We thank you very much for reading the manuscript and providing very helpful
and constructive comments.

Reviewer #1

General Comments

1. T would recommend shortening the abstract. About 60% of it is introductory

information and could be reduced to a couple of sentences. The abstract should be
a “brief introduction of the topic”. Also the abstract should include some specific

results and should “mentions possible directions for prospective research.”

Response: We shortened the abstract to make it as concise as possible. Please see the new

abstract in the manuscript.

. My largest issue is the paper needs to thorough rewrite; not for technical rea-
sons as much as the English is poor. This gets increasingly apparent after the

introduction. It is filled with colloquial language, “we” and “us”

, and an exces-
sive amount of connective words like “Besides”, “Nevertheless”, “furthermore”,
“consequently”, “in principle”, “however”, “hence”, “again and again”, “on the
other hand”. On many occasions I had to guess the interpretation of a sentence

and it is difficult to follow the idea being developed in many paragraphs.

Response: Thank you for the advice. We tried to remove some unnecessary linking works

to make the manuscript easier to understand.

. The conclusion were adequate but I would request further information in a couple
of areas that would help the reader accept these conclusions. Unfortunately I may

have missed this due to General comment 2.

(a) I felt section 3.2 requires further information i. Where is the battery, ESCs,
and other equipment located? Could this be incorporated into a Figure

(Figure 37) or added as a separate figure?
Response: We included a figure that shows the mentioned components in the manuscript.
(b) What dies the background look like? The structural beam in Figure 1 doesn’t

have any steel in it? There is no change of the background over time? Or

how did you handle the background removal?
Response:
i. There isn’t any steel in the structural pole because the room was general magnetic
measurement, so only non-magnetic material was used.

ii. The background changed with time because the measurement was conducted on
separate days. Therefore, the data shown in the manuscript have been diurnal-

corrected and background corrected as it is stated in the caption of the figure.

iii. The process can be expressed as

Corrected magnetic signature = (Raw magnetic signature—Diurnal variations)—

(Raw background measurement — Diurnal variations).



(¢) You may want to add what gridding algorithm was used or if a filter was
used. If an exact gridding algorithm was used without a filter, great job!
iv. Why is there no signature from the motors? Or were they removed? v.
What is the signature located in the tail seen in Figure 2b)

Response: Yes, we clarified in the manuscript how we gridded the data in the manuscript.
Only a simple linear interpolation that is a built-in function in Matlab was used to grid
the data, no extra filtering was involved. There is the signature from the the motors,
but the signature from the motors is masked by the magnetic signature from the highly

magnetic servomotors. It is much easier to see in Figure 3c.

(d) P6, line 122. I do not understand why the flexibility of the wing from Tuck
et al. 2018 would provide a limit on the flexibility of the wing of this UAV?

Response: We rephrased the sentence.

(e) Could you use the same colour bar for a) b) and c) in Figure 2.
Response: We tried to use the same color scale. But because the direction of the
magnetic field was changed as the orientation of the UAV was changed, so if we use the
same color scale for the three figures, the magnetic highs and lows you see in Figure 3
will not be as clear as they are now. For example, the magnitude in Figure 3a is from
-200 nT to around +680 nT, whereas the magnitude in Figure 3c is from -730 nT to 160
nT.

(f) Two reference that would be well suited for this section: 1. (Hansen, 2018)
— magnetically modelled a fixed-wing VTOL UAV. 2. (Tuck, 2019) — mag-

netically characterized 4 different UAVs using a motor setup.

Response: We referenced the two articles as suggested.

Specific comments

1. The motors seem to have many names: “electric engines” (P1, line 10), “BLDC
motor” (P4, table 1), “BLDC servomotor” (Figure 3 caption). Personally I prefer
“BLDC motor” as I think of servo when I read servomotor and pistons (like a
gasoline engine) when I read engine. As a result, I am confused whether 3b is the
magnetic signature of a servo or the motor. As there are 4 of the former and 3
of the latter how does their signatures compare among each variant? (Forrester,

2011) suggest that the field produced by servos can vary significantly.

Response: We see the confusion. We use, therefore, servomotor and motor instead. In
comparison with the original servomotors that came with the UAV, the new servomotor is 10
times less magnetic.

2. I could not find a reference to figure 3

Response: Please see the reference of the figure at Line 103.



3. Are there tail servos? Where are they in figure 37

Response: Yes, there are three servomotors, two for the elevator and one for the rudder.
In Figure 4b in the manuscript or the following figure 1, we can see three magnetic highs that

should be associated with the back servomotors and the rear motor.

Tail servomotors

North
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| | |

Figure 1: Location of the tail servomotors and the rear motor.

4. P2. Line 38. Are traditional manned aeromagnetic surveys limited to above
80m? Can you provide a reference for this? I have seen helicopter mag surveys

searching for UXO only a few metres off the ground. . .

Response: In Aeromagnetic Surveys: Principles, Practices, and Interpretation by Colin
Reeves, on page 44, it states that conventional fixed-wing survey aircraft in terrain free of
significant topography are routinely operated at terrain clearances of 100 m, 60 m, and even
30 me in some countries. However, in all EU member states, Visual Flight Rules set out a

minimum altitude of 150 m (500 ft). We see the confusion, we rephrased the sentence.

5. P2, Line 39. I would suggest adding something about the improvement of de-
tectability by 1/distance”3. This is important!


https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32012R0923&from=EN

Response: We rephrased the sentence.

. P3,line 61. Tuck et al propose a method for characterization that incorporates
both static and dynamic interference together by powering the motors during
measurement. The “interplay” is relevant to how a source can influence other
sources and so all systems should be active during characterization. Could you
be clearer as to why you claim this experiment is still not sufficient? Also, you
do not do this for your characterization experiment and should be explained why

you chose to ignore this “interplay”

Response: We agree with Tuck that measuring the magnetic signature of each component
of a UAV is very helpful to understand the magnetic interference from a UAV. But the
magnetic signature of a UAV can become rather complex and dynamic, especially when
all electric motors and servomotors and electronic components switch on. As a result, the
magnetic signature of a UAV can vary dramatically, which depends on a plethora of factors
such as power consumption, throttling, attitude, and even on-site air density as well as air
speed. Therefore, we recommend not only to measure the static magnetic signature of a UAV
but also to fly the UAV and collect in-flight magnetic data to analyze the real-time in-flight

magnetic interference from a UAV.

