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ABSTRACT To ensure reliable and accurate operation in a complex field environment for Low-Slow-
Small unmanned aerial vehicle (LSS-UAV) tracking systems, a dynamic seal shafting structure consisting
of a labyrinthine structure and a magnetic fluid seal ring is designed to protect important equipment, such
as the infrared sensor, visible CCD and the laser rangefinder from erosion and oxidation by the external
environment. A friction torque model is established for the system’s dynamic seal structure to ensure tracking
accuracy of the system. The simulation results show that the closed-loop speed accuracy of the system is
improved by nearly 10 fold after adding friction torque compensation. The actual test results show that
including friction torque compensation can effectively reduce the start-up delay and speed fluctuation error,
and the speed fluctuation error is reduced by more than 80% compared to that without friction torque
compensation. The tracking accuracy of the dynamic LSS-UAV is reduced from 56.44 purad to 14.86 prad
after adding friction torque compensation, which meets the requirement of smooth and accurate tracking for
LSS-UAV tracking systems, and verifies the effectiveness and accuracy of compensation for the dynamic

seal friction torque.

INDEX TERMS Friction torque, LuGre, magnetofluid, tracking system.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are widely used in the
fields of video shooting, news reporting, geographic map-
ping, search and rescue and military reconnaissance, for
example, which has greatly improved work efficiency in
these areas. However, the existence of illegal flights poses
a potential security risk to the flight safety of the airport,
the security of major event sites and important military facil-
ities, and some lawbreakers even use UAVs to engage in
unlawful investigation, drug trafficking, smuggling and other
unauthorized and criminal activities [1], [2], [3]. With the
application of UAV drone bee colony technology, the three-
dimensional attack mode formed by various small unmanned
equipment poses a new challenge to the defense systems of all
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countries [4], [5], [6]. Therefore, there is an urgent need to
research detection equipment for small UAVs flying at low
altitudes and with slow flying speed (LSS-UAVs). At present,
there are three commonly used locating methods: radar detec-
tion, acoustic detection and photoelectric detection, of which
the photoelectric detection method can use the sensitivity of
infrared detectors to thermal targets and easy to find small
targets; and the infrared image can intuitively reflect the char-
acteristics of the target, allowing distinguishing from similar
targets such as flocks of birds, thereby improving the success
rate of system detection [7].

After the photoelectric tracking system finds and locks an
LSS-UAV, the UAV can be driven away by jamming devices
or destroyed by a laser. The photoelectric tracking system
needs to have a very high follow-up tracking performance
to ensure the damage effect. Photoelectric tracking systems
mostly work in the wilderness, deserts, mountains and other
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harsh environments. To protect important sensors of the track-
ing system such as the CCD camera, infrared camera, laser
range finder or signal jamming equipment, dynamic sealing
technology is often used to solve problems of rain, dust or
oxidation. In the past, many methods including filling felt
oil rings or extruding U-shaped sealing rings in labyrinth
structures were used [8], [9], [10], but both these examples
cannot achieve a complete state of airtightness and water
tightness. Moreover, they bring great friction interference
torque to the servo control system, seriously affecting the
low-speed stability and speed control accuracy of the detec-
tion system [11], which further affects the tracking accuracy
of the target, and reduces the damage effect of the system’s
jammer or laser on the target.

Magnetofluid sealing technology is a magnetic fluid seal-
ing ring formed using a magnetic fluid under the action of
a magnetic field, through which it can form a closed space
of direct contact between the motion shaft system. This can
effectively seal the gas and liquid and avoiding direct friction
between the moving shaft system and the sealed construction.
The typical design and working principle of a centrifugal
magnetic fluid shaft seal were presented in [12]. Application
of magnetofluid sealing technology to the dynamic sealing
structure of aerospace engineering cylinders was introduced
in [13]. The technology was applied to the shaft sealing struc-
ture of a rotary blood pump, and a satisfactory sealing effect
was achieved [14]. We apply this magnetofluid sealing tech-
nology to an LSS-UAV photoelectric tracking system. The
structural diagram of the pitch shafting of the photoelectric
tracking system is shown in Fig.1. In the shafting structure,
the U-shaped pitch frame is connected to the sealing load
cabin that contains important sensors, such as the infrared
sensor, visible CCD and the laser rangefinder via a mag-
netofluid sealing ring that prevents the sensors from being
eroded by rain, dust or air oxidation. To ensure the system’s
reliability, a labyrinth structure and sealed hatch cover are
designed as auxiliary sealing structures.

