BUCIIE BOEHHO Bb3AYIIIHO YUUJHUIIE “I'EOPTH BEHKOBCKHW”
HAYYHHU TPYJIOBE, bPOMU 62, /1. MUTPOIIOJIMA, 2000 roa.

YK 629.7.052:550.83:528.8

AIRBORNE GRAVITY FIELD MEASUREMENTS BY USING
INERTIAL NAVIGATION SYSTEMS AND DIFFERENTIAL GLOBAL
POSITIONING SYSTEM

by Anastas Madjarov

Introduction

Aim of topic: Investigating the readings of accelerometers installed on a
vehicle flying within the indicated range of altitudes and velocities by separating
the inertial components and leaving only gravitational field measurements.

The aim presupposes a solution to an inverse problem in relation to the
navigation one. The normal gravity field in the inertial navigation systems is
separated from accelerometer readings by its mathematical model and then the
flying vehicle velocities and location are determined by integrating the inertial
components. Conversely, if we have accurate data about the flying vehicle
velocities and location (e.g. when using GPS under a differential operating mode),
then by applying a mathematical model we can separate the inertial components
from the accelerometer readings thus leaving only gravity field measurements.

The technical system designed for solving the problem will be called
Gravitation Measurement System (GMS).

Gravitation Measurement System

We shall assume that the system has been constructed according to the
scheme, shown in Figure 1. On board the plane are installed:

- A receiver of signals from the ground correction station;

- Two receivers of signals from GPS satellites capable of operating under a
differential mode [3];

- A control display unit (a computer connected with the receivers by RS-232
so as to send them control commands and receive, process and visualize their
data);

- Inertial units consisting of three accelerometers and three gyroscopic angular
rate sensors (RFOG for strapdown systems) with mutually perpendicular sensitive
axes [2]. One of this is installed in the plane mass center along its construction
lines. The control display unit uses this unit for solving the navigation problem and
others for gravity field measurements using its readings.
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-A GMS controller for solving the gravitation measurements problem.
Additional inertial units are installed along the same sensitive axes (the plane
construction lines) but at a certain distance.

The control display unit using the data from DGPS and the inertial unit
installed in center of mass solves the navigation problem. Thus, on board the plane,
besides velocities and location of the mass center, we also have a navigation
apparatus base {n{. The presence of data from the ground station about the true
heading requires calculation of its azimuth and, therefore, calculation of its
orientation according to the geodetic frame of reference J,J,J; (East, North,
geodetic vertical). By using the navigation frame of reference &én{ and
measurements coming from the inertial measuring units, it is possible to calculate
the angles of roll, pitch, true heading and their derivatives. This is required so that
the inertial interference caused by the plane angular rates and accelerations can be
separated from the accelerometer readings.

The readings from the accelerometers in additional units are collected,
processed and compared in the GMS controller with those from the navigation
controller. The readings, cleared from dynamic corrections, are reduced to J;J,J3
and together with the coordinates and measuring time, are recorded in an archive
device.

A ground correction station operates in the area of geophysical measurements,
which has known geodetic coordinates: latitude B., longitude L., altitude above
ellipsoid h,, altitude above geoid H..

With respect to the data received by the station and by a satellite receiver of
signals on board the plane, we shall assume that at one-second intervals the
following parameters of motion of the plane center of mass are known:

- By, Ly, hy (X, Yy, Zy) are geodetic polar or Cartesian coordinates;

- Wg, Wik, Wy are eastern, northern and vertical ground velocities;

as well as U, t, are true heading and time.

Formulation of task

The aim is to synthesize an algorithm for the operation of a gravimetric
system which structural scheme is shown in Figure 1. This is an algorithm
performed in the Gravitation Measurement Processing (Control Unit). At it output
readings should be obtained about the projections g .9y .9, of the gravity field

in a measuring basis Xyz of GMS. For a starting point of the measuring basis we
assume the plane mass center. In order to achieve the aim it is necessary to extract
the inertial components from accelerometer readings reduced to the measuring
basis. These components can be divided into two types according to their origin.
The first type are inertial components of the relative and transfer movement of
the center of Xyz . They can be calculated in the presence of exact position and

velocity data for the movement of the plane mass centre. Here only the
measurements by the radio system are sufficient. Because of its discreet character
as well as because of the possibility for the readings to fail for a certain period of
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time, it is necessary to conduct parallel calculation of velocities and location by the
off-line inertial method.

