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Non-intrusive flowrate measurement and monitoring system of

plant-protection unmanned aircraft systems based on pump voice analysis

Yang Xu'?, Xinyu Xue*", Zhu Sun'?, Wei Gu'~
(1. Nanjing Institute for Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China;
2. Sino-USA Pesticide Application Technology Cooperative Laboratory, Nanjing 210014, China)

Abstract: Application of Unmanned Aircraft Systems (UAS) for plant protection is becoming a common tool in agricultural
field management. To avoid shortcomings of intrusive flowrate sensors including poor measurement accuracy and poor
anti-vibration ability, a non-intrusive flowrate measurement and monitoring system of plant-protection UAS was developed
based on pump voice signal analysis. It is mainly composed of STM32 processor, microphone and signal-conditioning circuit.
By collecting and analyzing the voice signal of the pump in the UAS, the monitoring system will output the real-time values of
spraying flowrate and amount.  An extraction model was developed to determine operation status and primary frequency of the
pump based on voice signal analysis. Real-time spray flowrate can be determined from the real-time extracted primary
frequency and the fitted correlation formulas of spraying flowrate under outlet area and pump primary frequency. The
flowrate correlation equation of one certain pump from 4-rotor UAS 3WQFTX-1011S was obtained, the max deviation rate of

fitted spray flowrate was only 2.8%.
less than 1%.

In primary frequency extraction test, the error rate of primary frequency extraction was
In the 4-rotor UAS flight tests: the max deviation of operating starting/end point was only 0.7 s and the max

deviation of extracted total operating time was only 0.8 s; the deviation of extracted spray flowrate was less than 2%, and the

max deviation rate of total spray amount was 3.2%.
non-intrusive flowrate measurement and monitoring.

This research could be used as a guidance for plant-protection UAS
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1 Introduction

With rapid development of aviation plant protection science
technology in Asia, Unmanned Aerial Systems (UAS) is playing a
more and more import role in plant protection>?. Xue et al.F!
developed an UAS based automatic aerial spraying system, to
perform plant-protection operations. Qin et al.”! studied the
influence of spraying parameters, such as operation height and
operation velocity, of the UAS on droplet deposition on the rice
canopy and protection efficacy. Yallappa and Veerangouda!
developed and evaluated the UAS mounted sprayer for pesticide
applications to crops. Iwasaki and Torita® evaluated the spatial
pattern of windbreak effects on maize growth using UAS.
Different from ground machinery, plant protection UAS does not
require dedicated spot for take-off and landing, it embraces short
turning radius and causes no damage to crops during operation.
More importantly, it can be applied in complex terrain including
hills, mountains, slopes and paddy fields. In the last decade,
Research on plant protection UAS is concentrated on UAS
operation parameters  optimization!’®,  variable-rate  spray
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[9,10] [11,12]

technology droplets  deposition distribution  tests
downwash airflow simulation®®® and high resolution-based
remote sensing applications!’®*). To the year of 2018, China
owns over 30 000 plant protection UAS.

Currently, intrusive sensors like turbine flowmeter are widely
used for UAS spraying flowrate monitoring, provided with poor
measurement  accuracy, poor anti-vibration ability, poor
accessibility to different UAS pipelines and easily blocked due to
sedimentations. Moreover, pesticides corrosiveness reduces the
measurement accuracy and service life of those intrusive sensors.
As inherent signal emitted by machine, machine voice carries not
only the structural information but also the operating status.
Through voice signal processing including feature extraction and
pattern recognition, online operating status monitoring and faults
forecasting of machine can be realized"®?Y. Mannan et al.l?
studied on texture analysis of machined surfaces and signal
processing of sound generated by machining process and
investigated the correlation between tool wear and quantities
characterizing machined surfaces and sound pattern. Basavaraj et
al.”® approached detection and localization of faults in
motorcycles, by exploiting the variations in the spectral behavior.

In this study, a non-intrusive flowrate measurement monitoring
system of plant protection UAS was developed based on pump
voice signal analysis. Employing the double-threshold method
and the Pauta Criterion, a pump operation status and primary
frequency extraction model was proposed. Real-time spray
flowrate and amount was calculated and displayed in the
monitoring system, based on the extracted pump status data and
fitted flowrate formulas of pump under different outlet area (i.e.,
nozzles outlet areas) and pump primary frequency (i.e., the rotation
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speed of pump motor).