. P3, line 71. Are the motor still powered during fixed-wing flight to keep the
props from spinning? Or do they loosely spin during flight? Wouldn’t either

scenario provide interference?

Response: The front motors are still powered in the cruise mode (or the fixed-wing mode)
but should not rotate (please see the attached figure that shows the status of the two front
motors). In principle, as long as a brushless DC motor rotates, there is an alternating magnetic

field generated by the spinning rotor that includes a few permanent magnets.

EDANSITION INTO
NORZONT AL LNGHIMODE

Figure 2: Status of the front motors in the cruise mode. The figure is credited to Kapetair.

8. P5, line 106 you say “The UAV remained turned-off during the magnetic signa-

ture measurement”.

Response: We rephrased the sentence.



9.

10.

11.

12.

13.

14.

Sentence on P35, line 114-116 is not true. The noise envelope is not a function of

the efficiency of compensation.

Response: We agree that the noise envelop is not a function of the efficiency of compensation.

We see the confusion, and we deleted the confusing part.

P7, line 137. It should be noted that although increasing the boom length may
not create additional significant aerodynamic forces, it does increase instability
during flight. Also, one would expect larger amplitude vibrations with a longer
boom (P7, line 141).

Response: Yes we agree. But as our aero-engineer (the second author) has pointed out that
it should not increase instability as long as the center of gravity of the UAV stays where it is
supposed to be by adjusting the battery’s position and the flight controller is able to handle
the changes in the moment of inertia. As for the in-flight vibrations, by using a strong rod
or a rigid tube with a properly designed supporting structure, the vibrations can be kept to
a minimum. Furthermore, the added length of the rod increases the arm of the aerodynamic
forces. This does have a negative impact on the stability specially on pitch and yaw states,
but the impact is kept within the controllable ranges of the flight controller and aerodynamic

control surfaces (elevator and rudder).

P9, line 179. Are you suggesting that the magnetic geology 12 km deep created
a gradient of 225nT/m? Later you say otherwise (p10, line 187) so I think you

just need to reword this sentence.

Response: We rephrased the sentence as suggested. The local geology should not create

such strong gradient, which must be from the UAV.

P10, line 180. You suggest the interference is “probably due to radio transmission
and cultural noise”. You could test this by turning your radio on and off. You

can test for cultural noise by moving the UAV to another area.

Response: We agree with the reviewer that we could have done that. Because we are also
new the development of a UAV-borne system, we didn’t expect that the cultural noise in the

vicinity of the test site and the radio transmission could be measured by the magnetometers.

Figure 8. Why doesn’t the 4th difference correlate between the two sensors if

the source is mainly the UAV? Perhaps worthy of discussion?

Response: Because the attenuation due to distance is strong, that is why in the figure the
the secondary magnetic profile is a lot noisier and the 4th difference of the primary magnetic
profile is almost constant, which means that some of the interference that can be measured
by the secondary sensor may be too small to be measured by the primary sensor. Therefore,

the 4th difference of the two magnetic profiles may not necessarily be correlated.

P13, line 2. Will adding 10 cm to L make much of a difference? This can be
calculated easily once you identify your source (which you do in the previous

section).



Response: Yes, the data that we show in the manuscript are the raw observations. We were
surprised by the big difference due to the 10 cm difference as well. Since the major noise
source is the output current, it is dependent on the magnitude of the output current from the
battery, the shape of the current-carrying cable, and the orientation of the current-carrying

cable, which make it difficult to calculate the resultant magnetic field.

15. P13, line 231. Either use relative time or do the math. Relative time looks

cleaner

Response: We re-plot the figures using relative timestamp as suggested.

16. P17, line 251. Why is the gradient higher for the second dynamic experiment
than the first?

Response: There are several reasons as we stated in the manuscript. First of all, the there
were GNSS antenna and IMU in the cockpit in the first dynamic experiment. For the sec-
ondary experiment, the GNSS and IMU were removed after the timestamp was synchronised.
Besides, due to the weight change, we had to re-adjust the location of the battery to make sure
the CG stays where it should be so that the layout in the cockpit was changed and meanwhile
the shape of the current-carrying cable and orientation of the current-carrying cable were alos

changed. The main reason should be the changes made to the current-carrying cable.

Reviewer #2

General Comments

1. Does the abstract provide a concise and complete summary? Asses the possibility
to shorten the Abstract.

Response: We shortened the abstract to make it concise and readable as suggested.

2. Few figures and tables outside their respective areas. PG 5 line 103 I would
move the Figure 1 after the line 106, FIG 15 out of place. Make sure the final

document have figures in proper places.

Response: We changed the layout as suggested.

3. Idid run a grammar software and found 45 items, few plural words were missing,
but overall a good grammar check where done, Few items such as Line 92 UAV’s
“own” magnetic, Line 200 “Apparently”, Line 210 “owing to the fact that”, Line
235 “It is evident that”, Line 266 wires can “actually”, Could be replaced or even

removed. My system did recognized few non American variations of the words.
Response: We revised the texts as suggested.
4. T would recommend to add an aircraft blueprint to include locations of items such

as servos like found in Figure 3, But improve it the missing the PG 2 line 47 &

73 global positioning system (GPS) Replace to GNSS the non commercial name.

Response: We provided an aircraft blueprint to include locations of items as suggested.



5. In the specifications, the stall speed is with Nose “cone”, if is without, state the
configuration, did any performance in stall speed was found, even by changing
the items inside? Specially range of operation, it has changed? an important
item for companies. And or changing the angle of the nose rod for magnetometer

better position in level flight.

