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Part I:MovingBase Gravimetry
Orhowto do gravityobservations from anovingplatform
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There are many different measurement technologies

But all gravimeters are essentially acceleromet
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HowDoesthe Gravimeter Work? redai beok

Basic concept: Apply a (contact) force: Apply gravity:

A Proof mass A Casing accelerates A Affects both casing and proof mass
A Ideal spring A Spring force compensation A No pickoff displacement

A Pickoff device A Pickoff displacement

SPOILER: The gravimeter is not sensitive to gravity!!!
O An accelerometer measures with respect to inertial spac

Scale
— Proof mass I_: _] Proof mass
é g Proof mass E .
ACOAOEOU
Case Case Case
JAT T OAAO ACOAOEOU
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Whatare We MeasuringTher ~ radai bedk GTK

Scenario: An observer is standing in this rqom

The observer will experience two forces:

1. Gravity: Gravitational pull of the Earth + centrifugal force

2. The (equal and opposite) reaction force from the floor

av @ aff v

Specific force Kinematic Gravitational
This is what the acceleratllon acceleration The observerfinstrument is not
accelerometer Acceleration due tg | Newtons law of moving:
measures movement gravitation
> S
The gravimeter measures gravity with opposite sign - J

@ RawlMateriasls - European Union- 27.20.2023 DroneSomWorkshop: DroneBasedGravitySystem 5/25



Orientationof the Gravimeter radai beok =GTK

sensitive axis sensitive axis senszitive axis
vertically npwards 45° angle horizontal
A
I'eadingzz The accelerometer measures
e 4.9m/s accelerations along a single
E | £ | | reading: ™ sensitive axis!
E 9.8111;’52 i T I
I -
IIIII!III
reading:
Om/s

Imagine a gravimeter/accelerometer on the surface of the Earth:

=ensitive axis

direction of gravity
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sensitive axis vertically downwards ) ] e
= L] =J = =
1359 angle Notice opposite sign!

The accelerometer does not serng@avitydirectly

e

reading: Onlythe counterreaction togravity
~9.8 m/s? (contact force on the casing)

\_

L

magnitude

= 9.8 ni;’sg

reading:
_ 2
4.9m/s

R

=T

\
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The Fundamental Problems of GrawimétrySTk

1. Determine the sensor orientation

The fundamental equation of gravinietry

G

2. Correctfor the kinematiccomponent

A

TR
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0/0/0/0/0/0

| horizontal accelerations

e - e - » = false plumb line
Problem 1:
Determine sensor
orientation
Tripod must be adjusted
tripod continously
Problem 2: Aircraft maneovering

Separate kinematic
and gravivational
components

eit ) RawMaterials -
Connecting matters

N | Wind effects
0 movement: Vibrations
Physical distortions
etc.
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Problem 1: Sens@rientation

There are two common approachesto handle the orientation:

1. Mechanicalg Mounting the accelerometer on a stabilised platform

2. Computationalc The accerometer is mounted directly on the chassis
(strapdown)
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Problem 1: Sens@rientation

TheStabilizedPlatform

1. Mechanicak Mounting the accelerometer on a stabilised platform

A Gyroscopes measure rotational motion and forward informatiototoue motors
A Torquemotors will compensate mechanically intating platform

O Sensor is isolated from aircraft rotations

Fe.]
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Gravity Sensor

Resolver

Stable elemen
Y -accel,

Determining the plumbline direction

A Horizontal accelerations are measured

A At constant velocity, horizontal accelerations
should average out in time

O Horizonal accelerations filtered in time

O Any misalignment is derived from filtered
accelerations (and corrected for)
(will not work during turns)

FromLaCosteMeasurement oGravityat Sea and in the Air, ReviewsG#ophysic€1967)
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Problem 1: Sens@rientation radai

The Strapdown Configuration
2. Computationak The accerometer is mounted directly on the chassis (strapdown)

A Gyroscopes measure rotation and stores information digitally
O The orientation can be determined computationally posssion

