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Novel gravity passive navigation system
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Abstract: According to the characteristics of gravity passive navigation, this paper presents a novel gravity

passive navigation system ( GPNS), which consists of the rate azimuth platform (RAP), gravity sensor, digitally

stored gravity maps, depth sensor and relative log. The algorithm of rate azimuth platform inertial navigation

system, error state-space equations, measurement equations and GPNS optimal filter are described. In view of the

measurements made by an onboard gravity sensor the Eotvos effect is introduced in the gravity measurement
equation of a GPNS optimal filter. A GPNS is studied with the Matlab/Simulink tools; simulation results
demonstrate that a GPNS has small errors in platform attitude and position. Because the inertial navigation

platform is the rate azimuth platform in the GPNS and gravity sensor is mounted on the rate azimuth platform,
the cost of the GPNS is lower than existing GPNS’s and according to the above results the GPNS meets the need
to maintain accuracy navigation for underwater vehicles over long intervals.
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When the significant developmen
precise IMU based on cold atom interferometry makes
the anomalous gravity vector be the most significant er-
ror source in the calculation of the navigation solution,
the important gravity passive navigation technique has
been paid more attention to by many countries in re-
cent years. The effect of gravity compensation was in-
vestigated using direct interpolation and least square

1891 ysed to calculate

collocation'” . A kriging algorithm
the gravity field map was developed to localize a vehi-
cle and bound navigational errors. In the 1990s, Ameri-
can Lockheed Martin Company developed a gravity

10,11 . . .
! which included a uni-

passive navigation system'
versal gravity module, an inertial navigator module, a
precision navigator module and a terrain estimation
module. The universal gravity module contained a gra-
vimeter and three gradiometers. The gravity passive
navigation algorithm used gravity measurements, digit-
ally stored gravity maps and navigator data to generate
estimates of vehicle navigator errors. These estimates
were then used to correct the inertial navigator on a
continuous basis in order to bound navigation errors
without the need for other external fixes. The GPNS
was demonstrated during 1998 and 1999. The goal of
this exercise shows that passive gravity navigation can
hold the navigator error to less than 20% of the re-
quirement''”'. Although the function and performance
of American’s GPNS are very strong, its price is very
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expensive. To make a navigation system have a passive
function and lower its cost, a novel GPNS is proposed.
The GPNS consists of gravity map and navigator with
gravity measure, i.e., a rate azimuth platform with a
highly precise gravity sensor. This paper presents the
principle of a novel GPNS, the algorithm of a rate azi-
muth platform inertial navigation system (RAPINS), a
GPNS extended Kalman filter and GPNS’ simulation
results.

1 Principle of GPNS

The GPNS consists of the rate azimuth platform,
the gravity sensor, the relative log, the depth sensor,
digitally stored gravity maps, computer and electronic
circuitry. The rate azimuth platform is a two-ring type
of platform composed of a gyrostabilizer and gimbals.
Two sets of one-degree-freedom integrated gyros, a
one-degree-freedom rate gyro and three single axis ac-
celerometers are mounted on the gyrostabilizer. In the
inner stabilization axis, a pitching torque motor and a
pose angular sensor are placed on its two ends respec-
tively. On the ends of outer stabilization axis, a rolling
torque motor and a rolling pose sensor are arranged
separately. Two integrated gyros and two accelerome-
ters are used to measure and control the stabilization
platform’s turning, which makes the platform be paral-
lel with the local horizontal level. The gravity sensor is
also mounted on the gyrostabilizer and its sensed axis
is perpendicular to the local horizontal level.

The block diagram of the GPNS implementation is
shown in Fig. 1. The measured gravity at the true vehi-
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cle position is the difference between the output of the
gravity sensor and the Eotvos effect. The gravity de-
rived from the gravity map at the navigator indicated
that position could be calculated according to RAPINS
offering position data. RAPINS indicated that naviga-
tion variables, the outputs of relative log and depth sen-
sor, gravity map data and all above estimated variables
were fed into the GPNS extended Kalman filter to get
optimal estimates.
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|

Fig.1 Block diagram of GPNS implementation

2 RAPINS Algorithm

The definitions of coordinate frames are as fol-
lows: (D The local geodetic vertical (LGV) coordinate
frame OENU. The origin is at the center of mass of the
earth. The ON axis is in the direction of geodetic
north; the OF axis is perpendicular to the meridian
plane containing the vertical, directed toward the east;
and the OU axis is directed outward along the local ge-
odetic vertical. The geodetic vertical is everywhere nor-
mal to the reference ellipsoid. 2) The local level coor-
dinate frame ox,y,z,. The oz, axis is coincident with
the OU axis, the ox, axis and oy, axis locate in the
OEN plane and complete a right-handed system. In
navigation process the local level coordinate frame ro-
tates about the OU axis by an angular velocity —K
with respect to the coordinate frame OENU. If the oy,
axis is coincident with the ON axis after calibration
procedures, the azimuth angle of the local level coor-
dinate frame is K, as shown in Fig. 2.

