Hence,
the filter models change to be nonlinear and need to be rede-
signed. Thirdly, corresponding to the nonlinear models, a suit-
able nonlinear filtering algorithm should replace the linear KF.

To select a suitable frame for polar navigation, a transverse
frame is proposed in [10]. This frame solves the position and
azimuth determining problem by moving the earth’s pole arti-
ficially to the equator. However, the frame is derived based
on the assumption that the earth is round, so it can lead to
principle calculation errors. In [11], a navigation algorithm
is designed based on grid frame for flight navigation in polar
regions. In the grid frame, an available reference line is set
for determining the azimuth angle. Grid navigation can solve
the problem of the meridians convergence. Therefore, a grid
frame is suitable for developing navigation algorithms when
SDINS works in polar regions.

A TA algorithm using grid frame is presented in [12]. The
TA algorithm based on a grid frame can be applied to the
aerial alignment of airborne weapons in polar alignment, and
it can perform with high accuracy. However, the linear models
in TA are designed based on the hypothesis of small attitude
errors. When the azimuth misalignment angle is large, the KF
models will be inaccurate and cause the remarkable errors
of TA alignment. To estimate attitude errors, nonlinear KF
models are introduced based on a large azimuth misalignment
angle [13, 14]. The existing TA algorithm [14] adopts a north-
oriented frame as a navigation frame to construct the non-
linear models, but it cannot be used for polar TA. Therefore,
nonlinear models need to be redesigned based on grid frames
for the polar TA.

A nonlinear estimator is required to process the nonlinear
models. An extended Kalman filter (EKF) is used for non-
linear models in [15] to realize the TA of an airborne vehicle.
However, the linearization error of the nonlinear model in
EKF will reduce the precision of the filter, and even cause the
filter divergence when the model is strongly nonlinear. A rapid
TA algorithm based on an unscented Kalman filter (UKF) is
proposed in [16], and the UKF can provide more accurate esti-
mates than the EKF. Therefore, the UKF is chosen as estima-
tion method of TA in this paper.

In this paper, a polar TA algorithm based on UKF is pro-
posed. The main purpose of this paper is to solve the problem
of a large azimuth misalignment angle in the polar TA.
Combined with the velocity plus attitude matching method,
grid-frame-based nonlinear models are derived. Then, a UKF
is employed to estimate alignment states, which can improve
the accuracy of the polar TA.

2. Grid navigation error equations with a large
azimuth misalignment angle

In the grid frame, the Greenwich meridian is the reference
for determining the azimuth angle. Choosing the grid frame
as the navigation frame can avoid the problems caused by the
meridian convergence in high latitude areas.

Greenwich

meridian Grid Plane

Meridian
tangent plane

e“

A\ 4

Ye

Meridian

Xe
Figure 1. The description of the grid frame.

2.1. Grid frames

The notations of frames used in this paper are:

i-inertial frame;

e-earth centered earth fixed frame;

t-geographic frame;

G-grid frame;

m-body frame of master SDINS;

s-body frame of slave SDINS;

s'-calculated body frame of slave SDINS.

The Grid frame is the navigation frame. The s frame rep-
resents the true body frame of slave SDINS. Considering
the measurements biases, the s’ frame is the calculated body
frame of slave SDINS.

As shown in figure 1, when a ship is located on point P,
the grid plane is the plane which passes through point P and
is parallel with the Greenwich plane. The grid north axis lies
along the intersecting line of the grid plane and local-level.
The angle between true north and the grid north axis is o. The
grid up axis coincides with the geographic up axis. The grid
east axis lies in level and is perpendicular to the grid north
axis. Grid east and grid north axis constitute the right frame
that is called grid frame. The set of unit vectors along grid
east, north and up axis are presented as (egy, €y, eGU).

