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Abstract—According to warship combat system dynamic
alignment demand, a coordinate system aligned combat system
was established in this paper, the mainly coordinate conversion
were derived, sensor measurement errors caused by warship's
attitude were calculated and simulated by computer. Simulation
results show that: the warship's heading angle causes the azimuth
angle error of sensor measurements, the warship’s pitch angle,
roll angle cause the angle azimuth and elevation angle error of
sensor measurements, and there is almost no influence on sensor
distance measurement caused by warship's attitude.
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l. INTRODUCTION

The target of warship combat system alignment is to make
the machinery zero and electrical zero of all the systems such
as detectors, trackers, weapon systems and navigation
equipment all over the warship unified in the coordinate of
deck system. It is to ensure the consistency of combat system
zero position[1], and to ensure the consistent accordance of
distance, azimuth/side angle, pitch angle about the same target
by the identification of all the sensors in combat system[2].

Considering the dynamic environment of warship’s
mooring at dock or anchoring at sea, the sensors are required to
measure the azimuth, elevation angle and distance of the
calibration object at sea in the process of alignment, warship
attitude changes will inevitably lead sensor deviation for each
target observations, and then affect the alignment precision of
combat system.

Currently, there are research results of static alignment, and
has been well applicated in practical work[3,4].But there are
almost no research on warship combat system alignment
method and technology in dynamic state. Qi Cui[5], Xi Ma
[6]have made some attempts, but those are only some
improvement based on static alignment method, which did not
consider the impact caused by warship’s attitude to sensor
measurement accuracy fully, and the sensor data are read
artificial instantaneous instead of dynamic conditions as
pseudo-dynamic alignment Literature[7-10] studied the impact
on shipborne radar measurement accuracy caused by ship’s
swing, but they failed to understand the actual physical
meaning of heading angle, pitch angle and roll angle of the of
the platform compass under the Cartan ring frame structure, the
coordinate transformation are inconsistent with the actual
derivation.
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Il.  MAIN COORDINATE SYSTEM AND COORDINATE
CONVERSION

The sensors in warship combat system are in different
location, with different target measurement elements, and they
are also in different coordinate systems. In the process of
alignment, we have to transform both the measurement data of
each sensor and the true value which is acquired by true value
acquisition device into the unified coordinate of deck system.

A.  Common Coordinate System
1) ECEF

The origin O, is located in the center of the Earth's mass,
and X, axis points at the intersection of equatorial plane and
prime meridian, Z, axis coincides with the axis of rotation of
the reference ellipsoid, pointing to Earth Arctic, Y, axis

constitutes a right-handed Cartesian coordinate system with
X, axis and Z, axis in the equatorial plane. A point in the

coordinate system is indicated with (x,,Y,,z,).

2) Warship geographic coordinate system

The origin O, of warship geographic coordinate system
is located in the warship rocking center, X, axis parallels to
the local horizontal plane and points true east, Y, parallels to
the local horizontal plane and points true north, Z, axis
perpendicular to the horizontal plane, X, ,Y, and Z, constitute

a right-handed Cartesian coordinate system. Warship
geographic coordinate system is the Cartesian coordinate
system with the ship rocking center as origin. A point in the
coordinate system is indicated with (x,,Y,,z) .

3) Warship coordinate of deck system

The origin O, is located in the warship rocking center, Y,
axis parallels to the ship bow and stern line, pointing bow is
positive, X, axis perpendiculars to the Y, axis and parallels to
the deck, pointing to the starboard side is positive, Z, axis

perpendiculars to the deck up. A point in the coordinate system
is indicated with (X,,V,,Z,) -



B. The definition of warship attitude angle

Warship attitude angle were gestured by the gyrocompass,
including the ship's heading, pitch and roll. Gyrocompass uses
Cartan ring frame structure, and the diagram of its heading
angle, pitch angle and roll angle are shown in Figure 1. In the
figure, O is the war ship rocking center, BCDEFNG is the
plane, MHJKL is the deck level, JL is the vertical axis of the
ship bow and stern line, and A is the zenith. OE is X, axis
pointing east, ON is Y, axis pointing north, OA is Z, axis
pointing to the zenith, OE . ON and OA constitute ships
geographic coordinate system. The horizontal OH is X, axis
pointing to starboard, and the vertical axis is Y, axis pointing
bow, and OS is Z, axis perpendicular to OH and OJ , and
constitute warship coordinate of deck system.

FIGURE I. WARSHIP ATTITUDE ANGLE SCHEMATIC PROGRESS

Heading angle C,, indicates the clockwise rotation angle
from the north to the direction of the ship's bow, measured in
the horizontal plane, In the figure, and angle between ON and
OD (projection of OJ in horizontal plane) is the heading
angle, clockwise is positive.

Pitch angle y indicates the rotated angle around the

horizontal axis OH in the deck plane, that is the angle
between the ship bow and stern lines and the horizontal plane,
measured in the vertical plane. In the figure, arc DJ is the
pitch angle, and bow over the horizontal plane is positive.

