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The prevalence of serious incidents involving small, unmanned multirotors may escalate when such devices are op-
erated within densely populated regions. The development of system fault detection techniques is required to prevent

flight-related mishaps. A method utilizing an ultrasonic anemometer to detect damage to the rotor blade tip of a small mul-
tirotor has been introduced. This method can detect blade tip damage by analyzing the downwash speed, calculated by
incorporating an extended Kalman filter. However, the efficiency of this approach in system fault detection remained am-
biguous. To demonstrate the method’s feasibility, a comprehensive investigation of rotor downwash was conducted. Em-
ploying smoke visualization, hot-wire velocimetry, and ultrasonic anemometry, the mechanics were thoroughly examined.

Utilizing the experimental data derived from a quadrotor affixed to a test stand, a novel damage index value was postulated.
This index value was then applied in a simulated scenario where one blade tip of a rotor was compromised during hovering
flight. The simulation allowed for the detection of a 2-mm blade tip loss on a rotor with a 228.6 mm diameter. This study
verified a technique for blade-tip damage detection predicated on sensing wake flow, thereby contributing to multirotor

construction with robust failure tolerance mechanisms.
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Nomenclature

J: damage index of rotor blade tip
L: distance between ultrasonic transmitter and receiver
N: number of samples
PSD,: peak power spectral density of downwash speed at
one revolution frequency of rotor
peak power spectral density of downwash speed at
half-revolution frequency of rotor
r: horizontal distance from rotor axis
R: rotor radius
T: period of data sampling
tgv: arrival time of ultrasonic wave downward to flow
direction
ty: arrival time of ultrasonic wave upward to flow
direction
vg: downwash speed
z: vertical distance from rotor disk plane
0: inclined angle of ultrasonic sensor path to rotor
plane
Y rotation phase of rotor blade
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1. Introduction

Serious incidents may occur more frequently when small
unmanned aerial vehicles (UAVs) operate in populated
areas. It is thus necessary to analyze the causes of these inci-
dents and construct a robust UAV system for safe UAV
flights. Olson and Atkins performed a failure analysis of a
small quadrotor and demonstrated the flight failure modes.
Further, they proposed several methods to prevent and miti-
gate failures.” However, during the design phase, there is
often a greater emphasis on reducing mass and cost, thereby
relegating flight system redundancy to a lesser priority. To
achieve a fault-tolerant system without hardware redundan-
cies, it is necessary to accurately identify the predictive signs
of failure and reconfigure the control system.

Recently, several studies have performed model-based
fault detection of small UAVs. Although the method requires
a precise model, additional equipment is not required for
fault detection. Asadi, for instance, identified actuator faults
in a quadrotor by analyzing the residual values between the
predicted sensor output based on the UAV’s nominal dynam-
ics model and the actual sensor output.? Similarly, Guo et al.
detected sensor faults in small fixed-wing UAVs by com-
paring the actual sensor output with the estimated sensor
output.” Ghalamchi et al. estimated the imbalance of the
rotor mass using an accelerometer equipped with a body
and a simple kinematic model.* Studies using additional sen-
sors have also been performed for system fault detection.
Detection methods using additional sensors can directly
identify fault conditions. Altinors et al. utilized a microphone
to detect motor and rotor failures using audio data.” Sahwee
et al. applied a flexible sensor to the elevator of a fixed-
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wing UAV to monitor the bending angle and detect elevator
faults.®)

Sensors are also used to monitor rotor wake and can detect
damage to a rotor. As for the wake structure, the rotor wake
contains blade tip vortices. The vortices caused by the blade
tip form a helical structure and move downward along the
boundary of the wake flow. Ramasamy et al. visualized iso-
lated rotor wake structures using the laser sheet method.”
Otsuka et al. visualized quadrotor wake structures in ground
effects using particle image velocimetry (PIV).» Lee et al.
evaluated the downwash velocity (v;) and wake structure
of a small quadrotor using PIV.”