The latitude and longitude of point P are defined as L and
A, respectively. The transformation relations among e frame,
t frame and G frame can be described as:

—sin A cos A 0
C.=|—sinLcosA —sinLsin\ cosL )
cosLcos A cosLsinA sinL
cosog —sino 0
C=|sinc coso 0 2)
0 0 1
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The set of unit vectors along each axis of the ¢ and e frame
are presented as (eg,en,ey) and (ey,ey,ez), respectively.
According to figure 1, e, is perpendicular to ey, and thus the
inner product of them equals zero:

egy-ey =0 3)

By transforming eg, and ey to the ¢ frame, eé;Nand e}, can
be expressed as:

e, = CtGegN =[sinoc coso O] “4)

ey = Ciey = [cos A —sinLsin A cosLsin A" (5)

By substituting equations (4) and (5) into (3), we can
obtain:

sinogcos A —cososinLsin A =0 (6)

Then,
sino = sin Asin L/+/1 — cos? L sin® \ @)
cos o = cos A+ 1 — cos? Lsin® A (8)

By substituting equations (7) and (8) into (2) the transfor-
mation matrix C° from ¢ to G frame can be calculated.

The INS error equations in [11, 12] are derived based on
the grid frame. During both the derivation of error equations,
misalignment angles are considered as small angles. However,
small angle assumption is inconsistent as the result of flexure
deformation and coarse alignment in practice. In the case of
large azimuth misalignment angle, the INS error equations are
modified in the subsections.

2.2. Attitude error equation

Flexure deformation and inaccurate coarse alignment may
cause large misalignment angles, especially large azimuth
misalignment angles. The initial attitude matrix of the slave
SDINS is unknown when it starts to work. The coarse initial
attitude matrix of the slave SDINS is commonly provided by
the initial attitude matrix of the master SDINS:

C,/(0) = C§(0) ©)

Where CS,G represents the calculated attitude matrix of the
slave SDINS from s’ to G frame.

The master and slave SDINS are not installed on the same
base, so there are misalignment angles among the different
bases. We define the angles between the s’ frame and the m frame

T

as measurement misalignment angles ¢° :[¢f}nx ¢>fw ¢ZZ] .

We define angles between the s frame and m frame as actual
T

physical misalignment angles ¢ :[Qfx ¢Sy qf)gz] . The

pitch and roll misalignment angles of qbnf (i.e. ¢rfx and ¢rfy) and

¢f (i.e. qbaf and qbg) can be considered as small angles, but the
azimuth misalignment angles ¢mGZ and ¢£ are large.

The s’ frame can be obtained by the following three-time
rotation of the m frame:

around z,, axis

ot
OxpY,Zm o OX,,2m
around x,, axis
m N
—_—
= OXnYZm (10)

mx

around y;, axis
———
pr Ox sYgZs'

my

The first rotation performs around the z,, axis by ¢,fz , which
generates the frame Ox),y’ z,,. The second one is the rotation
of the x,, axis by gbmi, which generates the frame Ox;r !z,

. . "o - G .
The third rotation acts around the y), axis by (bmy, which gener-

ates the frame Ox gy gzy.
The direction cosine matrix between the s’ and m frame can
be expressed as:

G G G G G
¢ ¢myc¢mz - S¢ms¢myc ¢mz
G G
—C d)mx SPnz
G G G G G
s ¢myc (bm z +s ¢mc¢mys ¢mz
G G G G G G G
C¢mys ¢mz +s ¢mxs d)myC(me - Cd)mxs ¢my
G G G
C¢mxc¢mz S¢W

G G G G G G G
S(bmys ¢mz - ¢mc¢m)vc¢mz C¢mxc¢my

S/_ .
G = CyoCyeCyo =

(11)

Where the notation c and s represent cosine and sine functions,
respectively. Similarly, the direction cosine matrix between s
and m frame can be described as:

G .G G .G G
C¢ayc¢az - S(baxsﬁsaycasaz
G G
_C¢uxs¢a1
G G G. .G G
s¢a)rc¢az + s¢mc¢ays¢az
GG G.,..G G GG
C¢ays¢az + s¢ms¢ayc¢az _C¢axs¢ay
G G G
C¢axc¢az S¢ax

G .G G .G G G .G
s¢ays¢az B S(z)axC(z)aycd)az cd)axcd)ay

C} =C oC,oC

G —
COay ¢ax Pz

(12)

The angular velocity of m frame relative to s’ frame is
w,,s» and the projection of w,y on s’ frame can be expressed
as follows:

cS 0 —soC |1 0O 0 0
ww=| 0 1 0 [0 O sEu|| O
squG} 0 ch”(; 0 sgzﬁrfx c¢nfx é,
c¢,f) 0 fsfﬁmy ng”(L;x qzﬁ,fy
+ OG 1 OG 0 0 (13)
5G 0 <o, 0 0

By using the matrix inversion lemma, ¢”Cf can be concluded
by:
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60 = (@0 (14)
Where
cqf)mGy 0 —cqzﬁn?xsqb,fy
f@H= 0 1 s5¢° (15)
st O chuch
Also, wfn;/ equals to:
Why = Wy — Wi = Wiy — Cowit, (16)

The true angular velocity of s frame relative to G frame is
wgs» and the projection of wg, on s frame can be written as:

Wes = Wom + Wr 7)

Where wy;,, is the angular velocity of the G frame relative to
the m frame, and wg,, is the projection of wy,, on the s frame;
wr is the flexure deformation angular velocity of slave SDINS
caused by elastic deformation.

Considering the gyro drifts éw;, the measured angular
velocity of the G frame relative to the s’ frame can be written

as

’

Why = Wiy — bW, (18)

By substituting equations (17) into (18), we can obtain:

’

Wy = W + Wy — dwjg (19)
The gyro drifts of the slave SDINS éw;; can be modeled as:
bwis =& +e, (20)

Where €] is the gyro constant drift, and &) is the gyro random
drift.

By combining the equations (16)—(18), w,f;/ can be
rewritten as:

’
m

!
s s (GK, S (S
ms' = “Gm + Wy Cs'éwis meGm

=(C,,

w

— G W — € — €, 1)

Based on the small an?x, qb’fy, gbai and gba(y; angles, f (qbf) canbe
simplified as a k3. Meanwhile, C;, and C;, in equations (11)
and (12) can be simplified as:

B P ~%m
o ol ou | @
| G+ st asds— ducdn 1
[ ol sof =4
Cro=|  —sdf ey P (23)
| et + Gty Gusdl — docdy 1

By substituting f((bgl) = L3 into equation (14), it can

be obtained that q,’)g = wf,;s,. Then, in the case of the large

azimuth misalignment angle, the attitude error equation can

be expressed by using equations (19)—(21) as:

B0 = (C— Coyut +wy— & — & 24)

The relative position between the master and slave SDINS
is fixed. Therefore, the actual physical misalignment angle

(;SaG can be considered as a constant. Then, its differential
equation is:

b, =0 (25)

2.3. Velocity error equation

The velocity differential equations of master and slave SDINS
based on G frame can be written as:

Vo = CSfm — 2wl + wl) x VO + g8 (26)
VY= €O — 2w + wl) x VO 4 gC (27)

Where V< and V¢ are velocities of master and slave SDIN'S,

f™ and f* are specific force measured by master and slave
SDINS accelerometers, wl-f is the projection of rotational
angular velocity of the earth on G frame, w,; is angular
velocity of e frame relative to G frame, weGG is the projection of
w,gon G frame, g and g are the gravity measured by master
and slave SDINS, gnf and gSG are the projections of g _and g
on G frame, respectively. wif can be obtained by:

G _ G g
Wie = Cg Wi, (28)
As shown in [12], wa can be expressed as:
C Ve Vo ]
G T, R,
WeGx v ! v Y
Ge Gy
G G ZGe _ ZON
[73) = | W =
eG eGGy Rx T (29)
WeGz KVGg  RVGy
Tf Ry

Where vg, and v, are the east and north velocity of the ship
within G frame. Other parameters are defined as follows:

-

2 2

L sin“g ~ cos” o
R R Rw
1 cos’c  sino
R, R Ry~
y { (30)

— = (L — L)sincrcoso',
Ty Run Rwn
sin Acos L

J1 = co?Lsi? A

Where Ry, and Ry, are radius of curvature in meridian and
prime vertical, respectively.

R =

\
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Because G frame also has a local horizontal plane, gG can

be expressed as:
T
g0 0 |

Considering measurement errors, the velocity differential
equation of the slave SDINS can be rewritten as:

(3D

Vi =C9f — QoY+ &%) x VG + ¢ (32)
Where Vf, &J\S, &J\L,GG and §Sq are measured by slave SDINS,
and the measurement errors of w, w% and g? are described
as bws = &F — w?, 6w = B% — W, and 5g§ = §f — gf,
respectively.

The velocity error in TA is defined as V9=V — VS By
subtracting equations (26) from (32) and neglecting the small
second-order amount, the velocity error equation can be pre-
sented as:

SV = CY* — Cof™ — Quwi + wip) x 6V

—(28w + 8wip) x VG + g% — g0 + 586 (33)

In the practice environment, the gravity measured by the
master and slave SDINS can be considered equal, so it can be
concluded that:

gl =g° (34)

The specific force measured by the slave SDINS acceler-
ometers can be written as:

fF=Cf"+ 8 + Vi (35)
Where §f* is the disturbing acceleration caused by arm-lever
effect and ship flexure deformation, and V; represents the con-

stant bias of the accelerometer. Then, the velocity error equa-
tion can be rewritten as:

SV = (CG— COf* — Qui + wip) x 6V©
—(26w + 6wis) x VG + CGef + CGV; + 685 (36)

3. The design of nonlinear models for polar TA

In TA, the high-precision master SDINS outputs are trans-
ferred to assist the alignment of the low-precision salve
SDINS. The misalignment parameters of the slave SDINS
relative to the master SDINS are estimated by the KF.

For nonlinear models, the UKF is used to accomplish
the TA. This way, the polar TA can be precisely achieved.
Also the system robustness can be improved by solving the
problem of the large azimuth misalignment angle in practical
environments.

In TA, the outputs of the master SDINS are assumed to be
accurate and without error. The dynamic model is designed
based on the error equations of grid navigation, and the obser-
vation model is designed based on the velocity and attitude

T T T T T

Pitchi(”)
o

Algorithm1 ———- Algorithm2
L I T
0 20 40 60 80 100 120 140

= T S S —
® ——— Algorithm1  ———- Algorithm?2
5 L 1 j T T T
0 20 40 60 80 100 120 140
10 T T T
% 0 R T
> "‘N : I Algorithm1  ———- Algorithm2
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Time(s)
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5
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Figure 2. (a) TA results when ship is static. (b) TA results when

ship sails in uniform linear motion. (c) TA results when ship sails is
in linear motion with constant acceleration.

measurements. The detailed design of the filter models are
presented in the following subsections.

3.1. Dynamic model

Based on the G frame, the errors of velocity 8V Y, the measure-
ment misalignment angles ¢nG1, the constant biases of gyros €
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Table 1. TA results in the calm sea state.