Magnetofluid
sealing ring

@,

Labyrinth seal

U-framework

Pitching shafting
(including motor)

Photoelectric

Sealing cover
load capsule

FIGURE 1. Seal structure diagram.

To measure the friction torque of the rotating shaft system
accurately and compensate for it, many scientists, researchers

VOLUME 11, 2023

and engineers have carried out related research [15]. Cho,
Seong-Hee et al. used a torque sensor to directly measure
the friction torque caused by harmonic gears, and fitted fric-
tion models with a quantic polynomial [16]; Kim, MJ et al.
observed friction torque by using the method of a friction-
less model observer, and verified using in an example of
a 7-link surgical robot [17]. PL Cui applied a time delay
estimator to estimate the nonlinear friction torque of a system
and compensated for it by combining with a two-degree-
of-freedom internal model control, realizing high precision
control of a gimbal servo system. The compensation mea-
sures based on the LuGre friction torque model were adopted
in [21], [22], [23], [14], [25], and [26], and satisfactory com-
pensation results were obtained.

We take the respective friction torque caused by the mag-
netic fluid sealing ring, labyrinth structure and rotating shaft
system as the comprehensive friction torque, and measure the
real-time data of this overall friction torque as it changes with
the driving current. An appropriate frictional moment model
is then used for fitting. Using the fitting analysis of the exper-
imental data, we found that curve fitting adopting the LuGre
friction model could accurately describe the comprehensive
friction torque of the system. Simulation and experimental
analyses showed that after complete friction compensation,
the low-speed start-up delay and speed fluctuation error of the
photoelectric tracking system was effectively reduced, and
the tracking accuracy of LSS-UAV efficiently improved.

Il. FRICTION TORQUE IDENTIFICATION

Besides the accuracy of speed feedback sensors (such as
gyroscopes or shaft angle encoders), the speed control accu-
racy of a tracking system is influenced mainly by external
disturbances (such as wind resistance, temperature, etc.) as
well as the comprehensive friction torque disturbance of its
shafting. The external disturbances can be compensated for
by designing a disturbance observer that observes the dis-
turbance torque. The comprehensive friction torque of the
shafting needs to be measured or observed by observers
and compensated for in real-time. From previous studies,
many friction torque models have been proposed, such as the
Dahl model, Bristle model, LuGre model, Leuven model and
Maxwell-slip model, for example. Among them, the LuGre
model can describe well the dynamic and static friction
characteristics of friction, such as pre-sliding displacement,
crawling, friction memory, variable static friction and the
Stribeck curve.

A. MODEL OF FRICTION TORQUE
The LuGre model describes the functional relationship
between the friction torque and relative velocity and the
displacement in the pre-sliding and sliding stages, which can
reflect both the static and dynamic characteristics of friction.
The friction torque is given by

dz

Ty = — 6, 1
t UOZ+G]dt+62 (D
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where, Ty is the friction torque, z is the average bristle
deformation of the shafting contact surface, 6 is the relative
rotational speed of the shafting, op, o7 and oy are called
the stiffness coefficient of bristles in the pre-sliding stage,
damping coefficient of the bristles and viscous coefficient
of the friction respectively. The derivative of the average
deformation of the bristle concerning time is given by

%_ ._00|é|
dr g(@)

Equation (3) represents the Stribeck effect:

Z. 2)

5 \2
ﬂ®=n+m—nw*@, A3

where, T is the maximum static friction torque, 7 is the
Coulomb friction torque and 6 is the switching speed for the
Stribeck effect.