The generation of blade-tip vortices causes energy loss
during flight. Therefore, commercial small rotor blades are
designed to minimize blade tip vortices by twisting the blade
or changing the blade tip shape. However, a damaged rotor
blade tip generates stronger vortices than a normal blade
and changes v,. Therefore, the blade tip damage can be de-
tected by observing v, using multirotor sensors.

vy depends on the blade shape and operating conditions.
Thus, precise information on v, helps understand rotor con-
ditions. Torita et al. constructed an observer system for wind
gust disturbances on body angular velocity based on the dy-
namics of the quadrotor, rotor speed, and body angular ve-
locity. The dynamic model based on blade element and rotor
momentum theories contains the parameter v, of the rotor.
They applied a disturbance observer to wind gust response
control.'” Tokutake et al. precisely estimated v, of a quadro-
tor using an ultrasonic anemometer.!"” The method for esti-
mating v, using an ultrasonic anemometer can be used for
rotor-fault detection. The system constructed in the study
was used to detect blade damage in the present study.

The effect of rotor tip damage on v, depends on the length
of the lost tip part. However, the relationship between blade
tip damage and rotor v, is unclear. Understanding the quad-
rotor wake with a damaged blade and applying an ultrasonic
anemometer to observe the rotor v, enables the detection of
rotor tip damage from the aerodynamic state of the wake.
Therefore, the effect of rotor tip damage on the rotor wake
velocity must be investigated.

This study aims to demonstrate a system for detecting ro-
tor tip damage of a quadrotor in-flight using an additional
sensor, which is an ultrasonic anemometer monitoring rotor
wake velocity. First, the wake of a small quadrotor was vi-
sualized to clarify the difference in wake structure between
damaged and normal rotors. Second, the wake flow speed
was measured using the hot-wire method and an ultrasonic
anemometer to evaluate v, change caused by rotor tip dam-
age. The aerodynamic parameters of rotor-tip damage de-
tection using an ultrasonic anemometer were defined from
the two experiments. Third, rotor tip damage detection was
demonstrated based on the results of ultrasonic anemometer
measurements.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the wake flow visualization of the quadrotor.
Section 3 presents the hot-wire velocimetry of a quadrotor
wake. Section 4 introduces an algorithm for estimating v,
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using an ultrasonic anemometer. Section 5 describes vy
measured by the ultrasonic anemometer; additionally, a pa-
rameter for detecting rotor-tip damage is proposed and dem-
onstrated. Finally, Section 6 concludes the paper.

2. Flow Visualization of Damaged Rotor Wake

Flow visualization was conducted to clarify the flow struc-
ture of a quadrotor wake with a damaged blade. The quadro-
tor wake was visualized using the quadrotor model because
the wake structure is different between isolated rotor and
quadrotor, which causes flow interaction with each other.
2.1. Setup and conditions of the experiment

The experimental quadrotor model is illustrated in Fig. 1.
The model is composed of three normal rotors and an evalu-
ation target rotor. The rotors were FC propeller 9045 with a
diameter of 228.6 mm, manufactured using nylon. The rotor
shaft distance between the rotors in the diagonal position was
450 mm. The quadrotor model was 900 mm above the floor.
The rotor height is over seven times the rotor radius. Thus,
the ground effect for the rotors is negligible because the rotor
thrust does not change when the height is greater than 1.5
times the rotor radius. The rotational speed was controlled
using an electric speed controller and a DC brushless motor.
The rotational speed of the four rotors was 4800 rpm with a
closed-loop control. The rotational directions are shown in
Fig. 1. The rotor speed was set such that four rotors could lift
a 1.2 kg quadrotor with four rotors.

The evaluation target rotors had four configurations: nor-
mal, and chipped at 1, 2, and 10 mm in the flow visualization.
Figure 2 shows the experimental target rotors, and Table 1
lists the experimental conditions. Figure 3 shows the exper-

Normal rotor <i W z

\
e,
4
6\6‘

Normal rotor

Support pillars
of ultrasonic
anemometer

N

Normal rotor Damaged

Fig. 1. Quadrotor model used in downwash measurement.