Roll angle @ indicates the rotated angle around the ship
bow and stern line in deck level, that is the angle between
OC (the intersection line of warship’s cross section and
horizontal plane) and OH (the horizontal axis of the warship),
the measurement plane perpendiculars to the deck level and
perpendicular to the bow and stern line. In the figure, arc HC
is the roll angle, the right chord under pour is positive.

C. The Main Conversion

1) (%Yo 22) converts to % Y1:21)

For any point in space, when the origin of coordinate
(%, + Ye, » Z¢,) in warship geographic coordinate system and the
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latitude and longitude coordinates of the earth are known, we
only need to translation origin of ECEF to the origin location
of the warship geographic coordinate system first, and then
make rotation transformation three times:

First of all, rotates (180+1,) around Z, axis of ECEF;

e Then rotates the gotten coordinate (270+b,) around

Y, axis;

Finally, rotates the gotten coordinate 180 degrees
around X, axis.

According Bursa-Wolf model, the following formula can be
obtained:

XI Xe _Xeo
Yi :Tel | Ye— ye0
Z Z, —
i (D
There into,
T, =Ry (180" )R, (B+270")R, (L+180")
—sinb, cosl, —sinb;sinl, cosh,
=| =sinl, cosl, 0
—cosb, cosl, —cosh,sinl, —sinb, @)

2) (4 ¥1,2) converts to (Xd’yd’zd)

The origin of ship geographic coordinate system coincides
with the origin of the coordinate of deck system, so there is no
translation transformation between them, but only rotation of
angle. The reason of the rotation is the attitude changes of the
warship, that is the warship's heading, pitch and roll. Since the
ship gyrocompass use Cartan ring frame structure, Figure 2
shows that , from warship geographic coordinate system to the
coordinate of deck system, first heading, then pitching and last
rolling change must be ordered[11].That is, by heading
transformation from O-X,Y,Z, (transformation matrix

R, (C,) --pivoting heading angle C, around OZ, ) to
O-X,Y,Z,, then by pitching transformation (transformation
matrix R, () --pivoting pitching angle y around OX, ) to
OX,Y,Z", and finally by rolling transformation (transformation
matrix R, (¢) --pivoting rolling angle & around OY, ) to
O, — X,Y,2,[12].



FIGURE Il. TRANSFORMATION DIAGRAM

I1l.  INFLUENCE ANALYSIS OF DYNAMIC ALIGNMENT

PRrRECISION CAUSED BY WARSHIP’S SWING

Let us suppose that the warship is mooring in the dock or
anchoring at sea, so the it is in a natural swing state because of

the influence of wind and wave.

A. Distance Error

FIGURE Ill. SCHEMATIC DIAGRAM OF RADAR DISTANCE
MEASUREMENT

Among them, heading transformation matrix is:

cosC, -sinC, O
R,(¥)=|sinC, cosC, O
0 0 1

Pitching transformation matrix is:

1 0 0
Ry(w)=|0 cosy siny
0 -siny cosy

“

Rolling transformation matrix

cosd 0 -sind@
R@=| 0 1 0
sin@ 0 cosé
)
Therefore, the rotation matrix
Tld =R, ) Ry (‘/’) R, (Cw) (6)

As is shown in Figure 3, the center of radar antenna is
located at A , the target’s distance measured by radar is R, .

When the ship's heading angle, pitch and roll angle, are
respectively C,,y and @, the center of the radar antenna is

located at the point A, , the target’s distance measured by radar
is R, ,the displacement generated of the radar antenna center is

d . Since the warship is in a slight swing, so the three attitude
angle is very small, so ZAOA, is small. Because the distance

between warship rocking center and radar antenna
center  OA =0A, is not very big. S0

d = 2|OA [sin(£AOA, / 2)is small, much smaller than R, and
R, . Therefore, AR=|R —R,|<d~0 so that the warship’s

rocking motion has little effect on radar distance measurement
data.

B. Angular error AE and AA

When the ship's heading angle, pitch angle and roll angle
are respectively C,,yw and &, and the plane X,0,Y, is not

coincident with the plane X OY , suppose that the angle

between them is ¢, then the angle between the normal vector
of the two planes is also ¢ .

Get vector @ =(0,0,1) in warship geographic coordinate
system, then the vector is perpendicular to the plane X OY ,
it can be considered as the normal vector of the plane, the
vector is @' after its conversion to coordinate of deck system,

so &' is the normal vector of the plane X,0,Y, , then

according to the formula:

=

a=T,-a=R, (R, W)R,(C,)-a
cos @ cosy )

@ isthe angle between &' and &, because
a'-a=|a|-|a|-cosp = cos@cosy ®)
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SO

@ = arccos(cos & cosy) ©)
Let the angle between OX which is the projecting of
normal vectors of plane X,0,Y, at plane X OY and Y axis

as A, can be determined by the ratio of x, and y, of the
vector @' inthe plane X OY, .

tan A, =—sinécoty

(10)

SO

—arctan(singcoty)

A

(11)

As shown in Figure 4, Y axis is the pitch axis of radar
antenna turntable, Z axis is the azimuth axis of radar antenna

turntable. When the warship rocks, radar antenna turntable is
tilted, Y, and Z, is the pitch axis and azimuth axis of radar

antenna turntable after it tilted. When the azimuth axis tilts,
pitch axis rotates in the inclined surface.