2 Operational principle

The spray system of plant protection Unmanned Aircraft
Systems (UAS) is composed of power supply module and spraying

implement devices which includes water tank, pump, pipelines and
nozzles. At present, most of the plant protection UAS are
equipped with low-pressure hydraulic system and single-chamber
diaphragm pumps in China®*?®). The working principle of the
single-chamber diaphragm pump is shown in Figure 1.

C

Suction

——

Discharge

Figure 1  Operational principle of the single-chamber diaphragm pump

When the pressure is zero in the pump (p=0), the discharged
liquid volume in each diaphragm reciprocation is fixed, i.e., the
flowrate of the pump is constant, which is defined as

Sp=0(f)=Fpeg ()
where, Sy is the pump flowrate when p=0, L/min; f is the pump
primary frequency (i.e., the rotation speed of pump motor), Hz;
Vp—o is the volume change for each suction-discharge of the pump
when p=0. In actual spray operations, different types and
numbers of nozzles will be installed in the spraying systems for
different requirements. In the hydraulic spraying system, because
the pump outlet area A; is much larger than the outlet area of the
nozzles A, (i.e., A> A, ), pressure will be generated in the

2

2
pipeline and pump p:pZZ >0 (0.1-04 MPa). Redefine the
g

pressure as
Pre=APun(f, A) @
where, f is the pump primary frequency, Hz; A is the outlet area of
the nozzles, mm?; py is the actual pressure, MPa; 4 is the pressure
coefficient; py, is the theoretical pressure, MPa.
The flowrate of the diaphragm pump under pressure is defined

as follows
S.=A /—pfeg =asSu(f,A) 3
P

where, S, is the actual flowrate, L/min; Sy, is the theoretical
flowrate, L/min; « is the flowrate coefficient; g is the gravitational
acceleration; p is the liquid density inside pump, g/cm®. It is seen
from Equation (3) that pump flowrate is related to pump primary
frequency and nozzles outlet area in low-pressure hydraulic system.
The actual flowrate formula can be obtained by performing
experiments, one specific flowrate formula will be extracted in the
section 5.1.

3 System design and data processing

3.1 Pump voice signal collection system design

A STM32-based flowrate monitoring system was designed to
acquire the pump voice signal, as shown in Figure 2. The
microphone adopted in the design is Adeline-AD20.

Flowrate monitoring system principle diagram is shown in
Figure 3. The monitoring system is composed of microphone,
signal conditioning circuit, A/D conversion module, power module
and 4G module. The sampling frequency is 44.1 kHz. RTK
positioning data can be derived combined with flowrate
information by connecting RTK module to the STM32 data
processor. The microphone is used to convert the pump voice

signal to electrical signal. The electrical signal is then converted
to digital signal through A/D module after signal conditioning
process. The digital signal is processed in STM32 processor and
uploaded by 4G module.

P
Figure 2 STM32-based monitoring system of pump voice signal
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Figure 3  Principle diagram of STM32-based monitoring system

3.2 Data processing of pump voice signal

The pump operation status and primary frequency extraction
model was designed (Figure 4). The operation time interval can
be considered as pre-processing of pump voice signal. Which is
determined by setting the energy threshold of pump voice signal at
High-frequency band; the real-time primary frequency of pump is
accurately extracted by employing the Pauta criterion.

Qutput signal
—

Input signal Operation interval

determination

Primary frequency
extraction

| Spectral energy | | SRR
Il thisshiold : | Pauta criterion

Figure 4 Pump operation status and primary frequency extraction
model

3.2.1 Operation interval determination

UAS pump operation status is determined by setting the
spectral energy threshold of collected pump signal. Define the
collected pump signal as x(n), n=0, 1,..., N-1, where n is the
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ordinal number and N is the signal length. The result of signal
performing the Short-Time Fourier Transform (STFT) is

0

X,.I (ejw) — Z X(m) . W(n _ m) . e—jmm

m=—0
where, {w(n)} is the window sequence; n is the time serial number
of frame synchronization; j? = -1; w is real variable, e is the
exponential operator. Discrete Time domain Fourier Transform
(DTFT) of the signal is

4)