A A triad of perpendicular accelerometers measure the full vector

O The bodyframe vector can be decomposed onto tbesireddirection postmission

Zi 4 Ze ¥b
Xb
N
. E
Z b-fraT_e
Body frame o S
Z-~accel ’ il =
Ye %
Xi : X-accel ;
iframe @8 ‘ ! (i ‘\LOC&L'GVG'

X-gyro  Y-gyro  Z-gyro

X \ - Direction of sensitive axis
e-frark‘*l el 7 £

FromNourmohammadk KeighhobadiFuzzy adaptive integration
scheme for lowcost SINS/GPS navigation system, Sensors (2018)
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* Strapdown

Direction of gravity / plumbine
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Problem 2K|nemat|cAcceIerat

|—IMU @300 Hz — GNSS @ 1 Hz|
0

W
E
A Both gravimeter and GNSS systems measure large accelerations on the order of 5 .
Y &t 5
4]
g 5]
A The variation in the gravity field is on the ordeNoD I fp 1t Y & =
10 1 1 1 1 1 1 1 1 1
12 12.02 12.04 12.06 12.08 121 12.12  12.14 12.16
Form difference© A& 5 -
o —GNSS-IMU @ 1Hz
w
E
5
7 0f
A Signal is still on the order 8f & (signalto-noise ration is very small) %
<
_5 1 1 1 1 1 1 1 1 1
12 12.02 12.04 12.06 12.08 121 12.12 1214 12.16
Apply la Ss filter
= | — GNSS - IMU @ 1 Hz | low-pass filtered @ 120 sec‘ |
¢ -20
E
=
o
A Gravity variation is on the order ¥fD | f 5
3
<L
100 1I 1I 1I 1I 1I8 1I1 1I1 1I1 1I1
H T H T | < 2 2.02 2.04 2.06 2.0 2. 2.12 2.14 2.16
Filter design is very important! Hour of Day [h]
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Part Il:-Towardsa DroneBasedsravitySystem
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radai beok & GTK :=

P I’I on M k3 Te Sﬁtreviou?roject- first attempt)

IMARICORUStrapdown |M

UAVE PrionMk3 UAV| |

HELigE P 3.8m AvionicsCassetts
Length 30m and Autopilot
Weight 30 kg

Operational time 12 hours .

Operational range 1000 km e ¥

Payload Max. 15 kg

Engine type Petrol

UAVE >»— i MAR

bp DTU NAVIGATION & CONTROL

= NG

“ NEW RESOLUTION GEOPHYSICS
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: radai beok =2 GTK
PI'IOn M k3 TeSﬁtreviou§roject) T
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P I’I O n M k3 Te Sﬁtreviou@roject)
FineTunedResults
: A InternallIMU errorsare estimatedbasedon repeatline
Firstresults (leastsquaredifferenceminimized
_ _ _ o A Additionalerrorsarerelatedto the relative difference
A Flightscharacterisedy large attitude variations betweeninternalsensors geometricakonfiguration
A Dynamicsargerthan aircrafts A Sucherrorsareusuallynot relevant foraircrafts but
A Gives processing challenges mightbe for high-dynamicenvironments
— Result RMS: 4.334 mGal Result RMS: 2.487 mGal
= 50r = 501
©) )
E =
3 3
§ 0 g or
g_so I 1 1 I | L | g_so 1 1 1 ] 1 1 ]
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

position on repeated line [km] position on repeated line [km]
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| essongearned radai beok =2 GTK

AWe got somedecentgravityresultsX ® 0 dziremainsan &pergtiestion

how to mitigate errors.
- Maybe processingdevelopment
- Maybe changingthe platform

In the DroneSOMNproject we will experimentwith both fixedwing andmulti-
rotor UAVs Andwe will look forother sensors.

AGetting permission to flythis kind of UAMtook a long time (morehan ayear).