Response:

(a) The stall speed should not change with the boom because the boom does not change

the aerodynamic properties of the wings.

(b) The range of operation should be slightly reduced because of the drag introduced by the
boom and the additional weight of the payload.

(¢) As shown in Table 2, the dead zone of the magnetometer is the equatorial plane + 7
degrees, so the magnetometers have to be tilted properly according to the direction of

the local geomagnetic field to have good measurements.

6. Fig 2, Is possible that the motors are Counter-rotating, thus having on each wing
a higher Nt closest to the tip, but also might be redundant since in cruse flight

those motors are off, and producing if any a small portion of electricity.

Response: As long as a motor spins, there will be electricity. It will work like a small

generator.

7. Line 123 is mentioned the wing flex, by the elliptical wing shape it might need a
modification to support it but some aircraft have an extension on wingtips by a
boom, It does increase drag especially during climb, but data is received within
parameters. Also mentioned that the carbon fiber line 85, is considered to install

static wicks on the surfaces to compensate for it?

Response: We are developing an active compensation algorithm to reduce the magnetic
interference due to the eddy current in the wing. But in principle, the area the of the wing
is fairly small, only up to 1 m?, so the magnetic interference due to the eddy current should

be fairly small as well.

8. One of many issues I have in survey is the wire connection and wire loose in the

fuselage (as mentioned) specially near connectors.

Response: We agree with the reviewer. Therefore, we will try to put the current-carrying
cables in the back of the fuselage. If necessary, we may try to use some special material to

shield the magnetic field generated by the current.
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subsurfacefeatares-but also reduced logistics costs. More importantly, the UAV-borne aeromagnetometry can be performed at
low altitudes, which makes it possible to resolve fine features otherwise only evident in ground surveys. Pertable-and-compaet

e-Developing such a UAV-borne survey-systems-is-of-high
HRE-S aeromagnetometry system is challenging owing
to strong magnetic interference introduced by onboard electric engines-and-other-onboard-electronie-deviees—As-aresulttests
and electronic components. An experiment concerning the static &ﬂdﬂyﬂﬂm&&magnetw interference of a-UAV-are-eritical-the

UAYV was conducted to assess the severity of the interference an

magnetic-interference-of-our-of a hybrid vertical take-off and landing (VTOL) UAV. The results of the static experiment show
that the wing area is highly magnetic due to the proximity to servomotors and motors, but-whereas the area along the longitudi-

nal axis of the UAV isrelati

ehas a relatively smaller magnetic signature. Assisted
by tggvs%cvgm aerodynamic simulations, we further-destgnred-first proposed a front-mounting solution fer-with
two compact magnetometers. Fwo-Subsequently, two dynamic experiments were conducted with this-setup-to-understand-the
setup to assess the dynamic interference of the UAV-in-operationsystem. The results of the dynamic experiments reveal that

the strongest source of in-flight magnetic interference is mainty-due-to-the-the current-carrying cables connecting the battery

to the flight controller and that this effect is most influential during pitch maneuvers of the aircraft.
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1 Introduction

Magnetic surveying has been extensively used in the search for mineral deposits, oil and gas reservoirs, geothermal resources, as

well as for a variety of other purposes such as natural hazards assessment, basement structural studies, mapping subsurface ar-

chaeology, and unexploded ordnance (UXO) (Na

Nabighian et al., 2005; Hinze et al., 2013; Kruse, 2013; Haldar, 2018; Turner et al., 2015). In general, magnetic measurements

can tele i give insight into the physical, chemical, and even biological processes that have affected the
iron phases within.
Airborne magnetometry (aeromagnetometry) is an inexpensive, efficient, and effective regional reconnaissance tool {Reeves;2005;-Eppel
(Reeves, 2005). The method offers improved accessibility to areas restricted to terrestrial surveys such as remote areas, off-
shore areas, and thickly-vegetated regions as well as a rapid sampling of the local geomagnetic field compared to its ground or
space counterpart (Council, 1995; Haldar, 2018).
TFraditionallyConventionally, aeromagnetic surveys are often conducted using fixed-winged-fixed-wing aircraft with sensors
mounted on both the-wings (horizontal sensor configuration) or a tat-boeem-tail-stinger behind the aircraft. Thanks to decades of
development and-in noise reduction techniques coupled with new advances in sensor technologies, such modern aeromagnetic
surveys can achieve a sensitivity of 0.1 nanoTesla (nT)

—Heowever,—geophysieists—(Eppelbaum, 2015; Turner et al., 2015). Geophysicists have realized that aeromagnetometry using
light-weight and compact platforms such as unmanned aerial vehicles (UAV) can even further reduce the-surveyingcost-and

make—x%ﬂwf&eeﬂvemeﬂ{—m%efm&ef—}egﬁ&e& W(Eppelbaum and Mishne, 2011; Tuck et al., 2018; Mu et al.,
2020). Besi a al-ma : 2 gt 2 ale : i

and-because-of-flightregulations;-whereas-More importantly, UAV-borne magnetometry systems are capable of flying atalower

ﬂmudeywww%% thereby improving detectability

significantl elbaum and Mishne, 2011).

In the recent decade, the feasibility and effectiveness of light-weight UAV-borne magnetometry systems have been demon-

strated again-and-again-by various geophysical applications, from identifying various rock types and structures in the subsur-
face and delineating ore deposits to locating man-made ferrous objects, such as UXO (Perry et al., 2002; Cunningham, 2016;
Malehmir et al., 2017; Parvar et al., 2017; Kolster and Dgssing, 2020). However, developing a low-noise and-effieient-UAV-
borne magnetometry system is challenging given the compact spaee-size of a UAV platform, i.e., magnetometers readily-easily
fall in the vicinity of sources of magnetic interference from the platform, such as motors, eleetric-pewered-electric-powered de-
vices, and even current-carrying wires-{Forrester; 20H-Sterligov-and-Cherkasov;2016;-Fuek-et-al5-2648)cables (Forrester, 2011; Sterligo
. As aresult, UAV-borne magnetometry systems are operated-often-by-suspending-a-so-ealled-often suspended in a magnetome-
ter bird (housing magnetometers, global pesitioning-system-(GPSnavigation satellite system (GNSS) antenna and data logger)

a few meters below the airframe to minimize the interference from the platform (Malehmir et al., 2017; Parvar et al., 2017,
Parshin et al., 2018; Sterligov et al., 2018; Nikulin and de Smet, 2019). This configuration is hardly prone to the enbeard
magnetic interference from the platform but eomes-with-a-at the cost of efficiency and positioning accuracy (Tuck et al., 2018).
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Alternatively, magnetometers may be mounted directly on a boom attached to the UAV airframe (Samson et al., 2010) or on
the wing-tips of the platform (Wood et al., 2016).