N-1
X(n,e") =2 x,(m)e " ®)
m=0
Using the discrete Fourier Transform (DFT),
N1 _j2mkm
X(nk)= Y x,(mpe " (6)
m=0

where, k:w’%n(OSng—l). IX(n,k)| is the short-time

amplitude spectrum of x(n). The spectral energy density function
(power spectrum function) P(n, k) at time n is
P(n,k)=\X(n,k)\2 =(X(n,k))x(conj(X(n,k))) )
where, conj(*) is the conjugate operator. Setting the value of the
spectral energy threshold as
sum[P(f =8000 :16000)]nreshotd

If P(n, k=28000:16000) at time m exceeds the value of
sum[P(f = 8000:16000)] threshols» the pump status at time m is
recognized. It should be noted that the energy threshold value
should be adjusted for different pumps, UAS and sampling
frequency, windowing time length; the status pump operation
without water is considered as operating fault which is not studied
in this paper, the operation status is only divided into two modes
(on and off).
3.2.2 Primary frequency extraction

The Pauta Criterion was employed to extract the pump primary
frequency during UAS spraying. The rotation speed of diaphragm

FFT results of 0.05 s voice signal

FFT results of 0.1 s voice signal

pump is 20-80 Hz, so is the pump primary frequency. To erase
the influence of twice primary frequency (when primary frequency
fE[20:40), see Figure 5 in the following), we first divide the
analysis frequency band into two parts, [20:40) and [40:80), then
take steps as follows

a. Obtain the mean values of two frequency bands [20:40) and
[40:80): Average;, Average,;

b. Obtain the standard deviation of two frequency bands [20:40)
and [40:80): 1, J,;

c. Obtain the Maximum value of two frequency bands [20:40)

and [40:80): Maxi{f(w1)}, Maxo{f(wz)}, then calculate
Max{ f - A ;
[Max{ (w'g verage.\:ﬂi’ i=1,2, where, g; is the correlation

coefficient of primary frequency determination. In the research of
Rough deviation, it is adopted that B;>fthreshoia=3 (i-e., the 30
criterion).  w; is set as the pump primary frequency if £i>Brhreshold-
It is noted that the subscripts 1 and 2 refer to frequency bands
[20:40) and [40:80) respectively.

4 Pump voice signal analysis

To determine the windowing time length of collected voice
signal, and verify the feasibility of the proposed operation status
and primary frequency extraction model, finished ground and flight
tests are introduced in this section. During the tests, one certain
pump used in 8-rotor plant-protection UAS MG-1s was adopted.
4.1 Windowing time length determination

The pump voltage is set 9 V (low-voltage state), the rotation
speed of the pump motor is measured 34.63 r/s by Stroboscopic
velocimeter (DT2240B, measurement error 1 Hz). Extract pump
voice signal of 0.05 s, 0.1s,025s,05s,1s,and 2 s length is
extracted for Fast Fourier Transform (FFT) analysis, from the
microphone placed on pump head. The results are shown in
Figure 5 and Table 1.

FFT results of 0.2 s voice signal
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Figure 5 Effect of windowing time length on primary frequency extraction

As is shown in Figure 5, multiple extreme points (peaks)
number of the FFT result changes with different windowing time
lengths t. The extreme points number and curve of the FFT

results become stable when t> 0.2 s. To make detailed
comparison between different FFT results, first 4 extreme points of
each sub-figure are extracted in Figure 5 and put them in Table 1.
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It is seen from Table 1 that the extracted frequency of the 1st
extreme point is close to the measured rotation speed (34.63 r/s)
whent >0.2's. Itis also seen that the extracted primary of the 1st
extreme point with different windowing time length t=05s, 1 s,
and 2 s is minimal. When t=0.5s, 1 s, and 2 s, the value of 2nd
extreme point f, is twice as much as that of 1st extreme point fi;
similarly, f5 is triple of f;, f, is fourfold of f;.

Table 1 Results of frequency extraction

Windowing time length/s

0.05 0.1 0.2 0.5 1 2
f1 35.62  40.24 34.76 3491 3437  35.02
fa 71.3 70.42 69.51 69.82 68.75  69.05
fa 107 100.6 104.3 1047 1041 104.1
fa - - 139 1376 1385 138.1

Note: fi is the frequency of ith extreme point of FFT results, i=1, 2, 3, 4.