The purpose of friction modeling is to apply a friction
model that compensates, controls and minimizes the adverse
effects of friction. Identification of friction parameters in a
system is the basis to achieve this goal. The friction torque
model described by the LuGre model can be divided into two
stages: the pre-sliding and sliding stages. So, we can split the
corresponding friction parameter identification into dynamic
parameter identification and static parameter identification.
As the friction torque is related to the direction and speed of
the rotational speed of the equipment, we define the clock-
wise rotation of the equipment as the positive speed direction
and take the direction as an example for identifying the
dynamic and static parameters of the friction torque model.
The principle and method of the negative direction parameter
identification are similar.

B. STATIC PARAMETER IDENTIFICATION FOR
LUGRE MODEL
When the system is in a stable sliding state, we can infer
that dz/dt=0. According to this condition, we may rewrite
equation (2) as
6 . . :
o0z = Wg(G) = g(0) - sgn(0). “

Substituting (4) into (1) leads to

N2
Tp = [Te + (Ts — To) ef(‘%> 1-sgn(@) +o260. (5

It is necessary to identify the four parameters 75, T, 65 and
o, before calculating 7.

Supposing that the total rotary inertia of the systemis J, the
axial angular acceleration is &, the input of the control torque
is u, the friction torque of the system is 7y, and the disturbance
torque caused by wind resistance, mass imbalance, and wire
disturbance is Ty, the dynamics equation of the system is
given by

JO = u— (T + Ty). ©6)
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We can deduce that u— (T +T4) = 0 if the equipment runs
at a constant speed. Without considering the influence of 7,
for the time being, we can conclude that

u=Ty. 7

According to (7), the equipment can run stably at different
speeds, and the corresponding control current can be mea-
sured at the same time, and then the measured data can be
fitted to obtain the static friction torque model that varies with
the speed. Figure 2 shows the friction torque fitting curve of
the system according to the positive speed direction obtained
by an experiment in which the abscissa is the rotational speed
of the system, and the ordinate is the current code value col-
lected by the analog-to-digital converter. The Stribeck curve
is fitted according to (5), and the values of the four parameters
identified are shown in Table 1.

----- Friction Torque
240 —— Stribeck Curve

220
200 44

e
180 i

160
140 1
120 1

100 1

Current (A/D Conversion Code)

80 4

60 T T T T T T T T
4 5 6 7 8
Velocity(® /s)

FIGURE 2. The fitting curve of friction torque.

TABLE 1. Static parameter identification.

T T, 0 o,

K c s

191.79 140.84 1.09 11.88

C. DYNAMIC PARAMETER IDENTIFICATION OF

LUGRE MODEL

Pre-sliding state refers to the state when the system is
static macroscopically, but there is still a slight displacement
change microscopically. In this state, the speed is in critical
motion or very low-speed motion. Thus, it can be approxi-
mately assumed that

lzl < g(6). (8)
Applying (8) to (2), we obtain
% 0,z2~0. ©)
dt
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FIGURE 3. Relationship curve between the current and angle position.

According to (1), the friction torque in the pre-sliding stage
can be described as:

Ty = 00 + (01 + 02) 6. (10)
Substituting (10) into (6) while ignoring the influence leads to
JO + (01 + 02) 6 + 00 = u. (11)

Laplace transformation is performed on the above equation
to obtain:

JS20(s)+ (o1 +02)s0 () + 000 () =U (s).  (12)

From this, we obtain

0 (s) 1
¢ (s) = = — . (3)
U@Gs) Js*+(o1+02)s+ 09
which can be approximated as a second-order damping
system. Assuming that the damping ratio of the second-order
system is ¢ and the natural oscillating frequency is w,,, we can
get:

1 1
= = . (14
¢ () Js?+ (o1 +02)s+00 52+ 20wys + ©F (14)

By comparing the coefficients of the corresponding
denominator polynomials, we can deduce that

o1 + 02 = 2¢+/Joo, (15)

where oy can be estimated by the slight displacement gen-

erated in the pre-sliding stage and the corresponding control

value. In the pre-sliding stage, it can be assumed that 6 ~ 0,

6 ~ 0, z = 0. So, according to (11), it can be concluded that
u

o0="1. (16)

Inputting a small control value to the system to obtain the
relationship curve between control current and angle position
as shown in Fig.3.
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Hence, we can calculate that
Au
op = — = 308.1.
AO

Assuming that the optimal damping ratio is { = 0.707 and
the rotatory inertia of the system is J = 23.5, it can be further
obtained from (15) that

1
= (2Jop) 2 — oy = 108.46.