Linear motion with

Parameters Algorithm Static Uniform linear motion constant acceleration
pitch/(°) Algorithm 1 —0.2811 —0.2811 —0.2846
Algorithm 2 —0.4589 —0.4597 —0.4637
roll/(°) Algorithm 1 —0.0295 —0.0303 —0.0266
Algorithm 2 0.2508 0.2498 0.2548
yaw/(°) Algorithm 1 —0.5225 —0.5225 0.4405
Algorithm 2 4.579 4.579 4.683
Table 2. TA results in the medium sea state.
Linear motion with
Parameters Algorithm Static Uniform linear motion constant acceleration
pitch /(%) Algorithm 1 —0.0646 —0.0644 —0.0570
Algorithm 2 —0.3707 —0.3720 —0.3728
roll/(°) Algorithm 1 —0.0113 —0.0121 —0.0119
Algorithm 2 0.2114 0.2281 0.2271
yaw/(°) Algorithm 1 —0.4809 —0.4809 —0.3972
Algorithm 2 3.872 3.972 3.972

and accelerometers V5, and the actual physical misalignment

angles qbf are chosen as the states to be estimated, which are
described as:

T
X:[(SVG b, & V; ¢>§]

According to the derived error equations of attitude (i.e.
equations (22) and (23)) and velocity (i.e. equation (34)),
neglecting the measurement errors of gravity, the differential
equations of the states can be written as:

-

SV = (CG— COf — Qui + wip) x 6V
—(26w§, + Swiz) x VO + CYef + CG V3

-G ’
J60 =€~ Coalty + 0y~ e

' (37)
V,=0
& =0
G
¢, =0

The above dynamic model for the polar TA is defined as
Model 1. Meanwhile, the typical dynamic model for non-
polar TA, which is presented in [14], is defined as Model 2.
Model 2 is also designed by considering the large azimuth
alignment angle, which is expressed as:

V' = (C) = COf* — Quf + wiy) x 6V + €LV,

b, = (€, — Coywlt + €5 + wen
(38)

Model 1 performs with the following advantages com-
pared with Model 2. Firstly, Model 1 is derived based on the
G frame not the ¢ frame in Model 2. By using the grid frame
as the navigation frame, Model 1 can solve the problem of the
meridians convergence. Secondly, the item of harmful accel-
eration —(26w? + w;) x V§ is considered in the velocity
differential equation of Model 1, which makes it closer to the
real dynamic model and so, Model 1 is more accurate than
Model 2. Thirdly, the disturbing acceleration caused by the
arm-lever effect and ship flexure deformation §f* is omitted
form Model 2. The lack of compensating the disturbing
acceleration §f* will reduce the TA accuracy [17]. Therefore,
Model 1 based TA suits the large azimuth misalignment angle
problem in polar areas.

3.2. Observation model

In the case of the large azimuth misalignment angle, velocity
and attitude measurements can be used for the observation
model to achieve a rapid alignment. The differences of the
velocity and attitude between the master and slave SDINS are
chosen as the observations, which are defined as:

Z= [6VG ¢mc]
The observation model is expressed in matrix form as:
Z=HX+v (39)
Where the observation matrix H can be written as:
H— L.y 022 02x2 0242 0242 40
{0353 Bxs 03x3 0345 —C§ “0)

The measurement noise vectors v is independent Gaussian
white noise v; ~ N(O, R;).
Where R is measurement noise covariance matrix.
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Figure 3. (a) TA results when ship is static. (b) TA results when
ship sails in uniform linear motion. (c) TA results when ship sails is
in linear motion with constant acceleration.

4. Results and discussions

The polar TA algorithm is designed based on the grid frame.
Also, a nonlinear UKF is employed for the TA to solve the
problem of large azimuth misalignment angle. Simulations
and experiments are conducted to verify the necessity of the
grid frame for polar TA and the performance of the UKF.
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Figure 4. (a) TA results when ship is static. (b) TA results when
ship sails in uniform linear motion. (c) TA results when ship sails is
in linear motion with constant acceleration.

4.1. Simulation and experiment conditions

When a ship is sailing in practical environments, sea states
and maneuvers of the ship are variable. To estimate the per-
formances of the designed TA in practical environments, two
sea states and three ship maneuvers are considered. The sea
states include calm and medium sea states, and the maneuvers
include static, uniform linear motion and linear motion with
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Table 3. TA results in the calm sea state.