4.2 Pump operation status determination and primary
frequency extraction

To verify the feasibility of the operation status and primary
frequency determination model, the pump voice collected from
8-rotor plant-protection UAS MG-1s during flight was analyzed.
The pump primary frequency was measured before 8-rotor UAS
MG-1s took off, which was 61.00 Hz (voltage 14 V, high-voltage
state). The windowing time length is set 0.74 s (sampling
frequency is 44.1 kHz, Frame length N=32768), the spectral energy
threshold sum[P(f = 8000:16000)]thresnols = 10* dB.  Obtained
results are shown in Figure 6. It is observed that by setting the
spectral energy threshold, the pump operation starting and ending
points are determined during the UAS flight.

The pump voice signal during UAS flight is collected and
spectrogram analyzed, and the results of 12 s are shown in
Figure 7.

4 sum[P(8000:16000)]>10* dB
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Figure 6 Pump operation interval determination during UAS flight
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The time-varying regularities of w4, w,, B1, f» of Max{f(w1)},
Max{f(w,)} from corresponding frequency bands [20:40) and
[40:80) is analyzed , results are shown in Figure 8. It is seen from
Figure 8 that the primary frequency is stable and f=61.03 Hz
when Brpreshora=3.  The max(f;), min(B,) of another six sets of
pump voice signal from the same flight are calculated, results are
shown in Table 2. It is observed from the Table 2 that when we
set Brhreshold =3, primary frequency is in the [40:80) frequency
band.

Table 2 Max(8;), Min(8,) of pump voice signal
1 2 3 4 5 6

max(f1) 2.80 2.72 2.63 2.75 2.66 2.73
min(s2) 3.20 3.16 3.32 3.27 3.02 3.10
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Figure 8 Time-varying regularities of wy, w,, p1, B> of Max;{f(w,)} and Max,{f(w,)} of 8-rotor UAS

Figure 7 Spectrogram of pump the voice signal of 8-rotor UAS
during flight
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Results and discussions

In the following, one certain pump used in 4-rotor

plant-protection UAS 3WQFTX-1011S is analyzed. The pump
nameplate writes that the rated power is 60 W, maximum pressure
is 0.8 MPa and the maximum flow rate is 5 L/min.
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5.1 Pump flowrate fitting surface

To acquire the pump flowrate formulas at different rotation
speed (i.e., primary frequency) under different nozzle combinations,
4 kinds of nozzle combinations are employed during the test:
F110-02*2, F110-01*2+F110-015*2, F110-015*4, F110-015*2+
F110-02*2 (measured outlet areas are 1.23 mm? 1.52 mm?
1.89 mm? and 2.10 mm?, respectively). During the flowrate data
collecting process, stroboscopic velocimeter (DT2240B) was used
to determine the rotation speed of the pump motor; electronic
balance (YHC-LO01, maximum weighing 30 kg) was used to
measure the spray amount under different rotation speeds and
outlet areas (i.e., different nozzle combinations). The vertical
distance between the nozzles and pump is strictly less than 0.5 m.
Pump pressure knob is twisted to the end during the collection tests
and in the following. The obtained flowrate surface is shown in
Figure 9.

The fitting formulas is

Sre(n, A) =—7.052 — 2.745A +0.7197 f + 2.389 A2
—0.01202A- f —0.01743f% —0.5648A° (8)
+ 0.001213A%. f +0.0003414A- f*+0.0001371f°

The SSE (sum of squares due to error) of the fitting formula is

0.008149, which is close to zero. It is seen from Figure 9 that
pump flowrate increases as rotation speed and outlet area increase.
To verify the fitting accuracy, comparative tests are carried out
using another two nozzle combinations: F110-015*3, F110-015*3+
F110-02*1 (the measured outlet areas are 1.38 mm?, 1.92 mm?),
obtained results are shown in Table 3.