To facilitate high-guatity-high-resolution and efficient UAV-borne magnetometry, we intend-intended to develop a lightweight
(less than 10 kg), efficient (more than 70 km per charge), and flexible (vertical take-off and landing) UAV-borne magnetometry
system, capable of conducting magnetic surveys in various terrains. To meet the requirements, we chose a hybrid lightweight
fixed-wing UAV platform capable of taking off and landing vertically. But-where-and-hew-to-putthe-magnetometers-on-the UAV
are-the-firstchallenge-we-have to-face-HeneeTo determine the optimal placement of the magnetometers, a good understanding

of the magnetic interference of the platform is necessary at the early stage of the development. For example, Forrester (2011)
and Sterligov and Cherkasov (2016) successfully mapped magnetic signatures of the UAVs and also managed to locate sources
of interference. However, they neglected to address the complex interplay between active and passive components (Tuck

et al., 2018). Therefore, Tuck et al. (2018) proposed a systematic method to investigate magnetic interference of UAVs and

demonstrated their method on a 25 kg fixed-wing UAV. Heweve%%he—meﬂaedﬁs—sﬂ}er%sufﬁeteﬂH&eeveﬁfheﬂemﬂHﬂ%efphy

erlnstead of investigating every possible source
from the platform, we will present a static and two dynamic experiments to investigate both the static and dynamic magnetic

interference as well as their interplay from the platform in operation.

2 Platform - A hybrid VTOL UAV

The UAV for eur-the airborne magnetometry system is a beta prototype version of a hybrid vertical take-off and landing
(VTOL) UAV from Kapetair. As-the-name-of-the-UAV-indicates;—the-UAV-The UAV is capable of taking off and landing
vertically without a runway, so it can be deployed in various terrains. Sinee-the-UAV-is-a-hybrid;-And it is capable of flying
beth-in-in both multi-rotor mode and fixed-wing mode. The UAV has three position-adjustable motors. The two front motors are
matnty-used-for-taking-off-and-Handingused for multi-rotor mode. The third (tail) motor is used for take-off and landing as well
as to provide thrust during the fixed-wing/cruise mode, i. e., the front meter-stays-motors stay inactive during the cruise mode
and only the rear engine-motor remains active. The main-fuselage of the UAV houses various hardware components, including
a flight controller (FC), several electronic speed controllers (ESC), an inertial measurement unit (IMU), a global pesitiening
system-(GPSnavigation satellite system (GNSS) module, a radio-frequency (RF) module, a data-logger for magnetometry, and
a few wires-or-cables connecting those components. A 22000 mAh Li-Po battery is also placed inside-in-the-in the front of the

fuselage. The technical specifications of the platform are listed in Table 1.
2.1 Source of magnetic interference

For a lightweight UAV platform such as the Kapetair VTOL UAV, brushless direct current (BLDC) motors are often used due to

their better speed control, higher efficiency, and compact design A-D-PJuliani-et-al-(2008)yHewever(A. D. P, Juliani et al., 2008

. BLDC motors comprise permanent magnets and solenmds%%ee—m%}eemeeﬂgmvmmhe%eﬂﬁmef%mener—

ate a strong magnetic signatureeven-wh he-, The
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Table 1. Specifications of Kapetair VTOL UAV

Component of the UAV

Dimensions (wingspan x length) 3300 x 1670 mm

Batteries 1 x 6S Li-Po 22.2V 488.4 Wh 22000 mAh
Servomotors on the wings 4 x HBL 6625MINI Metal Alloy Gear
Propulsion system 3 x T-Motor MN5212 KV420 BLDC motor
Flight controller Pixhawk2-1 x Pixhawk 2.1 cube black
Paylead-weight1000-g-Cruise speed 65 km/h

Aircraft gross weight 6.5 kg

Stall speed (airplane mode) 20 km/h

Right aileron Rudder

Rear motor
Elevator

Pixhawk 2 Autopilot

Battery / Left flap
> Left aileron

A

A

Front motor

Fuselage

Front motor
I servomotor

Figure 1. Schematic view of the layout of the UAV.

BLDC motors are driven to revolve at-the-desired-speed-by-sendingproperly-by sending tuned pulses of current to the solenoids,
which means constant electrical switching, probably causing discontinuous in-flightmagnetic- measurementsmagnetic interference.

Tuck et al. (2018) observed magnetic interference due to the current-carrying wires-cables connecting the ESC to the batteries.
According to Ampere’s law, the magnetic field is proportional to the electric current;-therefore;-, Therefore, the magnetic inter-
ference varies with the current in the wires-Mereovercables. Also, the airframe of the UAV is composed of carbon fiber, which
is non-magnetic but conductive, akin to graphite (Chung, 2010). As a result, eddy currents (Richard L., 1974) may play a role
in magnetic interference during a-flight. Finally, the onboard avionics system which comprises several electronic components

(such as the FC module, the IMU module, the GPS-GNSS module, etc.) may generate complex electromagnetic interference.
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A rule of thumb istherefere-, therefore, always to place magnetometers as far away from the magnetic- UAV-components- UAV.
components that are magnetic as possible.