Linear motion with

Parameters Algorithm Static Uniform linear motion constant acceleration
pitch/(°) Algorithm 1 —0.2811 —0.2811 —0.2846
Algorithm 3 0.6314 0.6304 1.755
roll/(°) Algorithm 1 —0.0295 —0.0303 —0.0266
Algorithm 3 0.6075 0.6082 1.349
yaw/(°) Algorithm 1 —0.5225 —0.5225 0.4405
Algorithm 3 7.995 7.994 7.778
Table 4. TA results in the medium sea state.
Linear motion with
Parameters Algorithm Static Uniform linear motion constant acceleration
pitch/(°) Algorithm 1 —0.0646 —0.0644 —0.0570
Algorithm 3 0.6624 0.6913 0.6922
roll/(°) Algorithm 1 —-0.0113 —0.0121 —0.0119
Algorithm 3 0.5688 0.6219 0.6513
yaw/(°) Algorithm 1 —0.4809 —0.4809 —0.3972
Algorithm 3 7.784 7.781 7.728
Table 5. Experimental results of algorithms 1 and 2.
Static in clam Uniform linear motion Linear motion with constant
Parameters Algorithm sea state in medium sea state acceleration in medium sea state
pitch/(°) Algorithm 1 —0.2186 —0.2184 —0.1401
Algorithm 2 —0.7809 —0.666 —1.396
roll/(°) Algorithm 1 0.1074 0.1065 0.0383
Algorithm 2 0.6519 0.8093 1.197
yaw/(°) Algorithm 1 —0.5876 —0.5875 —0.7487
Algorithm 2 5.541 4.992 5.072

constant acceleration. The main involved parameters are set

as follows:

(1) In this paper, the attitude of the ship is set as sine func-

(0.1ms~ Y%, (0.1 ms~ 1% (0.5°)% (0.5°),
Py = diagq (10°)2, (1 x 1074gy)*, (1 x 1074g,)%, (0.01(°)/h)2,

tions. In a calm sea state, the amplitude/period of pitch
angle, roll angle and yaw angle are 1°/3 s,1°/5 s and 1°/7 s,
respectively. In a medium sea state, the amplitude/period
of pitch angle, roll angle and yaw angle are 10°/3 s, 9°/5 s
and 7°/7 s, respectively. The initial phase is 0°and the
initial heading is 45 °.

(2) The velocity of ship is set as 10 nmile ™! in the case of

uniform linear motion. In linear motion with constant
acceleration, the initial velocity and acceleration are set
as 10 nmile ™! and 0.1 g, respectively. The initial latitude
¢ and longitude A are set as 80.7796° and 126.6705°,
respectively.

(3) In the simulation, the gyro constant drift is 0.01°/h and

the gyro random drift variance is 0.001°/h. The acceler-
ometer constant drift is 1 x 10~%g, and the accelerometer
random drift variance is 1 x 10~3g,. The initial errors of
roll, pitch and yaw angles are set as 0.5° 0.5° and 10°,

respectively. Simulation time is 140 s. Filtering period is
0.1s.

(4) The initial state estimation covariance matrix Py, system

noise covariance matrix Qy, and measurement noise
covariance matrix Ry are set as follows:

(0.01()/h)%, (0.01(°)/h)2, (0.5 )%, (0.5 °)2, (10°)

00 = diagd & ¥ 1074gy), (5 x 107*gy)’,
(0.05(°)/h)2, (0.05(°)/h)?, (0.05(°)/h)?

—1\2 —1\2
Ro = diag 0.1ms™ )", (0.1ms™)",
(0.001 °)?, (0.001 °)2, (0.001 °)?