2R =228.6 mm

Chipped
length

0 mm
1 mm
2 mm

10 mm

Damaged part

Fig. 2. Experimental target rotors with varied chipped part lengths.
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Table 1. Experimental conditions and quadrotor configurations.
Rotor speed 4800 rpm
Rotor diameter 228.6 mm
Distance between adjacent rotors 450 mm
Blade chipped length 0,1,2,10 mm
(Ratio to rotor radius) 0, 0.9, 1.6, 8.7) (%)
Rotational direction in top view Clockwise

- Fog
generator

R |
A Video
camera

Monitoring
target rotor

Paths of
ultrasonic
wave

i 1 4
Transmitters and
receivers

Fig. 3. Setup of flow visualization using smoke.

Table 2. Camera setting in visualization.

Shutter speed 1/1000 S
F-number 2.8

Camera gain 18 dB
Frame rate 960 fps

imental setup and the paths of the ultrasonic waves. An ultra-
sonic anemometer was used for velocimetry as described in
Section 3. The anemometer measured the average v, along
the path lines.

The rotor wake was visualized using smoke generated
with a fog generator (Dainich, Porta Smoke PS-2005). For
visualization, smoke was injected onto the rotor at the tip
around the transmitter on the upper side to determine the
movement of the blade tip vortices. The visualized flow with
smoke was illuminated by a light-emitting diode. The flow
was subsequently captured by a video camera (Sony HDR-
AX700) operating at 960 fps over a span of 1s. The condi-
tions for the recorded frames are listed in Table 2. The cap-
tured frame was processed to magnify its brightness and clar-
ify the positions of the blade tip vortices. The visualization
shows the vortex core as a small black point. The wake flow
structure can be clarified by tracing the movement of the vor-
tices. Furthermore, the captured frames were sorted in the ro-
tation phase of the rotor blade based on different capture tim-
ings. The movement of the vortices from the sorted frames
can be understood because the phenomena of the rotor wake
are periodic.
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2.2. Results

Figures 4(a) and 4(b) show the visualized quadrotor wake,
focusing on the blade tip vortices. Figure 4(a) shows the
frames captured during the rotation phase (1) of the chipped
blade at 10° and 190°. Figure 4(b) compares the visualized
wake at 275° when the chipped lengths are 1 and 2mm.
Cross marks indicate the centers of the blade tip vortices gen-
erated from normal rotors, and plus marks indicate those
from damaged rotors. The vertical lines indicate the horizon-
tal position from the rotor center in steps of 10%. The slanted
broken line shows a midline between the pair of ultrasonic
wave paths in the ultrasonic anemometer measurements. 6
is the angle of the line to the plane of the rotor disk.

The visualized flow shows that the blade tip vortices
moved downward, passing through the ultrasonic wave
paths. When the tip was not chipped, the vortex trajectory
crossed the ultrasonic wave path at r/R = 0.75. When the
tip was chipped (1 mm), the trajectory of the blade tip vorti-
ces was almost the same as when it was not chipped.

However, noticeable variations in vortex trajectories were
observed between the damaged and the undamaged blades
when the chip in the blade length exceeded 1 mm. Vortices
originating from the damaged rotor intersected the ultrasonic
wave path at 7/ R = 0.75. The vortex trajectory from the nor-
mal blade crossed the ultrasonic wave path at /R = 0.85.
Flow visualization showed that the black area in the center
of the vortices became large when the chipped blade length
was greater than 1 mm. It seemed that the vortices from the
damaged blade were somewhat stronger compared to those
from the normal blade. Blade tip vortices interfere with each
other and change the trajectories. Particularly, when the
blade damage extended beyond 2 mm, pronounced vortices
from the damaged blade seemed to deflect the vortices of
the undamaged blade further outwards, leading to bifurcated
trajectories.

The velocity difference along the path was predicted from
the perspective of v, on the ultrasonic wave path. With two
undamaged blades in operation, a velocity oscillating at
160 Hz is attributed to both the vortex sheet and blade tip
vortices passing the trajectory at twice the revolution fre-
quency of the rotor of 4800 rpm. When one blade is chipped,
an 80 Hz oscillation in the velocity can be observed accord-
ing to the rotor revolution frequency. Therefore, observing
and analyzing the rotor wake velocity change in the fre-
quency domain can identify blade tip damage during flight.

