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Part I: Moving-Base Gravimetry
Or how to do gravityobservations from a movingplatform
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Gravity Instruments

But all gravimeters are essentially accelerometers!

We measure gravity using a gravimeter!

There are many different measurement technologies
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How Doesthe Gravimeter Work?
Basic concept:
Å Proof mass
Å Ideal spring
Å Pick-off device

Apply a (contact) force:
Å Casing accelerates
Å Spring force compensation
Å Pick-off displacement
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Apply gravity:
Å Affects both casing and proof mass
Å No pick-off displacement

SPOILER: The gravimeter is not sensitive to gravity!!!SPOILER: The gravimeter is not sensitive to gravity!!!
ᴼAn accelerometer measures with respect to inertial space
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WhatareWeMeasuringThen?
Scenario: An observer is standing in this room

The observer will experience two forces:

ά►

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

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

ά► ά▌

▌

█
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Weak equivalence principle!

Specific force
This is what the 
accelerometer 
measures

The gravimeter measures gravity with opposite sign

The observer/instrument is not 

moving:

► ᵼ █ ▌

Kinematic 
acceleration
Acceleration due to 
movement

Gravitational 
acceleration
Newtons law of 
gravitation

Terrestrialgravimetry



DroneSomWorkshop: Drone-BasedGravitySystem27.20.2023 6/25

Orientationof the Gravimeter

The accelerometer does not sense gravitydirectly

Onlythe counter-reaction to gravity
(contact force on the casing)

Notice opposite sign!

The accelerometer measures 
accelerations along a single 
sensitive axis!

Imagine a gravimeter/accelerometer on the surface of the Earth:
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The Fundamental Problems of Gravimetry

The fundamental equation of gravimetry

Ç Ò #Æ

contains two fundamental issues:

1. Determine the sensor orientation

2. Correctfor the kinematiccomponent
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Stationaryvs. Moving-Base Gravimetry

Stationary
Moving-Base

Problem 1:
Determine sensor 
orientation

Problem 2:
Separate kinematic 
and gravivational 
components

levelling bubble

tripod

horizontal accelerations
= false plumb line

Tripod must be adjusted 
continously

No movement!

Aircraft maneovering
Wind effects
Vibrations
Physical distortions
etc.
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Problem 1: Sensor Orientation
There are two common approaches to handle the orientation:

1. Mechanical ςMounting the accelerometer on a stabilised platform

2. Computational ςThe accerometer is mounted directly on the chassis 
(strapdown)
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Problem 1: Sensor Orientation
The StabilizedPlatform

Å Gyroscopes measure rotational motion and forward information to torquemotors

1. Mechanical ςMounting the accelerometer on a stabilised platform

Å Torquemotors will compensate mechanically by rotatingplatform

ᴼ Sensor is isolated from aircraft rotations

Å Horizontal accelerations are measured

Å 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)

Determining the plumb-line direction

From LaCoste, Measurement of Gravityat Sea and in the Air, Reviews of Geophysics(1967)
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Problem 1: Sensor Orientation
The Strapdown Configuration

2. Computational ςThe accerometer is mounted directly on the chassis (strapdown)

Å Gyroscopes measure rotation and stores information digitally

ᴼ The orientation can be determined computationally post-mission

Å A triad of perpendicular accelerometers measure the full vector

ᴼ The body-frame vector can be decomposed onto the desireddirection post-mission

Direction of sensitive axis Direction of gravity / plumb-line
From Nourmohammadi& Keighhobadi, Fuzzy adaptive integration 
scheme for low-cost SINS/GPS navigation system, Sensors (2018)
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Å Both gravimeter and GNSS systems measure large accelerations on the order of 

Ƴκǎн

Å The variation in the gravity field is on the order of ƳDŀƭρπƳκǎн

Form differences Ò Æ

Å Signal is still on the order of Ƴκǎн(signal-to-noise ration is very small)

Apply low-pass filter

Å Gravity variation is on the order of ƳDŀƭ

Filter design is very important!

Problem 2: KinematicAccelerations
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Part II: Towardsa Drone-BasedGravitySystem
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Prion Mk3 Test (PreviousProject - first attempt)

UAVE Prion Mk3 UAV

Wingspan 3.8 m

Length 3.0 m

Weight 30 kg

Operational time 12 hours

Operational range 1000 km

Payload Max. 15 kg

Engine type Petrol

iMAR iCORUSStrapdown IMU

AvionicsCassette
and Autopilot

dual frequency 
GNSS antenna

Laser Altimeter
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Structuralmap:
Expectedgravityanomaly

52.5 km BVLOS (beyondvisualline of sight) flight line

Prion Mk3 Test (PreviousProject)



DroneSomWorkshop: Drone-BasedGravitySystem27.20.2023 16/25

First results

Fine TunedResults

ÅFlights characterisedby large attitude variations

ÅDynamics largerthan aircrafts

ÅGives processing challenges

ÅInternalIMU errorsareestimatedbasedon repeatline
(least-squaresdifference minimized)

ÅAdditionalerrorsarerelatedto the relative difference 
betweeninternalsensors (geometricalconfiguration)

ÅSucherrorsareusuallynot relevant for aircrafts, but 
mightbe for high-dynamicenvironments.