The second type are inertial components of the relative movement of the
plane around Xyz or around its mass centre. They could exist when measuring
sensors of the gravity field (accelerometers) are positioned outside the mass centre
and fixed to the plane body. If they were positioned on an ideal gyrostabilized
horizontal platform, the effect of the plane angular orientation would not exist. In
this case though, the accuracy and sensitivity requirements of the accelerometers
would be extremely high for real technical devices operating in flight. The high
price of the gyroplatforms and, moreover, the possibility for only one platform to
be positioned sufficiently close to the plane mass centre, determine the need for
measuring of the absolute angular rates of the plane. The use of sensors for these
measurements allows to implement a non-platform variant for calculating the
spatial (angular) plane orientation. Therefore, let us project the measurements of a
great number of accelerometers positioned outside the plane mass centre onto a
common basis. An inertial basis is closest to the nature of measuring the absolute
angular rate. However, it is not suitable for use by GPS. A compromise is the use
of a navigation frame of reference. The use of numerous accelerometers
presupposes lower requirements for their accuracy when applying a suitable
method for separating the useful signal from the gravity field. At the same time the
use of sensors is required for determining the angular orientation of the plane.The
need also arises for separating the second type of inertial components.

We shall assume that from the solution to the navigation problem only by the
radioengineering method, in the User Control/Display Unit we know:

- By, Ly, hg (X Y,Zy) - geodetic polar or Cartesian coordinates of the
plane mass centre;

= W Wk W g - eastern, northern and vertical ground speeds;

as well as Yy ,t, - true heading and time entered into GMS at discrete time
intervals at moments t, . In the periods T =t ,; —t, =const , GMS uses the last

readings of the differential GPS stored by the moment t, . During the time T, the

navigation problem is solved off-line, only by readings of accelerometers and
gyroscopic sensors according to a strapdown algorithm (SINS) described in [1].
The presence of accurate position and velocity data at moments t, allows to

calculate the absolute angular rates of the navigation frame of reference, following
the sequence of calculations [3]:
H— cosAsinL, +sin AsinB, coslL, cosl, cosA+sinAsinB, sinL,

P _ . . . . . .
U, = sinAsinL, —cosAsinB, cosL, sinAcosl, —cosAsinB, sinL,

H cos B, cosL, cos B, sin L,
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—sin Acos B
cosAcosB, [j A==, (L),

sin B, H
& =(1-e?sin®By)™'?,6 =a§ +h, Q, =a&(1-e?) +h,, (1)

w} :—MCOSA—%SinA, W,y =—MsinA+thosA, (2)
) Gy Qx Gy

W' =W +Q;, WP =w +Q,, w’=Q,. (3)
The calculated (3) allows to obtain calculated readings (references) for the

accelerometers:
8 (t) =We ~Wegp I/ T +(@f +2Q, W, —2Q Wy — gz,
a, (t) =Wy =Wy /T —(wf +2Q; W, +2Q,Wg, - g;ka 4)
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where the reference component of the specific gravity will also have a
computational value [5]:

Epgk H E Q’(a-aé, —h, UL H
g' = EQJK 0=n Q°(a-a&, —h)udul

5
Uyt U T hy 2 2
oD 07 (1-27 + fuyy) - Q*(@-a, ~h)(1-uf)]
Onk = One + Q%(a&, +hy)cos® By.
Following this course of thinking, the structure of GMS from Figure 1 is
proposed as well as the different purposes of the two computational control units.

Navigation algorithm

For an algorithm of the User Control/Display Unit we shall consider a
standard algorithm of a GPS differential operation, supplemented with the
algorithm described in Appendix 3 for a non-platform inertial system.