In Section 3, the state of the wake velocity is evaluated us-
ing hot-wire velocimetry to clarify the effect of blade chip-
ping on the rotor wake velocity.

3. Downwash Velocity Measurement using Hot-wire
Velocimetry

vy of rotor was evaluated using hot-wire velocimetry. The
primary objective of the experiment was to elucidate the im-
pact of blade tip damage on rotor wake velocity and identify
a parameter for detecting such damage by focusing on v,.
The flow visualization showed the difference in the trajectory
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Fig. 4. Vortices generated from rotor tips in variation of chipped length.

of the blade tip vortices caused by blade chipping. Thus, ro-
tor vy near the trajectory of the blade tip vortex pass was the
focus of this experiment.
3.1. Experimental setup

The quadrotor model and rotor were the same as those
used in the flow visualization. We measured v, at 10 points
on the ultrasonic wave path. The positions of v; measure-
ment are listed in Table 3 and shown in Fig. 5. The measure-
ment points were set on the midline of the two ultrasonic
wave paths in Fig. 5(b), which shows the cross section of
quadrotor wake (A—A’ plane in Fig. 5(a)) on the measure-
ments point. v; was measured using hot-wire velocimetry
(Kanomax, Smart CTA7250) at these points. The rotation
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Table 3. Hot-wire measurement positions.
r/R 0.33 0.41 0.48 0.56 0.63
r, mm 38 47 55 64 72
z, mm 72 66 61 56 51
r/R 0.71 0.78 0.85 0.93 1.00
r, mm 80 89 97 106 114
Z, mm 45 40 35 29 24
*R = 1143 mm.

phase for all cases was synchronized in the measurements us-
ing a photo reflector. The hot wire velocimetry conditions are
listed in Table 4. The measurement frequency was 20 kHz
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and sampled for 0.5s. The hot-wire probe was calibrated at
0, 7, and 14 m/s using a small wind tunnel. The measured
Iig{}}%é‘l vy at each point was recorded using a data logger, and the

power spectrum density (PSD) in the frequency domain was
analyzed.
3.2. Results and discussion

A n Ch1 pe d Figure 6(a) shows the average v, and the standard devia-

tion (SD) of v, at the measurement positions. The points

T .
() Top view show the average velocity, and the error bars show the stand-

pOSition rmm | zmm ard deviation. Figure 6(b) shows the downwash velocity at
Transmitter 1 | 1254 7.8 r/R =0.78, 0.85, and 0.93 in the time domain. Figure 7
Receiver 1 24.6.  70.2 .
; shows the power spectral density (PSD) of the downwash
Transmitter 2 1254  26.8 d in the fi d . R=078. 085 d
Receiver 2 246 892 speed in the frequency domain at /R = 0.78, 0.85, an

0.93. In the experiment, the SD and PSD were calculated us-

S/enter of quadrotor I ing the following equations:

r
i Transmitter R J
] 4 SD = \/ S i — 0a), (M

i
i
! %—NZH%, )
; Recglve | f |
; va(f)
! N PSD(f) = 3)
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I wave paths DA+ 90N
i NN
! Downwash measurément . Table 4. Conditions of hot-wire anemometry.
I Pomts on the middle of Transmitter
i the wave paths 2 Sampling rate 20kHz
(b) Side view (A—A’") Probe Tungsten wire X-type probe
Method Constant temperature anemometry
Fig. 5. Measurement points of v, using hot-wire velocimetry. Calibration speed range 0_14m/s
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Fig. 6. V, distribution under rotor in hot-wire velocimetry.
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Fig. 7. Power spectral density of v, in frequency domain measured using hot-wire velocimetry.

where number of samples N was 10000; v; is the downwash
speed at sampling timing, vy(f) is Fourier transform of vy,
and 7 is the sampling time period between the start and end
of PSD calculations (0.5 s).

When the blade chipped length was smaller than 2 mm, a
significant oscillation of v, was observed at r/R = 0.85
(Fig. 6(a)). Under the conditions studied, an oscillation was
discerned with a period of 6.25 ms (160 Hz) (as depicted in
Fig. 6(b)). Notably, this frequency corresponds with the path
passage of the vortices originating from the undamaged
blades.