3 UAV magnetic signature mapping - static experiment

An airborne magnetometry system using a compact UAV platform is affected by the UAV’s magnetic signature (Tuck et al.,

2018) Mapping the magnetlc signature of a UAV is useful to identify magnetic highs and lows of the UAV ’s-own-magnetic

e-and pinpoint favorable
regions less susceptible to the UAV’s magnetic interference. However,-Because the magnetic signature varies from platform

to platform, and-it-is-therefore-it is imperative to map a Wlatform s specific-magnetic-signatureto-identify-sources-of
ers-magnetic signature.

3.1 Method

The magnetic signature mapping of the Kapetair UAV was carried out at the Brorfelde geomagnetic observatory in Denmark.
A customized 2300x958 %700 mm wooden frame was built for the experiment (Fig 2). Since the magnetic signature of a
UAV can change significantly over a few centimeters, it is beneficial to have the magnetic signature on a fine grid with cells
of such as a 10x10 cm eel(Sterligov and Cherkasov, 2016). However, such an approach is time-consuming if carried out
manually. We adopted a slowly revolving DC motor to pull a slider holding a high-precision potassium scalar magnetometer
(GSMP-35U from GEM Systems). The sampling rate of the magnetometer was set to 10 Hz and the speed of the slider was 2
cm/s on average. The DC motor, a laptop for data logging, and two power supplies were placed in another room away from the
measurement. Due to the limited space in the observatory, only one wing and the mainframe were measured at once (Fig 2).

The UAV remained turned-off-off during the magnetic signature measurement.

3.2 Magnetic signature

With the help of the semi-automatic magnetic measurement, we managed-to-eoteet—collected more than 70000 magnetic
observations of the UAV-magnetic-signature-including-magnetic signatures of the starboard wing, the port wing, and the area
along the longitudinal axis of the UAV(Fig-3), together with their respective background field, The background fields and
the magnetic signatures experienced diurnal corrections. After the diurnal corrections and background removal, the corrected

magnetic signatures were gridded on a planar surface with a 2.5 cm grid interval shown in Fig 3. As seen in Fig 3 the magnetic
signature of the wing area has a high amplitude (up to +600 nT) and peaks over the servomotors and the motors. Tnterestingly;

wing-As-expected-the-servometorssignalrapidly-deereases-The servomotors make a major contribution to the overall magnetic
signature of the UAV, their magnetic signatures decrease rapidly with distance, also towards the main fuselage of the platform.

For a high-resolution

aeromagnetic system, the standard of commercial aeromagnetic practice that only allows a noise envelope of 0.1 nT after
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Figure 2. Demonstration of the magnetic signature measurement of the port wing. The length and the width of the slider are 1000 and 150

mm, respectively.
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Reeves(2005);Tuek-et-al(2018)-This;on-the-other-hand;(Reeves, 2005) requires the magnetometers to be mounted in places
with the least magnetic signature. Due to the high magnetic signattare-signatures of the servomotors, we deeided-to-replace
replaced the originally highly magnetic servomotors with mere-expensive-BLDC servomotors with a smaller magnetic signature
(see 4Fig 4b).

According to the map of the magnetic signature (Fig 3), the wing-tips and the nose-tip are magnetically low-amplitude
zones. Mounting two magnetic sensors at the tip of the wings erable-tistenders it possible to measure the horizontal gradient,
which is useful for both data processing and interpretation purposes. However, the wings are deliberately flexible to adapt to
dynamic airflow in flight, i. e. the high-frequency vertical displacement due to the flexibility (readily up to 120 mmduring
fhight(Tueket-al5-2018))-) during flight may introduce unpredictable noise Kaneke-et-al+2041)(Tuck et al., 2018). Moreover,
aerodynamically, the wingtips are sensitive to the disturbance caused by geometric changes, i. e., mounting magnetometers

onto the wings’ exterior may lead to wing stall and even a crash.
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Figure 3. The diurnal-corrected and background-subtracted magnetic signature: (a) the starboard wing, (b) the area along the longitudinal

axis of the UAV, and (c) the port wing.

4 A front-boom setup

Mounting magnetometers on the nose-tip does not provide #-the typical horizontal gradient but -en-the-other-hand;-provides an

aerodynamically safe-and-stableselution—To-aveid-therisk-of-aerodynamic-instability,we-designed-a-magnetometry-syste

s-stable solution (see Fig 5). This configuration will theoretically
not cause any aerodynamic instability because the geometric modification to the nose area should cause only small aerodynamic
forces. We carried out a computational fluid dynamics (CFD) simulation on the fuselage to investigate the aerodynamic stability
of the nose setup. The plot (Fig 5: lower panel) shows that the influence introduced by adding the mount on the nose is negligibly
small with the maximum magnitude of lift forces being around 1 N (compared to the total lift force of the UAV ;-up-to-during
leveled flight, of around 60 N fas it should balance a mass of 6 ¥gkg). In principle, the center of gravity (CG) can be fixed by
adjusting the battery position and some changes in the moment of inertia can be easily handled by the flight controller. A flight
test with this setup showed stable behavior of the UAV, and-confirming that the change in the moment of inertia is within the
capabilities of the flight controller. Inereased-boom-lengths-theoretically-de-And increasing the boom length does not cause
significant aerodynamic forces as long as the rod is paralel-to-the-airflow-or-kept at small angles of-attack-during-the-with the
airflow during flight.
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Figure 6. Thefinal-design-Side view of the final front-boom-mounting setup

Table 2. Specifications of QuSpin Total Field Magnetometers (QTFM)

Parameters

Field sensitivity ~ smaller than 1pT in 0.1 Hz - 100 Hz band

Dynamic range 1000 nT to 100000 nT

Max data rate 400 samples/s

Dead zone single equatorial plane, =7 deg

Atomic species  Rubidium

Power 5V to 19V, 2 W total (sensor+electronics), 3W during startup

Heading error below 3 nT (uncompensated)