Prion Mk3 Test (PreviousProject)
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LessonsLearned
ÅWegot somedecent gravityresultsΧΦ ōǳǘ ƛǘ ǎǘƛƭƭ remainsan open question

how to mitigateerrors.
- Maybeprocessingdevelopment
- Maybechangingthe platform

In the DroneSOMproject we will experimentwith both fixed-wing and multi-
rotor UAVs. And we will look for other sensors.

ÅGettingpermission to fly this kind of UAV took a long time (more than a year).

In the DroneSOMproject we will aim at smaller UAVs, which makesthe process
easier.
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Sensors on the Market

iMAR

iNAT-RQH-4001

Fibernetics

Triton Navigation-Grade IMU

Thales

TopAxyz

Grade 0

Accelerometer Q-Flex Q-Flex ?

Bias stability ςυ‘Ὣ ςυ‘Ὣ υπ‘Ὣ

Scale factor stability ρππǇǇƳ ρππǇǇƳ трǇǇƳ

Gyroscopes RLG FOG FOG

Bias stability πȢππςŘŜƎκƘǊ πȢππυŘŜƎκƘǊ πȢππρŘŜƎκƘǊ

Random walk πȢππρŘŜƎκὬὶ πȢπππσŘŜƎκὬὶ πȢππρφŘŜƎκὬὶ

Scale factor stability υǇǇƳ ϤмлǇǇƳ ғмрǇǇƳ

Technical details

Size 187 x 128 x 296 mm Ø 159 x 178 mm 157 x 102 x 107 mm

Weight ϤтΦфƪƎ пΦмƪƎ нΦуƪƎ

Input voltage 10 ς35 V 18 ς35 V

Power consumption ςυ² ρτ² φ²

Temperature range τπǘƻχρᴈ ςπǘƻφπᴈ τπǘƻχπᴈ

Weknowit worksfor gravimetry

Heavy

Smaller weight
Accelerometertechnologysame 
as iMAR

First sensor not yet ready(start-
up companyaimedat US market)

Light weight
Low power consumption

Accelerometershighly
temperaturesensitive
Not completesystem (sensor 
packageonly, no timing and data 
collection)

iMAR is the only
realisticoption within
the projectlifetime

Conclusion:
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Requirementsand Limitations
Flight regulationsfor getting permission to flyprovides the requirements:

ÅWing-span below3 m

ÅTotal weightbelow25 kg

Sensor weightis the mainlimitation of the system:

ÅiMAR incl. Power cable: 7.20 kg

ÅGNSS antenna: 0.11 kg

ÅLiPobattery: 0.31 kg

Total weight: ~7.70 kg (incl. cables)

IMU weight will reducein near future 
ᴼCurrentweightlimits practical operation critically
ᴼReducedweightwill makethismethodmuchmore useful
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The GNSS System
Weneedhigh-quality GNSS to derivekinematicaccelerations!

The DTU system for manyyears:

New multi-constellationsystem:

Resultsfrom staticexperiment(accelerations shouldbezero)

New receiver

New receiver

Old receiver

Old receiver

New antenna

New antenna

Old antenna

Old antenna

The increasednumberof satellitesfrom more systems seem
to improveaccelerations
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The Fixed-Wing Platform
Dines UAV-005-DTU

Wingspan 2.99 m

Length 2.15 m

Weight 25 kg MTOM

Operational time 1,5 hours

Operational range 100 km

Payload 10 kg

Engine type Gasoline

Finding a suitableplatform provedchallenging

ᴼWeightmainlimitation!

First test flight in March 2023

Solution: Custom-made UAV designedaroundiMAR IMU
Ongoingdevelopmentby Dines Avitech
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The ”Sokli” Test
ÅSokliareaςtarget (large mineralisaton)

ÅAbandonedairstrip in Soklito be used

No flight
zone

Ruuvaoja

Sokliairstrip
ÅFinnishcivil aviationintroduceddrone 

no-flight zone shortly before field
campaign

ÅNeedfor reconnaisanceof suitabledrone 
landing site / runwayςnot easy(trees, 
ditches, stones)
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The ”Sokli” Test
Flight tracksς
4 repatedflts
+ 2 parallel

ÅWeathermiserable: rain, first winter snowΧ 
impossibleto carryour all plannedflights

ÅLimited range of BVLOS due to radio link

ÅMax 600 ft AGL restriction from FinnishCAA
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ArcskyX55

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 Gasoline)

Finding a suitablemulti-rotor platform wasdone in coorporationwith Drone 
Systems 

The Multi-Rotor Platform
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The ”Erzgebirge Nordrand” Test
ÅThe ArcskyX55 shouldarrivewith Drone System in week44 (this week)

ÅThe iMAR IMU is in Germany for 
an upgrade
The internalGNSS receiver is gettingupgradedςthen
we do not needan externalGNSS receiver

ÅTogetherwith BEAK and Drone 
Systems:
- Areasof interesthave beenidentified
- Flight lines have beenproposed
- Goundgravitysurveyhas beencarriedout
(we neededan indicationof targetresolution 
for settingflight speed)

ÅFinal field plan is awaitingdrone 
testing
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Thank you for your attention!
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