4.2. Simulation results and discussions

The TA algorithm proposed in this paper is defined as algorithm 1.
Meanwhile, the typical non-polar TA algorithm, which is pre-
sented in [14], is defined as algorithm 2. In order to increase
the simulation contrast, the linear TA algorithm based on grid
frames, which is presented in [12], is defined as algorithm 3.

Besides, TA algorithms can be evaluated by the accuracy of the
measurement misalignment angles ¢>rGﬂ estimates.

4.2.1. The selection of navigation frames for polar TA. Both
algorithms 1 and 2 adopt nonlinear models and use UKF
to solve the TA problems of the large misalignment angle.
The difference between them is the selection of navigation
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Figure 5. (a) TA results when ship is static. (b) TA results when
ship sails in uniform linear motion. (c) TA results when ship sails in
linear motion with constant acceleration.

frame. Algorithm 2 selects geographic frames for the non-
polar region while this paper selects grid frames for the polar
region.

In a calm sea state, TA results under different maneuvers
are shown in figure 2 and table 1.

In a medium sea state, TA results under different maneu-
vers are shown in figure 3 and table 2.

"tabl
\\ Turntable

Figure 7. High-precision, three-axis turntable and SDINS.

As shown in figures 2 and 3, compared with algorithm 2,
the azimuth accuracy of algorithm 1 is significantly higher.
Detailed data of TA results are given as follows:

As shown in table 1, the pitch errors of algorithm 1 reduce
to around 60% than the errors of algorithm 2, and the roll
errors of algorithm 1 reduce to around 12% than the errors
of algorithm 2. As shown in table 2, the pitch errors of algo-
rithm 1 reduce to around 20% than the errors of algorithm 2,
and the roll errors of algorithm 1 reduce to around 5% than
the errors of algorithm 2. TA performance of algorithm 1 is
better than that of algorithm 2 because algorithm 2 is based
on geographic frames. Meanwhile, algorithm 1 based on grid
frames can avoid the navigation problems caused by meridian
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Figure 8. (a) Experimental results of algorithms 1 and 2 in a calm
state when ship is static. (b) Experimental results of algorithms

1 and 2 in a medium sea state when ship sails in uniform linear
motion. (c) Experimental results of algorithms 1 and 2 in medium
sea state when ship sails in linear motion with constant acceleration.

convergence. Therefore, it is necessary to choose grid frames
as navigation frames.

4.2.2. The UKF performance in the case of large azimuth
misalignmentangle. Bothalgorithm 1 and algorithm 3 choose
grid frames as navigation frames. The differences between
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Figure 9. (a) Experimental results of algorithms 1 and 3 in calm
state when ship is static (b) Experimental results of algorithms 1
and 3 in medium sea state when ship sails in uniform linear motion.
(c) Experimental results of algorithms 1 and 3 in medium sea state
when ship sails in linear motion with constant acceleration.

them are the models and filtering methods. Algorithm 3
processes its linear models by KF, which is unsuitable for
the nonlinear model with the large azimuth misalignment
angle.

In a calm sea state, TA results under different maneuvers
are shown in figure 4 and table 3.
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Table 6. Experimental results of algorithms 1 and 3.

Static in clam

Uniform linear motion Linear motion with constant

Parameters Algorithm sea state in medium sea state acceleration in medium sea state
pitch/(°) Algorithm 1 —0.2186 —0.2184 —0.1401
Algorithm 3 —0.9304 —-1.219 —1.214
roll/(°) Algorithm 1 0.1074 0.1065 0.0383
Algorithm 3 —0.7029 —1.137 —1.132
yaw/(°) Algorithm 1 —0.5876 —0.5875 —0.7487
Algorithm 3 7.977 7.694 7.693

In a medium sea state, TA results under different maneu-
vers are shown in figure 5 and table 4.