Its purpose is, under normal DGPS operation mode, to use its position and
velocity data in GMS for calculating the inertial components of the first type.

At the same time, a SINS algorithm is performed which is corrected at each
instant of valid readings from DGPS. The main purpose of SINS is to be used for
determining the angular plane orientation: angles of heading, roll and pitch. These
angles are necessary for projecting the readings of the many accelerometers onto a
unified GMS measuring basis. The geodetic frame of reference is taken as such a
basis which is oriented along the geodetic vertical axis determined by the standard
value of the normal gravity field. When the DGPS readings fail, it is possible for
GMS to continue operation on the output data from SINS.
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We shall assume that the integration of the differential equations in SINS is
performed at intervals 7 =t;,; —t; =const which are sufficiently small for the

change of the absolute angular rate of the plane wy;,af;, &f; to be treated as

constant. Generally, the proposed algorithm consists of a continuous non-stationary
system of differential equations and its numerical integration requires that step T
be sufficiently small. We shall assume for convenience that T <T; T =T is
fulfilled, where j is an integer. Time T will also be necessary for collecting and
processing the data from several inertial units. If it turns out to be insufficient, then
it must be saved for a while only in unit 2. The other equations can also be
integrated by a larger step. The choice of an integration step is an independent
problem with sufficient complexity for performing a numerical integration of a
non-stationary system.

At the time instants t, the initial values of the integrators are established

according to the DGPS data: D(t,)=D[y,,y,?], U(,)=U[Bt,L -],
We (1) =Wg,, W, (t) =Wy, W, (t,) =W, . For this purpose, the equalities in

unit 1 are substituted for (1-3), which is an efficient position (location) and
velocity correction.

GMS algorithm

The purpose of the gravitation measurement system is to process the readings
of a great number of accelerometers positioned outside the plane mass center by
separating instrumental and methodological errors in the form of inertial
components of the first and second type in order to obtain gravity field
measurements according to instrumental basis Xyz . DGPS is used for separating
the first type of inertial components. The second type of inertial components are
separated by using a suitable layout of an even number of sets of three
accelerometers. The angular rate of the plane, obtained from SINS, is used for
projecting the accelerometer readings onto Xyz . The constant and slowly changing
instrumental errors of the accelerometers, as well as of the gyroscopes, are
separated by their stochastic model added to the SINS algorithm. Its parameters are
specified at a stage of initial establishment for a stationary plane.

We shall divide the algorithm synthesis in two stages. Firstly, we shall use
data only from the central unit of inertial sensors (unit 0) installed in the plane
mass centre. At the second stage we shall include for use the other inertial units.
Results from the GMS measurements will be obtained at moments t , as a result

of the following computational process which is a continuation of (1)-(3):

Epfk H H aQ’ufiuf; E
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a
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The synthesized algorithm (1)-(8) uses By, L, ,h,, Wg, ,\ Wy, , Wy, ..t valued

(7)

from DGPS and readings axl,ayl,azol of accelerometers positioned in the plane

mass centre. Matrix D is taken from unit 2 of the SINS algorithm and is used in

(8) as a function of the heading, roll and pitch for projecting ax 1,a azol on the

yl
axes of the GMS measuring basis.

If from equations (8) we take out the model (6) of standard gravity field [4],
we shall calculate the gravitation deviations:

%gf(tk)a Epka ng(tk)H Epka Bﬂka *EP* H
l:bgn(tk)E| M O~ 0y (&) 0F @ O Loy FD [,y O )
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The difference between the computational standards (4) and those measured
by the accelerometers of unit 0 is:

J2 %le et

[Ma,J=D" anlm &, (ty ) 0. (10)
BAaZH #00H B (tod

The differences between the calculated (3) and those measured by gyroscopes
of unit 0 absolute angular rates of the navigation frame of reference are,

respectively:
Poff  BorH BH
mw D—D Ew” (107" (11)
a*0|:| U apD

LA A i ik

Equalities (10) and (11) are the difference between the GMS and SINS
measurements and can serve for equation of the relation. They would be equal to
zero in the absence of instrumental errors in the sensors of unit 0 and when there is
an accurately prescribed model of the gravity field in SINS (in the absence of or
completely known and read anomalies [5]). For a known field and a stationary
plane at a stage of initial establishment, they can be used for calculating the
constant and slowly changing instrumental errors in unit 0. In this case, of course,
for quite a long time we can rely on the exceptional accuracy of GPS.
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Figure 1 Gravitation measurements in flight