Based on the result-results of the static experiment and the aerodynamic analysis, we-slightly-tweaked-the-initial-set-up-as
%hewrtﬂfrl:tgé—%&l-}ﬂmuﬂﬁﬁg ome changes were made to the initial setup (Fig 5), resulting in the two magnetometers on &

the boom now being placed further away from the aircraft (Fig 6)

e-out-further reduce the magnetic noise from

the UAVbecomes easier(Chen etal.. 2018; Mu et al., 2020).
The-second-iteration-of-the-setup-comprises-the-installation-of-. Meanwhile, the two-magnetometer setup provides a solution

that eases the filtering of the magnetic noise (Chen et al., 2018; Mu et al., 2020). The two compact magnetometers from-are
manufactured by QuSpin, abbreviated as QTFM. The QTFM is a compact, low power, and high-sensitivity scalar magne-

tometer, capable of sampling the geomagnetic field over 200 times per second (Table 2). The primary magnetometer (front
magnetometer) is responsible for measuring-the-stgnat-ofinterestobserving the geomagnetic field, whereas the secondary sen-
sor placed closer to the nose-tip is used to monitor the in-flight noise from the platform. The distance d is used to indicate the
distance between the primary and secondary magnetometer, whereas L is for the distance between the secondary magnetometer

and the mounting point on the UAV (see Fig 6).

5 UAV in-flight magnetic signature - dynamic experiment



170 To understand the real dynamic noise of the UAV in operation, we flew two dynamic experiments in Stgvring, Denmark (Fig 7).

The test site is covered with up to 12 km of unmetamorphosed sediments lodged over the crystalline basement, and the surface
of the region consists mainly of unconsolidated Quatern. lacial and interglacial deposits (Hakansson and Surlyk, 1997).

Normally, sediments are considered non-magnetic, which is the basis for many applications of acromagnetic surveys (Reeves, 2005

. As a result, the local magnetic field is insignificant, which renders the data collected during the dynamic experiment a direct
175 reflection of the dynamic noise from the platform.

5.1 Method

Dynamic effects saeh

that originate from revolving solenoids, permanent

magnets, eddy currents, or loose

current-carrying cables can be divided into discontinuous and continuous noise. Piscentinuous-The discontinuous noise appears
180 as isolated spikes or set of closely-spaced spikes on the-aeromagnetie-dataan aeromagnetic profile, which is typically associated
with the pilot’s actions such as radio transmissions er-and switching direct currentand-te—, along with lightning strikes or
cultural sources (e.g. train, power lines) (Reeves, 2005; Eppelbaum, 2011, 2015). Centinueus-The continuous noise comes
from the motions of the aircraft, such as the oscillation of wings while-inflight-through-turbulent-weather—whichproduces
a-high-frequeney—unwanted-noise-signaldue to turbulent weather. The empirical feufeh«iiffefeﬂee—fuﬂe&efrm
185 difference is widely used for monitoring the level-of-such-in-flight neise ise-is-withi

an-aceeptable-level-discontinuous noise in aecromagnetometry (Reeves, 2005). Complying with the widely-accepted industry
standard, the fourth difference should lie between £0.05 nT (or 0.1 nT peak to peak) (Coyle et al., 2014; Cunningham, 2016).

The fourth difference for an airborne magnetic survey can be calculated as

T o—4T 1 +6T)—4T4 1+ T4

4th diff =—
ifference 16

ey

190 where 7o, T 1, T 1, and T, are five consecutive readings centered on the current reading 5.

195

5.2 The first dynamic experiment - multi-rotor mode

The first dynamic experiment was flown on 2020.01.13. The front-mounting boom (Fig 6) was configured as d = 20 cm and
L =20 cm. The sampling rate of the QTFMs was set to 200 Hz. The UAV was switched on and-with all required components
200 in position (such as the magnetometersand-, the power supply for the system, etc..-were-in-position). At first, the UAV was
placed on the ground and-while the pilot was conducting the last-minute check. Thisled-to-a-moment-at-whieh-During this

10
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Figure 7. Location and surface geology of the test site according to Surface Geology Map of Denmark 1:200000. The surface geology map of
Denmark 1:20000 is credited to Schack Pedersen et.al., Surface Geology Map of Denmark, PDF, Version 2, compiled for the scale 1:200000,
published in GEUS report 2011/19 (in Danish) by Geological Survey of Denmark and Greenland (GEUS), and the map of Denmark is
credited to MAPSVG.COM.

time, the magnetometers could observe dynamic interference from the UAV irrelevant to motions. In this immediate-pre-take-
off phase (hereafter called "standby phase") and with only a few UAV components being active, the power consumption of
the UAV should be low, and the current in the wires-cables connecting the battery with the flight controller should be low
as well. As a result, the observed magnetic interference in the standby phase should mainly arise from the current-carrying
wires-in-the-cables in the front of the fuselage, permanent magnets of the actuators, and radio transmission along with may
dynamic and/or static cultural noise in the vicinity. Figure 8 shows residual magnetic intensity (RMI) with the International

Geomagnetic Reference Field (IGRF) being removed from the raw magnetic measurements collected in the standby phase.

As seen in Fig 8, the plots show continuous meas
offset);-superimposed effects of the magnetic interference from the UAV, and-cultural noise in the vicinity, and the magnetic
field by the local geology (probably a constant offset). The RMI in-shown in the top panel in Fig 8 is oscillating around 2.8 nT
with mean variations less than 0.5 nT, probably due to radio transmission and cultural noise. The average difference between
the data from the primary and secondary magnetometer in this configuration is around 45 nT, which-means-thatthelongitudinal

ed-by-0-2-m)-even when the

11
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Figure 8. Data excerpt of the RMI and-the fourth-differenee profiles recorded by the primary and secondary magnetometer and their respective
fourth difference while the UAV was on standby on 2020.01.13 with d = 20 cm and L =20 cm. The IGRF (50560 nT) has been removed.