In the DroneSOMproject we will aim at smallerUAVs which makesthe process
easier
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Sensors on the Market

IMAR is theonly
realisticoption wit

hin
the projectlifetime

Accelerometer

Bias stability

Scale factor stability
Gyroscopes

Bias stability

Random walk

Scale factor stability

Technical details
Size
Weight

Input voltage
Power consumption

Temperature range

&

RawlViaterials
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‘ Weknowit worksfor gravimetry
' Heavy
\ J
4 A

Smalleweight
Accelerometetechnologysame
as iIMAR

First sensor nogetready(start-

R

up companyaimedat USmarkei) )

\

[‘ Lightweight
Low powerconsumption

Accelerometersighly

temperaturesensitive

Not completesystem (sensor

packagenly, no timing and data

\_
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RequirementandLimitations radai beok & GTK

Flightregulationsfor getting permission to flyprovides therequirements

AWingspanbelow3 m

ATotalweightbelow 25 kg IMU weight will reducein nearfuture

O Currentweightlimits practical operatiomwritically
O Reducedveightwill makethis methodmuchmore useful

Sensomweightis themainlimitation of the system
AiMARIncl. Powercable 7.20 kg
AGNSSntenna 0.11 kg
ALiPobattery: 0.31 kg
Totalweight ~7.70 kgifcl. cableg
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The GNSS System radal beok SGTK =
We need high-quality GNSS talerive kinematicaccelerations!
The DTU system f(mnanyyears Resultdfrom staticexperiment(accelerationshouldbe zero)

JAVAD DELTA GNSS Reciever

:;::;Tkmc Dual Frequency P Newan?enna
e ow feceiver, /T | Oldantenna
W«Wﬁwﬁw«w«dwwwwﬂﬁwuwMmu otaanrenna
it 1T bt

Theincreasedhumberof satellitesfrom more systemseem
to improveaccelerations
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TheFixedWing Plattorm
Dines UAWO5DTU | |

Finding asuitable platform provedchallenging Wingspan 2.99 m
O Weightmainlimitation! Len_gth 2.15m
Weight 25 kg MTOM
Solution Custommade UAMesignecdaroundiMAR IMU Operational time L. e
Ongoingdevelopmentby DinesAvitech Operational range 100 km
Payload 10 kg
Engine type Gasoline

Firsttest flight in March 202
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T h &okll Test

A Sokliareac target (largemineralisaton
A Abandonedairstrip in Soklito be used

A Finnishcivil aviationintroduceddrone
no-flight zoneshortly before field
campaign

North (m) (ETRS89_TM35FIN)

ANeedfor reconnaisance®f suitabledrone
landing site funway ¢ not easy(trees
ditches stoneg
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Th&oklf Test radai

A L ermlsraeraln first winter spow.x

Flighttracks¢
4 repatedflts
+ 2 parallel
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TheMulti-Rotor Platftorm  — ° =

Finding asuitable multi-rotor platform wasdone incoorporationwith Drone
Systems

e Maresky N5
DRONESYSTEMS

Aroskykss |

Wingspan 2.00 m

Length 2.00 m

Weight 25 kg MTOM

Operational time 23 minutes

Operational range 20 km

Payload 7,7 kg

Engine type Hybrid Batteryor Gasoling
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The ”"Erzgebir g e?s Rl FSEKr=,

ATheArcskyX55shouldarrivewith Drone System iweek44 this week)
AThe iMAR IMU is in Germany for vE,zgeb.,geNo,d,a,,d

anupgrade P S
Theinternal GNSS receiver gettingupgradedg then
we do notneedan external GNSS receiver | ; g |
ATogetherwith BEAK and Drone e USSR N s 2 o
- R LK LA : " !
Systems: 5 ~ : ;

- Areasof interesthavebeenidentified

- Flight lines haveeenproposed

- Goundgravitysurveyhasbeencarriedout
(we neededanindicationof targetresolution
for settingflight speed)

AFinalfield plan isawaitingdrone
testing ol v

eeeeeeeeeeeeeeeeeeeeeeeeeeee

lllllllllllllllllllllllllllll

SCHARFENSTEIN

GroRolbersdorf
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