Fig.2 Coordinate frames

The computed velocities and the geodetic longi-
tude and latitude can be obtained as

V(1) = Vi1, +fa,._c(7-)d7- i =E,NU (1)

0

_ ! VN,C(T)
ec(t) =o(t,) + o R(7) dr (2)
_ ! Vi c(7)
Ac(t) = A1) + o R(7)cospo(7) T (3)
K. = K(1y) +f[ (_wU,o(T) +
. Vi (1)
Dsingc(7) +prange(n) Jdr (4
0,1 _rcosK. —sinKeq[wgc
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where subscript C is used to designate the computed
value; a; . is the computed acceleration; V,, . and V,
are the east and north computed velocities; R, and R,
are the radii of curvature of the earth reference ellip-
soid in north-south and east-west directions, respective-
ly; A is the geodetic longitude; ¢ is the geodetic lati-
tude; w, , is the practical output of rate azimuth gyro;
) is the earth angular velocity; w, and w, are the plat-
form commanded angular velocities, w, c = — @c, Wy ¢
=(+Ac) cospc.

3 GPNS Extended Kalman Filter

The error equations of RAPINS can be expressed
in state-space form as
X(1) =F()X(1) +G(1)W(1) (6)
where X(1) = {dy, bp, by, AV, AVy, AV, Ap, AA,
Ah, e, e, e,0MA, A, AA,, AMg,, AMg,, AMg, 37
¢bp, by and ¢, are the east, north and vertical attitude
errors; AV, AV, and AV, are the errors in east, north
and vertical velocities; A, AA and A are the errors in
north latitude, east longitude and altitude; ¢,, &, and &,
are the gyro bias drifts; AA,, AA and AA_ are the ac-
celerometer biases; AMg,, AMg, and AMg,_ are the
gyro scale factor errors; F(t) is the system dynamics
matrix (18 x18); G(t) is the input matrix (18 x9);
W(t) is the vector of white noise forcing functions
(9 x1). The elements of the system dynamics matrix
F(1) are as follows:

1
fl,Z =Wy, fl,3 = —Wg, f1'4 :Ftan¢
E

Ve
fi.z =0cosp + ————

R,cos’p
fiw=¢s fin=C¢n fin=cx
fiis =wnCss  fin =W, C3, Sis =w4Cy

1
fz,| = T Wy, f2,3 =Wy, fz,s = _f7,5 =~

Ry
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1 Vsing
- = =1
f&4 RECOSQD ’ f;},7 RECOS2QD > ﬁ),ﬁ

where c,(i,j=1,2,3) are the elements of the transfor-
mation matrix from local level coordinate frame to the
LGV coordinate frame, a,(i = E, N, U) are the projec-
tions of specific force on the LGV coordinate frame,
and w, (i =x,y, z) are the projections of angular veloc-
ities on the local level coordinate frame.

The discrete measurement equations of relative log
can be expressed as

ZV’é(tk+|) =AVi(ti,1) = Vydy = Vie(ti,1) _VVE(tk+1)
(7)
Zy(t) =AV(8, ) +Vidy = Vi(t,) vy (141)
(8)
where V. and V,, are the east and north sea-flow ve-
locities; vy, and v, are the measurement noises in east
and north sea-flows.
The measurement equation of the gravity sensor is
Z,=g(@, A) = (8@, A) +Eo) =(8(p,A) -
8(p. 1)) ~(Ec ~B) = 80g + 800 -

oE oE OE
(WEA Pty AV de)tr9)
where g( @, A) is the gravity derived from the map at
the navigator indicated position (¢, A), 2(¢, A) is the