UAV is on standby. The fourth difference of the measurements from the primary magnetometer is spiky and lies within £0.15
nT, significantly higher than the industry standard—Mereever-the-diseontinuous-noise-of-the-, whereas the fourth difference of

the magnetic profile recorded by the secondary magnetometer (Fig 8) is strongereven bigger, up to =1 nT. The difference in
the fourth difference indicates that the interference mainly originated from the UAV rather than the surroundings —Otherwise;

thefourth-difference-of the-two-datasetsshould-be-comparable;-because the secondary magnetometer is closer to the source of
interferencethan-the-primary-magnetometer. The distance between the two magnetometers attenuates the interference, leading

to the relatively smaller fourth difference of the data outputted by the primary magnetometer.

Following the standby phase, the UAV took off and was flown eaty-manually in the multi-rotor modemantiatty. Figure 9 and

10 show the in- ﬂlght fes&elual—magﬂeﬁe—ﬂﬁeﬁsﬁyee}}eeted—b;%eﬂ%RMI collected by the primary and secondary magnetometer
and their respective fourth difference, together with its

v-RMI profiles in Fi
9 are almost identical in shape. The major difference lies in the magnitudewith-the-, The RMI from the primary magnetometer

flight path. The two p

being-is 10 times smaller than that from the secondary magnetometer. This-The in-flight fourth difference of the prima
magnetic profile in Fig 9 is spiky with magnitudes up to 1 nT, 20 times higher than the industry standard. The increase in the
fourth difference is directly associated with the platform. It indicates that the observed s1gnals from the two magnetlc sensors

were-are dominated by the noise from the platformi

mode-with-. It could be high output current flowing in the wires-cables connecting the flight controller to the battery and the
leakage of the a mmagnetlc field from the BLDC motors ~Iﬁ+h&sfaﬂdb3+phase—w&ebseweﬂ1ﬂagﬁeﬂeﬁelekef—eﬁ+y
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Figure 9. Data excerpt of the-RMI profiles recorded by the primary and secondary magnetometer and their respective fourth difference while
the UAV was flown manually in the multi-rotor mode on 2020.01.13 with d = 20 cm and L =20 cm. The IGRF (50560 nT) has been removed.

235 the-platform-in the multi-rotor mode. Nevertheless, in principle, such strong noise can still be reduced distancing the magnetic

sensors even farther away from sources of magnetic interference.

13



w
o

N
(oo}

56.8890+

N
(e}

56.8885 R

o
oo’

N

~

L)
‘s
N
N

56.8880- (.- 7

Latitude (degree)
) Y
(w) spnyyy

N
o

56.8875+

—
(0]

=
&)

9.8645 9.8650 9.8655 9.8660 9.8665
Longitude (degree)

Figure 10. The production flight of the data excerpt shown in Fig 9. The altitude indicates the in-flight height above mean sea level.

14



240

245

250

255

260

265

270

5.3 The second dynamic experiment - fixed-wing mode

Because of the demonstrated strong interference from the UAV in the previous experiment, we increased the distance (L)
between the secondary magnetometer and the mounting point to d=20-em-and-Z-=30 cm to improve the signal-to-noise ratio.

e-to-The distance (d) between the two magnetometers remained
20 cm. To reduce the dynamic noise observed in the first experiment —Given—that-the-and given that the aforementioned

changes may lead to in-flight-instability,—we required-the pHot-tofiy-the UAV-manually-some instability, the UAV was also
flown manually but in the fixed-wing mode for the second experiment. The sampling rate of the QTFMs was 200 Hzas-wel-
Stmilarly-we-showresidual-magnetic-intensity-, The data collected in the standby phase (Fig-+)-and then during the fixed-wing
flight (Fig-are shown in Fig 11, 12, 13, 14 and 15).

In comparison with the data gathered in the previous experiment, there is a noticeable increase in the magnitude of the RMI
in Fig 11, probably ewing-to-the-fact-that-the-ameunt-of-because of changes in the direct current flowing in the wirescables, the
orientation of the wirescables, and even the actual distance between the magnetometers and the wires-were-changed-while-we
were-prepariing-cables while the system in the field —Besides;-an-extra-metal-GPS-was being prepared. An extra metal GNSS

antenna was deployed inside the fuselage to timestamp magnetic recordings during the first experiment, which was solely used
at the beginning to synchronize the sensors, after which it was removed to reduce the magnetic interference. Nevertheless,

the difference between the actual measurements from the two magnetometers was still surprisingly big, u#p-te-around 106 nT;

leading-alongitudinal-gradient-of-530-nT/m. The second experiment was conducted at the same test site as the first one, so the

local geomagnetic field should remain roughly constant. Consequently, thisstrenggradientthe big difference between the two
magnetic profiles must be somehow introduced by the platform. Interestingly, the fourth difference from-of the measurements

from the secondary magnetometer is relatively-slightly bigger than that of the data from the primary magnetometer —but
comparable;-both-within an envelope of £0.2 nT. Therefore;sinee-Since the fourth difference of the primary and secondary
magnetometer-magnetic profiles is comparable in magnitude, it is difficult to say whether the noise originates mainly from
the platform itself-or cultural noise in the vicinity. HoweveritIt is clear that with the longer boom, the signal-to-noise ratio
irrelevant to aircraft maneuvers is improved significantly especially for the secondary magnetometer.