I Flowrate vs. Outlet area, Rotation speed ]

2.9

Flowrate/L-min’’

Figure 9 Fitting surface of spray flowrate with pump rotation
speed and outlet area

Table 3 Comparison of measured and fitted results of spray flowrate

Measured Rotation speed of pump motor/r s
outlet area Maximum deviation rate
A/mm? 30.00 33.33 36.67 40.00 43.33 46.67
Measured flowrate/L min™ 1.79 1.98 2.04 2.06 211 217
1.38 . 4 2.8%
Fitted flowrate/L min 1.80 1.95 2.03 2.06 2.08 211
Measured flowrate/L min™ 214 2.30 2.40 249 2.56 2.61
1.92 . 4 1.7%
Fitted flowrate/L min 2.12 2.29 2.39 2.46 251 2.59

It is observed from Table 3 that similar to result in Figure 9,
spray flowrate increases as outlet area or rotation speed increases.
When A=1.92 mm?, the fitted flowrate is not stable: the fitted
flowrate value exceeds the measured one when rotation speed<
40 r/s, while fitted flowrate value is less than measured one when
rotation speed>40 r/s. However, when A=1.38 mm?, fitted
flowrate value remains less than measured one. But the maximum
deviation rate of fitted spray flowrate is only 2.8%, which attains
high fitting degree.

5.2  Flight tests of UAS spraying under manual and
autonomous control

To determine the measurement accuracy of flowrate
monitoring system, the following tests were conducted in Henan
Anyang test base. 4-rotor Plant-protection UAS 3WQFTX-1011S
was used under manual control and autonomous control. Two
nozzle combinations were employed during the test: F110-010*4
and F110-015*4. The flowrate of different nozzle combinations
was measured by electronic balance (YHC-L01) before flight. To
measure the total spray amount, we recorded the weight of the UAS
before take-off and after landing, measured by portable electronic
scale (WeiHeng, maximum weighing 50 kg). Stopwatch was used
to record each time when the pilot turned on/off the UAS pump
operating switch. During the tests, we set sampling frequency as
44.1 kHz, frame length N = 32768, spectral energy threshold
Sum[P(f:8000:lGOOO]Threshold:3><|-04 dB, Brhreshold=3.

5.2.1 Flight tests of UAS spraying under manual control

In this test, 4-rotor plant protection UAS 3WQFTX-1011S was
used in manual flight control mode. Four nozzles of F110-010 at
UAS first flight were installed, and four F110-015 nozzles at
another two flights. Employing the pump operation status

determination model, endpoints extracted from the collected signals
are shown in Figure 10.

It is seen from Figure 10 that, the spectral energy of collected
signal remain less than the threshold during take-off, flight without
spraying and landing, so the spraying status remains zero at those
intervals; when the pump operates during the flight, the spectral
energy exceeds the threshold and the spraying status changes to 1.
The spectral energy expands quickly and greatly, at the very
beginning of pump operating of each time. However, at third
flight, the spectral energy comes close to the threshold value in the
latter part of UAS flight spraying. It means the extracted
endpoints are sensitive to the spectral energy threshold, which
shouldn’t be set too high or low. The extracted flowrate is stable
during UAS flight, which remains invariable at the same flight.
And the flowrate also remains invariable at different flights under
the same outlet area (i.e., the second and third flight). Recognized
endpoints by setting spectral energy threshold and recorded pump
switch time by stopwatch are shown in Table 4.

It is clearly observed from Table 4 that, the deviation of
endpoints between extracted results and recorded results is low.
Each extracted starting/end point is head of the recorded, the max
deviation of starting point is 0.7 s, the max deviation of end point is
0.7 s.  While the extracted total time is close to the recorded
results, the max deviation is only 0.8 s. Which performs better
than that using double-threshold model (max deviation 2 s)%7,
The extracted Spray flowrate and total spray amount by Pump
operation status and primary frequency extraction model are shown
in Table 5.

As seen from Table 5, the extracted spray flowrate is close to
the recorded value, and the deviation of extracted spray flowrate
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is less than 2%. However, the total spray amount tends to
deviate away from the recorded value, i.e., deviation rate of total
spray amount is higher than that of spray flowrate. It is
because of the endpoints recognition deviation mentioned in

Table 4. Different from the result of spray flowrate, the
extracted total spray amount values all exceed those of recorded
values. While the max deviation rate of total spray amount is
still low (3.2%).