Secondly, we shall synthesize an algorithm by using data from an even
number of inertial sensors (unit n), n=2N+1, where N is the number of pairs of
inertial units. The aims in using numerous sensors are firstly, eliminating the
dynamic error in the accelerometer readings of the second type, and secondly,
achieving error decrease by correcting the sensor readings to a measuring basis
Xyz . The first aim can be achieved by positioning of additional measuring units in

pairs, symmetrically in relation to the plane mass center, and with measuring axes
being parallel to the plane construction lines X;Y 1z, and mutually parallel.

Problems related to gravitation measurements in flight

Gravity field board sensors are understood to be sensors measuring the first,
second and other derivatives of the Earth's gravity potential. Gravimeters and
variometers for ground measurements, as well as other instruments, designed
especially for marine and aircraft gravity field surveys, are used as such sensors.

A major difficulty in measuring the gravitation force on board a moving
object under vibrations and overload of different amplitude range 1s the complexity
in separating the useful gravitation signal from the background of large inertial
interference. The directions for solving the problem can be summarized in the
following:
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- Developing new methods and samples of measuring sensors having higher
sensitivity;

- Using precise gyrostabilized platforms for the main sensors and separate
autonomous sensors for the inertial interference;

- Using numerous sensors designed by different methods of measuring and,
hence, having a different frequency range of measurement. Using frequency
methods for processing the readings and error filtering.

- In order to diminish the E6tvos effect, it is necessary to have accurate data
about spatial coordinates and direction of movement of the board carrier;

- The difficulties in separating the gravitation and inertial accelerations when
measuring first derivatives of the gravity potential show that it is a promising
enterprise to develop board sensor for the second potential derivatives. In this case,
the main interference will come from angular rates and accelerations;

- Designing mathematical models of sensor errors and their use in the
algorithm of the gravitation measurement system. Thus, for the period of
measuring there will be preliminary data about instrumental and methodological
errors of the system. The preliminary planning of the route and performance time
could also be used for decreasing or taking into account the inertial movements of
the carrier.
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I'PABUTAIIMOHHU USMEPBAHUA B IOJIET YPE3 UHEPIIUAJIHU
HABUT'AIIMOHHU CUCTEMMU U I'VIOBAJIHA
PAJJMOHABUT'AIMOHHA CUCTEMA, PABOTEILA B
JANPEPEHIIUAJIEH PEXXKUM

A. H. MAJI’KAPOB

B nHemHo Bpeme, NMPOMUIJIEHOCTTA 3a TCpa)KJaHCKa aBualus Ipeiara
eBTuHU Muepumanuu Hapuranumonnu cucremu (MHC) ¢ mHoro Ha Opoi
MUHHATIOPHU ONTHYHH KUPOCKOIH, IIOMECTEHU B €IUH MHTErpajicH uum. ToBa €
HEOIIEHMMO 32 TOYHO VyIpaBjieHHWe Ha Ooenpunack M 3a HaBUTAMOHHU
ycTpoiictBa, wu3non3Bamm  GPS. Bwmecro ToBa, Ta3sum craths  M3CieBa
BB3MOKHOCTTA 32 M3IMOJI3BaHE HA HOB QJTOPUTHM 3a Te0(U3NUECKH HaOMIOICHUs
o BpeMe Ha MoJjieT. AKO pasmoyiaramMe ¢ TO4YHa WH(OpMauus 3a CKOPOCTU U
MECTOIOJIOKEHUE Ha JIETaTeNIHUA anapar (KakBaTto JaBa u3noisizBaHero Ha GPS B
audepeHnraIeH pekuM), To Ype3 MaTeMaTHIeCKd MOJIEN MOTraT J1a C€ OTIENST OT
MIOKa3aHUATA Ha AKCEJIEPOMETPU MHEPUUMOHHHUTE CHCTaBKH, 3a J1a OCTAHAT CaMoO
IPaBUTALMOHHHU U3MEPBaHUSI.