When the chipped length was the same as or greater than
2mm, the downwash speed oscillation was significant at
r/R = 0.78 and 0.93 (Fig. 6(a)). The oscillation frequency
was 80 Hz, which coincided with the frequency of the vorti-
ces passing through the path from the damaged blade.

As the blade chipped length increased from 1 to 2 mm, the
SD of v, increased at r/R = 0.71, 0.78, and 0.93 (Fig. 6(a)).
In contrast, the SD of v, decreased at /R = 0.85.

In Fig. 7, a peak PSD is observed at 80 Hz and 160 Hz
under the experimental conditions. The 160 Hz frequency co-
incided with the frequency of the rotor blade passing at
4800 rpm with two blades. The PSD peak occurred at 160 Hz
when the chipped length was 0 or 1 mm. When the chipped
length was equal to or greater than 2mm, the PSD peak
shifted from 160 to 80 Hz. When the blade chipped length
was less than 2 mm, the blade tip vortices passed the meas-
urement points at the same position along the trajectory, as
shown in the flow visualization. Thus, the downwash speed
oscillation was observed at the same point with the same fre-
quency of 160 Hz.

The hot-wire velocimetry results agreed with the flow vis-
ualization results and showed v, oscillation of 160 Hz when
the chipped length was 0 or 1 mm. The flow visualization re-
sults explained the shift of the v, oscillation peak from 160 to
80 Hz. When the chipped length was greater than 1 mm, the
trajectory of the blade tip vortices from the damaged and nor-
mal blades broke into two in the visualization. Therefore, the
downwash speed oscillation was significant at two of the
measurement points, and the oscillation frequency shifted
from 160 to 80 Hz because the vortex trajectories crossed
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at different points.

From the perspective of damage detection at the blade tip,
blade chipping can be detected by observing the shifting
power spectral density at the downwash speed in the fre-
quency domain.

Therefore, it is assumed that setting the threshold at the
power deviation in the averaged downwash speed indicates
blade damage over a 1 mm chipping. In particular, the power
deviation at the rotor revolution frequency is appropriate for
observing blade tip damage.

Although hot-wire velocimetry detected blade tip damage,
the validity of downwash measurements using ultrasonic
sensors is unclear. In hot-wire velocimetry, the flow speed
is noted at specific points. An ultrasonic anemometer meas-
ures the average v, on the path, in contrast to hot-wire veloc-
imetry, which measures specific points on the path. There-
fore, the feasibility of using an ultrasonic anemometer for
blade damage detection will be clarified and discussed in
Sections 4 and 5.

4. Method of Downwash Speed Estimation using an
Ultrasonic Anemometer

In this section, the downwash estimation method is briefly
described. The detailed measurement process has been de-
scribed in a previous study.!" The waveform propagates be-
tween the transmitter and receiver set under the rotor. The
wave travels along the path at a speed that is the sum of
the sonic speed and v, component linear to the path. There-
fore, the rotor v, can be estimated from the traveling time of
the ultrasonic wave along the path below the rotor. The ultra-
sonic anemometer comprised two pairs of ultrasonic trans-
mitters and receivers arranged under the rotor (Fig. 5). vy
was calculated from the time of the upward and downward
paths of the ultrasonic wave as follows:

1 1
Law tup ’

where 14, and t,, are the times required for the downward
and upward travel, respectively. L is the length of the ultra-
sonic wave paths in the downwash. In Eq. (4), v, does not

L
vy =
7 2%in6

“
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Fig. 8. Estimated averaged v, on wave path using ultrasonic anemometer and power spectrum density in frequency domain.

depend on the sonic speed when calculated using ¢4, and ¢,,.
This formulation assumes that v, is constant on the ultrasonic
wave paths and that the vertical component of the velocity is
dominant in the downwash. It should be noted that the ampli-
tude and waveform of the received ultrasonic wave varied
because of the passing distance and disturbed downwash.
The passing time can be estimated by applying an extended
Kalman filter with the ultrasonic transmitter and the receiver
outputs, the same as in a previous work.'"