Furthermore, Figure 12 and 13 present the RMI from both magnetometers and current load from the battery monitored by the
onbeard-system in the flight from the take-off to the fixed-wing cruise accompanied by their eorrespondingrespective fourth
difference. Take Fig 12 for example - the first part of the RMI (outlined with dark grey box) was collected in the take-off phase
(in the multi-rotor mode), whereas the rest was measured-recorded in the fixed-wing cruise phase—And-the-gaps-in-the ptotof
the-RME-mode. The gaps inside each RMI profile were due to in-flight maneuvers of the UAV somehow rendering the QTHEMs

‘Fhe-two-plots-of-the RMI-magnetic field falling into the QTFMs’ dead zone. The two RMI profiles in Fig 12 and 13 are two

also visually identical, akin to the previous experiment. But the two plets—vistatty tooksmeother-than-the-dataprofiles look
visually smoother than those collected in the multi-rotor mode. BesidesInterestingly, a clear correlation is-ebserved-between

the RMI profiles and the output current from the battery, especially during the take-off phase, buttater-after-is observed. After
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Figure 11. Data excerpt of the-RMI and-thefourth-difference-profiles recorded by the primary and secondary magnetometer and their
respective fourth difference while the UAV was on standby en-2626-03:05-with d = 20 cm and L = 30 cm_on 2020.03.05. The IGRF (50563

nT) has been removed.

transitioning to fixed-wing mode, there is a clear decrease in the current and the magnetic fielddeereases-aceordingly. The
magnitude of the two plets-magnetic profiles in Fig 15 are quite comparable before +-583412e12+110000-millisecond-(epoch
time-sinee-1970-61-0643170000 milliseconds, but after that moment, the difference in the magnitude increases significantly, five
times-bigger-which means that the secondary-magnetometeris-magnetometers are still highly susceptible to the inference from
275 the UAV. Besides;-the-The plots of the RMI in Fig 15 show a visually clear correlation with the pitch. The fourth difference
of the in-flight measurements of the primary magnetometer during the fixed-wing cruise is around £0.2 nT (Fig 15), slightly

higher than the data collected before the take-off. It is evident that the fixed-wing mode gives less noisy dataas-expeeted.

6 Discussion

Based on the static and dynamic experiments, it is obvious that the magnetic interference from the platform is rather eomplicatedcomplex,
280 especially when the platform is in flight. From the static magnetic interference mapping, we have acquired insights into some
potential regions on the platform. However, solely measuring static magnetic signature is not sufficient to provide decisive

information for the development of an airborne magnetometry system. Therefore-trying-to-address-the-complex-It seems more
ractical to understand the interplay between the enbeard-electronic-components-is-mere-practical-and-impertant-espeeia

dynamic and complex magnetic interference when the platform is properly powered and in operation. For example, the static
285 magnetic signature indicates that the interference at the primary and the secondary magnetometer is minimal and the longitu-

dinal difference is less than 5 nT. Henee;-Because during the static magnetic interference measurement, the major interference
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Figure 12. Data excerpt of the-RMI profile recorded by the primary magnetometer while-and its fourth difference, together with the HAV-

was-manuaty-flown-in-profile of output current from the fixed-wing-mode-on-2020:03:05-battery with d = 20 cm and L = 30 cm. The IGRF
(50563 nT) has been removed
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Figure 13. Data excerpt of the-RMI profile recorded by the secondary magnetometer swhile-and its fourth difference, together with the HAV-

was-mantatty-flown-in-profile of output current from the fixed-wing-mode-on2626:03-65-battery with d = 20 cm and L = 30 cm. The IGRF
(50563 nT) has been removed

is due to the permanent magnets of the electric actuators-servomotors and electric motors. Hewever—while-Once the plat-

form is powered and flying in operation, the-magnetic interference increases significantly. The reason for the increase can
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Figure 14. The production flight of the data excerpt shown in Fig 12 and 13. The altitude indicates the in-flight height above mean sea level.

be magnetic leakage of the electric aectuators-servomotors and electric motors, the magnetic field generated by dynamically-
varying current flowing from the battery to flight controller, and the magnetic interference due to eddy current in the air-
frame. InterestinglySurprisingly, in comparison with the first dynamic experiment, the magnetic interference has-also-changed
constderably-in-—the-observed in the standby phase in the second dynamic experiment in-the-standby-phasehas also changed

considerably. In principle, the longer boom provides increased distance to sources of interference leading to a stronger atten-
uation of interference from the platform, but en-the-contraryin the experiments, the longitudinal gradient between the primary
and the secondary magnetometers increased by ten times than that in the first dynamic experiment. The first variable between
the two dynamic tests is power consumption because the platform consumes way more power in the multi-rotor mode than in

the fixed-wing mode, which leads to strong current in the wirescables. The second variable is the layout of the components

inside the fuselage en-site-such as the orientation of the wires-current-carrying cables connecting the battery with the flight
controller. Besides;we-also-find-outthatthe-wires-The current-carrying cables are quite soft se-that-the-wires-can-actually-meve
ffee}y—mstde—the—ﬁiselageflﬂ&te—rﬂema—eﬂeeﬁteand can dangle with the aircraft’s attitude eﬁspeed—ehaﬁges—aﬂd—a}se—ﬁ—ts—e}eaf

ve-along the longitudinal axis of the UAV—%haﬁﬂanﬂeﬁg
other-axes—tt-ean-explain-why-the RMI-HnFig15-shows-fuselage, which led to such a stronger correlation with the pltch M

16) other than the superimposition effects of all the maneuvers

15-and-16).
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Figure 15. The RMI of the second segment from left to right in Fig 12 and 13 and the corresponding attitude from flight log.

Regarding the issues ;-we-have-that have been discovered, we first-agreed-will try to further increase the distance between
the magnetometers and the platform without compromising the flight stability, because the noise envelop at the moment is too

high to meet the industry standard for mineral exploration. Second;-the-wires-Secondly, the cables connecting the battery and
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with the flight controller should be properly placed and shielded to further reduce the interference. therefore-thenext-stepis

7 Conclusions

We presented a static experiment, and based on the assessment of the results of the static experiment, we proposed a front-
boom mounting system, of which stability is supported by our aerodynamic simulations. Later we conducted two dynamic
experiments to understand-assess in-flight noise in operation. The results are insightful because surprisingly the strongest
interference eomes-from-the-wires-originates from the cables connecting the Li-Po battery to the flight controller. As a conse-
quence, we propose to further increase the distance between the magnetic sensors and the UAVagain—Besides;-we-wit-try-to

the-interference-awayfrom-the-magnetic-field-observation-system. Additional noise reduction measures include shielding the
cables causing strong magnetic interference and relocating the UAV’s wiring harness.
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