As shown in figures 4 and 5, compared with the linear algo-
rithm 3, employing algorithm 1 in this article, the azimuth
accuracy is significantly higher. Detailed data of TA results
are given as follows:

As shown in table 3, the pitch errors of algorithm 1 reduce
to around 45% than the errors of algorithm 3, and the roll
errors of algorithm 1 reduce to around 5% than the errors of
algorithm 3. As shown in table 5, the pitch errors of algorithm
1 reduce to around 10% than the errors of algorithm 3, and the
roll errors of algorithm 1 reduce to around 2% than the errors of
algorithm 3. TA performance of algorithm 1 is better than that
of algorithm 3 because the models of algorithm 3 are linear. In
the condition of large azimuth misalignment angle, linear KF
models cannot estimate state of system effectively. Therefore,
the polar TA based on the UKF can be effective to improve not
only the TA accuracy but also the system robustness.

4.3. Experimental results and discussions

Because of the geographic restriction, the experiment is con-
ducted in the form of semi-physical simulation.

The angular velocity Qf; measured by gyroscope can be
expressed as

Oh = wh + bws, 41)

Where w,-ll’, is the true angular velocity without biases.

The gyro drifts éw;, can be extracted from measured data.
The real angular velocity will’, in the polar region can be cal-
culated by simulation. Therefore, the experimental gyroscope
outputs in the polar region can be simulated by the gyroscope
measurements in nonpolar region. Similarly, the experimental
accelerometer outputs can be obtained in this way.

The experimental data is provided by the inertial meas-
urement unit (IMU), which is shown in figure 6. The IMU
consists of three-axis gyroscopes and accelerometers. The
IMU-based SDINS is installed on a high-precision three-axis
turntable as shown in figure 7.

The drifts of gyroscopes and accelerometers can be
obtained from the real test, which are shown as follows.

The three-axis gyro constant drifts are 6.0840 x 10™%rads™',
—4.6614 x 10 rads™!, —1.2844 x 10-8rad s~!, respectively. The
three-axis accelerometer constant drifts are 5.3470 x 10 °ms—2,
2.1293 x 1079 ms72,-7.7923 x 10~% m s~2,respectively. The three-
axis gyro random drifts variances are 3.469 x 10~®rads™!,

1

3.749 x 107 %rads™!, 1.464 x 10~®rads~!, respectively. The
three-axis accelerometer random drifts variances are
0.00145 ms=2,0.001852 ms~2,0.0003957 m s 2, respectively.

Other conditions can be seen in section 4.1.

Three typical maneuvers, namely static in the calm sea
state, uniform linear motion in the medium sea state and linear
motion with constant acceleration in the medium sea state, are
considered in experiments. The experimental results are also
expressed by the estimated values of measurement misalign-
ment angles ¢g.

Experimental results of algorithms 1 and 2 under the three
typical maneuvers are shown in figure 8 and table 5.

Experimental results of algorithms 1 and 3 under the three
typical maneuvers are shown in figure 9 and table 6.

Detailed data of experimental results are given as follows

As shown in figure 8 and table 5, experimental results fur-
ther verify that the TA performance of algorithm 1 is better
than that of algorithm 2. This benefits from the selection of
grid frames as navigation frames in algorithm 1. Also, experi-
mental results in figure 9 and table 6 show that TA perfor-
mance of algorithm 1 is better than that of algorithm 3 due to
the nonlinear models of algorithm 1.

The experimental results imply that the shipborne SDINS
based on algorithm 1 is capable of working effectively in
polar regions. Furthermore, the SDINS can perform with good
accuracy even in the case of large misalignment angles.

5. Conclusions

The polar TA algorithm with nonlinear model is proposed to
solve the problem of a large azimuth misalignment angle in
the polar regions. The navigation error equations are firstly
derived based on the grid frame. The nonlinear UKF models
are designed by combing the error equations and the velocity
plus attitude matching method. A UKF is applied to estimate
the misalignment parameters. The simulation and experi-
mental results have demonstrated the performance of the pro-
posed TA algorithm.
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