5. Rotor Damage Detection using an Ultrasonic Ane-
mometer

In Section 3, we verified that the rotor downwash velocity
distribution undergoes alterations owing to damage at the
blade tip of the rotor blade. In this section, downwash esti-
mation using an ultrasonic anemometer is presented, and a
method to detect blade tip damage is proposed. The feasibil-
ity of this method is examined using simulations.

5.1. Downwash speed estimation
5.1.1. Experiment setup and condition

The rotor downwash speed was estimated using an ultra-
sonic anemometer for the variation of chipping damage. The
evaluation target rotor was chipped 1, 2, 3, 5, and 10 mm on
one side. V; was observed using an ultrasonic anemometer.
Two pairs of ultrasonic transmitters and receivers were ar-
ranged below the rotor. In the experiment, the sensors were
isolated from the quadrotor model to avoid the effects of
quadrotor vibration. The ultrasonic wave paths were inclined
toward the rotor plane to measure the components of v, lin-
ear to the paths. The downwash speed was calculated from
the difference in arrival times between the two pairs of sen-
sors. The length of the path travelled by the wave (L) was
116.7mm. Receivers measured the ultrasonic wave at
500 kHz for 0.5 s. Measured data from the two pairs of sen-
sors were recorded with a data logger and processed using a
computer, which was not an onboard system. The rotor speed
was 4800 rpm, which was the same as that in the hot-wire
velocimetry.

5.1.2. Results
The measured v, values when the blade was chipped 0, 1,
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2, and 10 mm using the ultrasonic anemometer are shown in
Fig. 8(a). The PSD of the estimated downwash speed is
shown in Fig. 8(b).

vy oscillates at one and two times the rotor revolution fre-
quencies at 80 and 160 Hz, respectively. The oscillation am-
plitude of the damaged rotor exceeded that of the normal
rotor (Fig. 8(a)). The PSD of v, indicated that the domi-
nant oscillation frequency was 80Hz when the chipped
length was greater than 1 mm and that the peak value of
the PSD at 80 Hz increased as the chipped length increased
(Fig. 8(b)). The dominant oscillation frequency coincides
with the revolution frequency of the damaged blade. The re-
sults of the measured v, imply that the ultrasonic anemome-
ter can detect rotor tip damage similarly to hot-wire velocim-
etry, as discussed in Section 4.
5.2. Rotor damage detection index

It was verified that v, measured using an ultrasonic ane-
mometer was sensitive to blade-tip damage and v; could
be used to detect the blade-tip damage. In this study, we pro-
pose a method for detecting blade-tip damage by monitoring
the ratio of PSD of v, at 1 and 0.5 revolution frequencies.

The blade-tip damage index J is defined and verified for
the damage detection of the rotor blade as follows:

PSD,
PSDy 5

where PSD is the PSD at revolution frequency (80 Hz), and
PSDy 5 is the half-revolution frequency (160 Hz). The PSD
of vy was calculated from the measured v; with N = 400.
The sampling frequency was reduced from 20 kHz to 4 kHz
to minimize computational cost. Therefore, 7 was 0.1s,
which corresponds to a period of eight revolutions of the ro-
tor. The PSD peak frequencies can shift within 2 Hz in fast
Fourier transform analyses. Thus, local PSD peaks were
searched around 80 and 160 Hz in the calculation process
for evaluating J.

Figure 9 shows the time history of J evaluated from meas-
ured V,; using the ultrasonic sensor, when rotor was chipped
1,2, 3,5, and 10 mm on one side. It can be observed that J of
a damaged rotor larger than 1 mm is larger than that of a nor-
mal rotor. J values of the normal and 1 mm chipped rotor
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Fig. 9. Time histories of rotor blade-tip damage index J for variation in
blade chipped length.

were below 5. When the chipped length was larger than

1 mm, J ranged from 4 to 14 and was over 5 at most of the

measurement timings. Therefore, J can be used to detect

blade-tip damage by adopting a threshold value.