gravity sensor output, g(¢, A) is the measured gravity

at the true vehicle position (¢, A), E =20V, cosp +(V;
+V3)/R is the Eotvos effect, E. is the computed value
of Eotvos effect, and v, is the sum of gravity sensor
noise and gravity map error. It is noticeable that before
gravity map matching the measured gravity at the true
vehicle position is not known in advance. When vehicle
exercises, RAPINS moves relative to the earth and pro-
duces centripetal and the Coriolis accelerations. The
vertical component of these accelerations affects meas-
ured gravity; therefore, the Eotvos effect must be con-
tained in the measurement equation of the gravity sen-
sor. The gravity gradients are determined by the gravity
map.
The discrete linearized GPNS extended Kalman
filter can be described as
X = Dy X + Ly * Wy (10)
Zow = Hiyy * Xy Vi (11)
where x, =x(7,) ={dy, bg, by, AV, AV, AV, Ag,
AN, Ah, g, g,, e, AA,, AA,, AA,, AMg,, AMg,,
AMg,, Vi, Vi }'s @, =E, ., + F (1) - AT +

1
?[F(tk)' AT]Z,F/HWE k+1/k" G([k)' AT.

The algorithm of the GPNS extended Kalman fil-
ter in closed-loop form is as follows:
Yo = KinZy, (12)
Pk+1/k = ¢k+l/kpk¢z+l/k +Fk+]/kaF:+l/k (13)
K., = Pk+|/kHZ+|(Hk+|Pk+1/kHAT+1 +R,..) B (14)
P, =(E -Ki.H )P (15)

t,
Where Qk” ZQ(AA%I)

nxn

is the covariance matrix of input

L : . R(1.0)
white noise forcing functions, and R, , | = AT is the

covariance matrix of measurement white noise.

4 Simulation Results

The computational simulation of the GPNS was
carried out by the Matlab/Simulink tools. The resolu-
tion of the gravity map is 0. 005°. The vehicle with the
GPNS has initial conditions and model parameters as
follows: V, =15 m/s, V, =0, ¢,(0) =45", ¢,(0) =45",
by (0) =27, AV,(0) =0.3 m/s, AV, (0) =0.3 m/s,
AV, (0) =0.3 m/s, Ap (0) =5", AA(0) =5,
Ah(0) =1.0m, £,(0) = g, (0) = 0.01 (°)/h,
£.(0) =0.05(°)/h, AA, = AA = AA =5 x 107 g,
AM, =AM, =AM, =0.3%, AV, = AV, =0.02
m/s, inertial error covariance matrix P(0) = 2 x
diag{X,.(O)z}, i=1,2,...,20, the filter period is 60 s.
Fig.3 shows the variability of attitude error angles of
the GPNS with time. The pitch and roll error angles are
less than 18" ( RMS), the azimuth error angle is less
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than 1'(RMS). The curves of latitude and longitude er-
rors of the GPNS as a percent of goal are plotted in
Fig.4. The position error is less than 15% (RMS) of
goal. If the GPNS is used with no gravity map, the po-
sition errors increase with time. Fig. 5 shows the varia-
bility of latitude and longitude errors of RAPINS with
velocity damping with time. RAPINS position and atti-
tudes errors with time were described in Ref. [13].

0_
g 2 ” s
Eg-20f
ES )
g 'ifb ----- Pitch error
% g —— Roll error
=
_40 1 1 1 1 1 ]
0 1 2 3 4 5 6
Time/d
(a)
150
100
EE sl
E 32
5 @ 0
EE
ﬁd\h -50
=8 ool
05— 3 4 5 6
Time/d
(b)

Fig.3 Variability of attitude error angles of GPNS with

time. (a) Pitch error and roll error; (b) Azimuth error

0.4
8 0.3
3 02
20
« 0.1
= ¥
ol
5 R
£ -0.1
é -0.2
-0.3 1 1 1 1 1 |
0 1 2 3 4 5 6

Time/d
Fig.4 Latitude and longitude errors of GPNS

1500
— Latitude error
--- Longitude error

1000

500

0f”

Distance/m

S, ,
. -
\ -
- 500 PN
N ”

_l(xx) 1 1 1 1 1 1 1 1
0 1 2 3

Time/h
Fig.5 Latitude and longitude errors of RAPINS
5 Conclusion

A technique has been presented that utilizes rate
azimuth platform, gravity sensor, gravity maps, depth

gauge and relative log to passively bound inertial navi-
gation system position error. Simulation results indicate
that position-bounding goal is being met. The GPNS
not only has low costs, but also is able to meet require-
ments to maintain high accuracy navigation for under-
water vehicles over long intervals.
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