So far, we have obtained the identification results of four
static parameters including T, T, 6, 02 and two dynamic
parameters including og and o7 of the LuGre friction torque
model.

IIl. SIMULATION OF COMPENSATION FOR

FRICTION TORQUE

Using the identified parameters, the LuGre friction torque
model is established using Matlab software, as shown
in Fig. 4.

-

* - 1]
191, 8' j:l sigma0 Product2
Subtract

z
PDP. D ide F nm]
Product ,{ .|| a2
Man  Gain
s oractt

Ovide  Functont Fni
' Product! D g

sigma2
slgmﬂ v
11.88

Vs Product
FIGURE 4. Simulation model of LuGre friction torque.

Further, the simulation model of the DC torque motor is
established as shown in Figure.5:

@
Disturb_nput
Model_In
@—4@_.{ 55+4000 P I I L
Q ’ 00055.1 D
Model_Out
Add2 Saturation Add1 o
I
i/ Gain
Friction_Input

FIGURE 5. Simulation model of the DC motor.

A closed-loop speed simulation system is built based on
the created friction torque model and the controlled object
model, as shown in Fig. 6.

A traditional PI controller is adopted in the controller, and
a sinusoidal signal with an amplitude of 1°/s and a frequency
of 0.1Hz is used as the input test signal. After simulation, the
closed-loop output simulation curve of speed is obtained as
shown in Fig. 7.

From the figure, we can see the influence of friction on
the system speed output at low speed and the speed com-
mutation stage. To further simulate the low-speed start-up
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FIGURE 7. System simulation with LuGre friction torque model.

of the system, a speed step test signal with an amplitude of
1°/s was conducted as a sinusoidal disturbance signal with an
amplitude of 0.02°/s, and a frequency of 2 Hz was added to
the system, which was the compared with the model without
friction torque, as shown in Figure. 8:
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FIGURE 8. Simulation of the system with a friction torque model.

It can be seen from the simulation output curve of Fig. 9
that the system needs to overcome the friction force in the
low-speed start-up stage, resulting in a repeated oscillation of
the speed. In addition, compared with the friction-free model,
the overshoot of the step response of the system increases
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FIGURE 9. Influence of friction on the low-speed step response.

by 25%, which has a negative impact on the low-speed sta-
bility of the system.

To eliminate the influence of friction torque on the speed
control accuracy of the system, a friction torque compensa-
tion module is added, as shown in Figure 10. At the same
time, to eliminate the influence of the external speed distur-
bance signal on the speed control accuracy of the system,
a disturbance observer is added to the simulation system.
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FIGURE 10. Simulation model of compensation of friction torque.

After inputting the same sinusoidal speed test signal with
an amplitude of 1°/s and frequency of 0.1 Hz to the simulation
system, the response curves are shown in Fig. 11.

Fig. 11 (a) shows the response curve of the system with-
out friction torque compensation. It can be seen that the
response curve is seriously affected by friction in the low-
speed stage and the speed fluctuation is obvious. Fig. 11 (b)
is the response curve of the system after adding the veloc-
ity disturbance observer (VOB). It can be seen from the
local enlarged area that although the disturbance observer
can reduce the impact of friction torque disturbance on the
speed output accuracy in the low-speed stage, it still cannot
completely overcome the impact of friction force on the speed
output accuracy. Fig. 11 (c) shows the speed output curve
of the system when disturbance observer and friction torque