TexHuyeckaTta cucrema, IpeJHA3HAUYCHA Ja pelllaBa IMOCTaBEHATa 3ajadya 1ie
Ceé Hapuya cucTeMa 3a rpaBuTalMoHHH wu3MmepBanus (GMS - Gravitation
Measurement System).

YK 629.7.052:550.83:528.8

BOPTOBBIE UBMEPEHUSA T'PABUTALIMOHHOTI'O IIOJIA,
NCHOJIb3YA UHEPLHHUAJIBHBIE HABUT'AIIMOHHBIE CUCTEM U
IJIOBAJIBHOM PAJIOMOHABUT AIIMOHHOM CUCTEMBI,
PABOTAIOIIEN B JIN®PEPEHIIUAJIBHOM PEXKUME

A. H. MAJUKAPOB

B mnacrosimiee Bpemsi, KOMMeEpUecKas MNPOMBIIIIEHHOCTh aBUAKOMIAHUMN
obecrnieunBaeT oueHsb JemeBbie MHepiuansabie HaBuranonubsie cuctemsl (MHC) ¢
MHOTUMHU MHUKPO-ONTHYECKUMH TUPOCKOTIaMU B OJTHOM 0ObEIMHEHHOM KpHCTaJLIC.
DTO MOrjo ObITh HEOIEHUMO Il TOYHBIX YIIPABIISIEMbIX OOCMPHUITIACOB U IS
mTypMaHoB, u3nosb3yromue GPS. B 310l cTraTtbe, BMECTO ATOTO HMCCIEAYIOTCS
BO3MOKHOCTH HCIIOJIb30BaHUsI HOBOTO aJropuTMa JJisi OOPTOBBIX T'e0(HU3UIECKUX
HaOII0/ICHU. AHAJIN3 TIOKA3yeT, YTO ATO SBJISETCS peaTucTUYeCKOn 1enbto. Ecnu
Mbl MMEEM TOYHBIC JaHHBIC JUII CKOPOCTEH M MECTOIOJIOXKEHHS JIETaIbHOIO
anmaparta (HanmpumMep mpu ucnosibzoBanuu GPS B muddepennmaninom pexnme), To
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OPUMEHSIST MAaTEMaTUYECKYH0 MOJEIb Mbl MOXKEM OTACIHWTh WHEPLUHUOHHbBIC
KOMITOHEHThl OT TIOKa3aHUsl AaKCEJIEePOMETPOB, UYTO Obl OCTaJUCh TOJBKO
IrPaBUTALIMOHHBIE COCTABIISIIOLINE.

Texnuueckasi cucreMa, pa3pabOTaHHas Mg peleHus MnpoodsieMbl Oyner
Ha3bIBaThcs M3amepurenbHoit cuctemoit ['paputaniuu (GMS).

UDC 629.7.052:550.83:528.8

AIRBORNE GRAVITY FIELD MEASUREMENTS BY USING
INERTIAL NAVIGATION SYSTEMS AND DIFFERENTIAL GLOBAL
POSITIONING SYSTEM

A. N. Madjarov

Currently, the commercial airline industry provides very low-cost Inertial
Navigation Systems (INS) with many micro-optic gyros in one integrated chip. It
could be invaluable for precision-guided munitions and GPS-aided navigators.
This paper instead explores the possibilities of using a new algorithm for airborne
geophysical observations. The analyze shows that it is realistic aim. If we have
accurate data about the flying vehicle velocities and location (e.g. when using GPS
under a differential operating mode), then by applying a mathematical model we
can separate the inertial components from the accelerometer readings thus leaving
only gravity field measurements.

The technical system designed for solving the problem will be called
Gravitation Measurement System (GMS).
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