First flight Second flight Third flight
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Figure 10 Recognized pump flowrate during UAS flight by setting spectral energy threshold under manual control

Table 4 Endpoints recognized by setting spectral energy threshold and recorded by stopwatch

_ Extracted results by setting spectral energy threshold Results recorded by stopwatch Deviation
Flionts Starting/s End/s Operation time/s Starting/s End/s Operation time/s Starting deviation/s End deviation/s

115.7 182.8 67.1 1159 183.5 67.6 0.2 0.7
202.8 256.3 535 202.8 256.7 53.9 0 0.4
! 266.4 303.2 36.8 267.1 303.6 36.5 0.7 0.4
Total recognized time/s 157.4 Total recorded time/s 158.0 Total Deviation/s 0.6
119.3 150.4 311 119.4 151.0 31.6 0.1 0.6
2 169.8 198.9 29.1 170.0 199.4 29.4 0.2 05
Total recognized time/s 60.2 Total recorded time/s 61.0 Total Deviation/s 0.8
38.7 70.2 315 39.0 70.6 316 0.3 0.4
3 94.5 1234 28.9 94.7 124.0 29.3 0.2 0.6
Total recognized time/s 60.4 Total recorded time/s 60.9 Total Deviation/s 0.5

Note: The reaction time was ignored during recording the time of pilot turning on/off the pump switch by stopwatch.

Table 5 Spray flowrate and total spray amount recognized by extraction model and recorded by graduated cylinder,
portable electronic scale

Spray flowrate

Total spray amount

Flights
Extracted value/L min™ Recorded value/L min™ Deviation rate/% Extracted value/L Recorded value/L Deviation rate/%
1 2.00 1.99 05 5.29 5.20 1.7
2 2.56 2.48 3.2
2.50 2.53 12
3 2.55 2.50 2.0

5.2.2 Flight tests of UAS spraying under autonomous control
Autonomous flight control mode of 4-rotor plant protection
UAS 3WQFTX-1011S was adopted in this test. Four F110-010
nozzles are installed at the first flight, and four F110-015 nozzles at
the second flight. The spray is automatically on if UAS’

horizontal speed exceeds 3 m/s. In this test, portable electronic
scale (Weiheng) was used to measure the total spray amount.
Extracted endpoints and Flowrate results are shown in Figure 11
and Table 6.
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Table 6 Total spray amount recognized by extraction model
and recorded by portable electronic scale

Flights  Extracted value/L min™  Recorded value/L min™ Deviation rate
1 1.61 1.64 1.8%
2 5.28 5.30 0.4%

x10* First flight

3.0

25

2.0

Flowrate/L-min™'
7

tls

0 20 40 60 80 100

In Figure 11, each spraying interval and flowrate of first flight
or the second can be tracked. And the extracted flowrate
remains constant in the same flight, under the same outlet area. It
is seen from Table 6 that the difference between the extracted total
spray amount and the recorded is low, the deviation rate is less than
2%.

%10* Second flight

0 50 100 150
t/s

Total spray amount 5.28 L

3.0

2.5

2.0

Flowrate/L-min"
G

0 50 100 150
tls

Figure 11 Extracted endpoints during UAS flight under autonomous control

6 Conclusions

A STM32-based monitoring system was designed to acquire
the pump operating status and operating primary frequency during
UAS flight based on the collected pump voice. In pump voice
analysis test, the extracted primary frequency (i.e., the rotation
speed of pump motor) comes close to the measured value by
Stroboscopic velocimeter when microphone placed on the pump
head and voice windowing time length t>0.2 s; the error rate of the
extracted pump primary frequency is less than 1% when
windowing time length t=0.74 s. A pump operation status and
primary frequency extraction model was proposed based on
collected pump voice analysis. In the test, 8-rotor plant-protection
UAS MG-1s operating status was determined, by setting the
spectral energy threshold sum[P(f = 8000:16000]hresnoig = 10* dB;
employing the Pauta criterion, the extracted UAS pump primary
frequency of UAS pump was close to measured value during UAS
flight spraying (difference is only 0.03 Hz). The operating status
of 4-rotor UAS 3WQFTX-1011S is determined by setting energy
threshold sum[P(f = 8000:16000]threshold = 3x10* dB, the max
deviation of operating starting/end point is only 0.7 s and the max
deviation of extracted total operating time is only 0.8 s.

A flowrate fitting formula of 4-rotor plant protection UAS
3WQFTX-1011S was obtained under different outlet area and
pump primary frequency. In the comparative test, the max
deviation rate of fitted spray flowrate is only 2.8%. In the UAS
flight tests under manual and autonomous control, the monitoring
system could output the real-time values of spray flowrate and
amount, each operating interval and flowrate during flight could be
visually tracked; the deviation of extracted spray flowrate is less

than 2%, and the maximum deviation rate of total spray amount is
3.2%.
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