VOLUME 11, 2023



Z. Gai, J. Wang: Research on Dynamic Seal Friction Torque Compensation for a LSS UAV Tracking System

IEEE Access

1.0
B 0.5
~
s
har
= 0.0
s]
—
<
=
~0.51
104
T T T T
0 5 10 15 20
Time(s)
(a) Without compensation for Friction.
~- Without compensation
—— Without compensationtvob
1.0+

's)

/

s

o
Il

Velocity (°
<

-0.5-

-1.04

- T - : - . - -
0 5 10 15 20
Times(s)

(b) Adding VOB without friction torque compensation.

s)

o

o
1

0.0

Velocity (® /s

-0.54

-1.0

T b T x T b T
Time(s)
(c¢) Adding VOB with friction torque compensation.

FIGURE 11. Compensation curves with and without Friction torque.

compensation are added to the system at the same time. It can
be seen that the friction torque of the system is overcome in
the low-speed stage, and the disturbance of the system is also
effectively eliminated.

The system output error is shown in Figure 12.
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FIGURE 12. The speed error curve.

It can be deduced from in Fig.12 that the output error of the
system is close to +0.25°/s without friction torque compen-
sation, while the output error of the system is about 0.02°/s
with friction torque and disturbance observer compensation,
an increase of about 10 fold.

It can be seen that adding friction torque compensation
to the system can effectively restrain the influence of fric-
tion on the control accuracy at the low-speed stage of the
system. If the velocity disturbance observer is added, the
system’s low-speed stability and control accuracy can be
further improved.

IV. EXPERIMENTS

A. COMPOSITION OF EXPERIMENTAL SYSTEM

The LSS-UAV tracking system consists of a two-degree-of-
freedom tracking frame and a sealed load cabin. The tracking
frame is mainly composed of dynamic seal shafts, DC torque
motors, angle sensors and servo controllers, which can real-
ize closed-loop speed and closed-loop position control for
azimuth and pitch degrees. The sealed load cabin is equipped
with a visible CCD, infrared sensor, laser rangefinder, gyro-
scope and other sensors. The load cabin is connected to the
tracking frame by the dynamic sealing structures. The inside
of the cabin is filled with nitrogen as a protective gas against
oxidation. A composite dynamic seal structure is adopted in
azimuth axis system. In the experiment, the azimuth shafting
is taken as the experimental object, and the ability of the
friction torque model to overcome the friction torque in the
low-speed movement stage of the system is investigated.
The system is shown in Fig.13:

B. EXPERIMENT WITH FRICTION TORQUE
COMPENSATION

Because the system is in the start-up stage, without friction
torque compensation, the system needs to overcome the influ-
ence of friction torque, so the start-up speed of the system will
have obvious speed delay, and the stability of the speed will
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FIGURE 13. Experimental system.
TABLE 2. Step response error.
SPEED 0.1 0.2 0.4 1.0 20
(°/s) ' ’ ’ ’ '
NOEFTC 0.086 0.084 0.095 0.078 0.082
WITH
FIC 0.016 0.015 0.018 0.014 0.015
PERCENTAGE
OF 81.4% 82.1% 81.1% 82.1% 81.7%
REDUCTION

fluctuate obviously. Moreover, the lower the starting speed
of the system, the more serious the negative impact of this
friction will be.

A low-speed start-up experiment was carried out using
the system to verify the actual effect of friction torque com-
pensation. With a low-speed step test signal to the system,
we compared the speed output of the system under the con-
ditions of non-friction torque compensation (Without FTC)
with the friction torque compensation (with FTC), as shown
in Figure 14.

The speed step response of the system was tested at 0.1°/s,
0.2°/s, and 1°/s, respectively. The dotted line and solid line
in Fig.14 (a), (b), and (c) show the speed output response
curves of the system without friction torque compensation
and with friction torque compensation, respectively. From the
experimental results, it can be seen that when the system has
no friction torque compensation, the output of the system
has an obviously delayed start-up, and after the start-up, the
stability of the speed is very poor; and the lower the speed,
the more intense the fluctuation of the speed. When starting
at 0.1/s, there is an apparent slippage phenomenon, which
accords with the action characteristics of the maximum static
friction torque. When starting at 1°/s, and under the condition
of friction torque compensation, the system can overcome
the influence of friction and achieve the effect of a quick
response. Table 2 shows the speed error test results when the
system reached steady output in different speed tests.