5.3. Simulation of rotor tip damage detection according
to scenario

The damage-detection method was subsequently applied
to a rotor displaying signs of damage, and the effectiveness
of this approach was systematically evaluated. To demon-
strate the feasibility of the proposed method, damage de-
tection using threshold values was studied by assuming a
scenario.

In this scenario, the blade lost a tip of 2 mm during hover-
ing flight, and a chipping event occurred at 0.4 s. The down-
wash speed estimation method was applied to damage sce-
nario data, and the proposed damage index J was simu-
lated. The data was composed of v; without blade damage
for 0.4s and with 2mm chipped damage for 0.4 s, which
was measured using the ultrasonic anemometer. J was cal-
culated from the last 0.1 s and appeared from 0.1s in the
simulation.

In this case, Fig. 10 shows the change in J, which in-
creased from under 2.5 to over 4.0dB after the damage oc-
curred at 0.4 s. The 2 mm chipped damage can be detected by
applying a threshold value of approximately 4.0 dB. The pro-
posed method detected a damage size of 2 mm, which was
0.9% of the rotor diameter. The rise time of damage index re-
acting to rotor damage was approximately 0.08 s, sufficiently
faster than airplane dynamics. Consequently, the proposed
method has sufficient sensitivity for detecting small damage.
The response is sufficiently fast for application to the fault-
tolerant control of a multirotor airplane recovering from dis-
turbed dynamics.

Although it was expected that the threshold value of J
would depend on the rotor diameter and revolution speed,
the simulation results demonstrated the feasibility of the
method for detecting rotor tip damage using downwash mon-
itoring with an ultrasonic anemometer. It is worth highlight-
ing that this method distinguishes itself from prevailing alter-
natives by virtue of its monitoring focus. While most existing
methodologies concentrate on monitoring rotor vibrations,
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Fig. 10. Simulated J for blade chipped 2 mm during hovering flight.

accelerometer outputs, angle of elevators or auditory signals
emanating from the rotor,>® this particular technique em-
phasizes the monitoring of flow state. Consequently, it intro-
duces a unique perspective to the field of rotor analysis and
damage detection.

Calculation cost reduction and arrangement of appropriate
sensor positions are topics for future research. To validate the
method for small multirotors, the calculation cost was re-
duced to estimate the v, required for the onboard system be-
cause our method uses an extended Kalman filter. The sensi-
tivity of the downwash estimation depends on the positions
of the transmitters and receivers and the inclined angle of
the ultrasonic wave paths. Increasing the angle can enhance
the estimation accuracy. The arrangement of the ultrasonic
receiver and transmitter is related to the trade-off problems
between accurate downwash estimation and minimization
of the system weight. Although this study focuses on hover-
ing multirotors, consideration of wake structure changes in
forward flights is required.

6. Conclusions

The wake flow of a quadrotor with a damaged rotor blade
was visualized, and the downwash speed was measured us-
ing hot-wire velocimetry and an ultrasonic anemometer.
Based on the experiments, a method was proposed to detect
blade tip damage by monitoring the power spectrum density
of the downwash speed using an ultrasonic anemometer.

Flow visualization showed that the trajectory of the blade
tip vortices depended on the length of the chipped part be-
cause the vortex trajectory from the normal blade was moved
to the outer side of the rotor by vortices from the damaged
blade. Hence, the downwash speed distribution changed pe-
riodically with the rotor revolution frequency when the rotor
tip was damaged by >1 mm.

Based on the experimental results, an index value J was
proposed to detect blade tip damage based on the PSD of v,

\
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at one and one-half revolution frequencies, and the damage
was detected using an ultrasonic anemometer. This method
can detect a 0.9% loss of the rotor blade tip by employing
an appropriate threshold value in hovering condition in a
simulation scenario. The technique to detect blade tip dam-
age in hovering flight by sensing wake flow was verified,
which contributes to the construction of a robust multirotor
control system.

The crosswind and flight speed affect the downwash speed
distribution, and the threshold value was set to reflect the
flight conditions. Future tasks include detecting rotor blade
tip damage using an ultrasonic anemometer under a wide
range of flight conditions.
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