FIGURE IV. INFLUENCE ON ANGLE MEASUREMENT ACCURACY
BY WARSHIP ATTITUDE

4)  Pitch angle error AE

When the pitch axis turns O degree, if the azimuth axis
tilts, electronic axis is also in the inclined surface, and the
angle between electronic axis and horizontal axis is the pitch
angle error. When the orientation axis of rotates, the electronic
axis is also rotates in the inclined surface, so the pitch error
will change with the azimuth angle change. When the azimuth
axis rotates to any azimuth A the projector OD in the
horizontal plane of the electronic axisOT . In spherical right
triangle XTD , there is
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sin(90° —(A—A,)) =tan AE -cot @

(12)
tan AE = tanpcos(A—A,) (13)
Because ¢ issmall,tangp ~ ¢, tan AE =~ AE
So
AE = @cos(A-A,) (14)
So

AE =g@pcos(A-A,)
=arccos(cos & cosy) - cos( A+ arctan(sin & coty)) (15)

5)  Azimuth angle error AA

Because the pitch axis is perpendicular to electric axis, so
the change rule of & which is the pitch angle from pitch axis
to level is 90 degree difference in the phase with AE ,

0 =@-Cos((A—A,)+90") = p-sin(A-A,) (16)

Due to pitch axis is non-horizontal, azimuth error caused
by the rotation of pitch axis

AA~¢J-tanE

(17)
Was substituted into the formula So
AA=g@-tanE-sin(A-A,) (18)
Substituting will get into
AA = @-tan E-sin(A— A,) = arccos(cos & cosy)
-tan E -sin(A+arctan(sin 8 coty)) (19)

IV. SIMULATION ANALYSIS

When warship is in the state of mooring at dock or
anchoring at sea, alignment work is generally carried out when
the weather is calm, warship’s natural swing, and rotor
helicopter equipped with a Luneberg lens reflector as the
calibration object about 10km away from the warship.

To study the impact on radar measurements caused by
warship’s attitude changes a number of simulation were
conducted. The simulation results shown in Figure 5-7.
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FIGURE V. INFLUENCE ON RADAR MEASUREMENT CAUSED BY

THE BOW ROLL ANGLE

Figure 5 shows bow roll angle of the warship caused about

2m distance error in the location information, caused about
azimuth error, and the azimuth error has linear relationship

with bow roll angle, while caused almost no effect on elevation.

Influence on elevation by the pitch angle:
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FIGURE VI. INFLUENCE ON RADAR MEASUREMENT CAUSED BY

THE PITCH ANGLE

Figure 6 shows that of pitch angle the warship caused about
2m distance error in the location information, caused about
pitch angle error, and the elevation error has linear relationship
with warship’s pitch angle, while caused almost no effect on
azimuth error.
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Influence on elevation by the roll angle:
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FIGURE VII. INFLUENCE ON RADAR MEASUREMENT CAUSED BY

THE ROLL ANGLE.

Figure 7 shows roll angle of the warship caused about 0.5m
distance error in the location information, caused about in
both elevation error and azimuth error, and the error curve has
a highly correlated. with the ship rolling curve.
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FIGURE VIII. INFLUENCE ON RADAR MEASUREMENT CAUSED BY

WARSHIP ATTITUDE

Finally, considering the warship's bow roll angle, pitch
angle and roll angle, the simulation was taken to calculate
warship’s attitude affect on warship radar measurement results,
the simulation results was shown in Figure 8. It found that
changes in warship’s attitude caused about 5m in distance error,
in elevation error and in azimuth error.

V. CONCLUSION

Warship combat system alignment is the key work to
ensure the warship’s effectiveness operated fully, to ensure the
weapon hit probability, and plays a fundamental and decisive
role, therefore, alignment precision of the combat system is
highly demanded. In this paper, the mainly coordinate
conversion were derived, sensor measurement errors caused by
warship's attitude were calculated and simulated by computer.
Simulation results show that: the warship's heading angle



causes the azimuth angle error of sensor measurements, the
warship's pitch angle, roll angle cause the angle azimuth and
elevation angle error of sensor measurements, and there is
almost no influence on sensor distance measurement caused by
warship's attitude. Therefore, in the subsequent data processing
of dynamic alignment, sensor measurement errors need to be
amended due to warship’s attitude, in order to ensure alignment
accuracy.
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