From the calculated results in the table, it can be seen that
the low-speed control accuracy of the system with friction
torque compensation is reduced by more than 80% compared
to without friction torque compensation.

6410
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(c) Step response at a speed of 1.0 °/s.

FIGURE 14. Step response analysis.

C. EXPERIMENT OF TRACKING LSS-UAV
The flying speed of the target is the key factor to determine the
tracking accuracy of tracking equipment. The faster speed of
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b0
FIGURE 15. System tracking of the LSS-UAV.

the flying target, the lower precision of the tracking system
will be obtained. Our team only focus on the influence of
friction torque compensation and non-friction torque com-
pensation on the tracking accuracy of the system under the
same flight speed parameters. In the experiment, the UAV was
tracked at a cruising speed of 20m/s(72km/h).

The frame frequency of the image sensor of the system
is S0Hz, so the image processor needs to save one frame of
data for data processing and output the processing result of
the previous frame, so the output digital image information
has a data delay of 20 millisecond(ms). According to the
actual engineering test, the designed tracking closed-loop
bandwidth is about 2Hz. The servo algorithm cycle of the
controller is designed to be 1ms, and the design bandwidth of
the speed closed loop is about 30Hz.The experimental scene
is shown in Figure 15.

In the stable tracking stage of the system, because the
deviation between the optical line of sight and the target
needs to be constantly corrected, and the speed direction of
the system needs to be constantly switched, it is inevitable
that the low-speed friction force will be overcome in the
process of changing the speed direction. In the experiment,
the tracking accuracy is compared with that of the system
speed loop with friction torque compensation and without
friction torque compensation.

The tracking control system simultaneously locks and
tracks the target. The tracking accuracy of the system was
compared in conditions of with and without FTC.

The visible CCD sensor used in the system has a resolution
of 1920 x 1080 pixel units, a lens focal length range of
15 ~ 300mm, and the field angle corresponding to each pixel
unit is 11.499urad. Figure 16. shows the tracking accuracy
of the system when the LSS-UAV flies at a speed of 20m/s.

Fig. 16(a) shows the tracking error of the system with-
out friction torque compensation; From the data, the track-
ing accuracy (standard deviation) of the system is lo =
56.44 prad; Fig. 16(b) shows the tracking error of the sys-
tem after adding friction torque compensation. The tracking
accuracy is lo = 14.86 urad, which is reduced by more
than three times compared to without friction compensation.
This further verifies that the friction torque compensation of
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FIGURE 16. Tracking error.

the dynamic seal is beneficial to the speed control accuracy
quality of the system, thus achieving the goal of smooth
tracking of LSS-UAVs.

V. CONCLUSION

From the simulation and experimental results using our
LSS_UAV tracker system, the control accuracy and speed
stability of the closed-loop are improved with friction torque
compensation, and the tracking accuracy for the LLS-UAV
target is better. The friction torque model of the dynamic
seal structure, composed of a labyrinth seal mechanism and
magnetic fluid seal ring is accorded with the LuGre friction
torque model.

In the early stage of modeling the friction torque model,
we found that the proportion of friction torque brought by the
magnetic fluid ring became weaker as the speed increased,
and its influence could even be ignored at relatively high-
speed. To simplify the complexity of the experiments, the
influence of the eccentric installation of the magnetic fluid
sealing ring and temperature change on friction torque were
ignored. These influences are also an aspect that we will study
further in the future.
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If the motor is replaced by a brushless DC torque motor, the
shafting friction could be further reduced. Combined with the
current dynamic sealing measures, the speed control accuracy
may also be further improved. We will also continuously
improve the system design for the actual working effect of
the system and the adaptability to specific environments.
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