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Non-orthogonal multiple-relaxation-time lattice Boltzmann simulation of
natural convection in porous square cavity with internal heat source
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(School of Mechanical & Electrical Engineering, Nanchang University, Nanchang 330031, China)

Abstract: In order to enhance the effect of fluid flow and heat transfer in the porous square cavity, the
non-orthogonal multiple-relaxation-time ( MRT) lattice Boltzmann method ( LBM) is used to simulate the natu-
ral convective heat transfer in the porous square cavity with internal heat source. The effects of different cold
source arrangements ( Scheme A-Scheme F) , internal heat source structure ( Case 1, Case 2, Case 3), inter-
nal heat source location (a,b), Darcy number, and Rayleigh number on fluid flow and heat transfer in square
cavity are studied. The calculation results show that the arrangement of the cold source has an important influ-
ence on the fluid flow and heat transfer. When the cold source is symmetrically distributed, the temperature
field and the flow field in the cavity are also symmetrically distributed; under high Rayleigh number, the
double upper cold source arrangement of Scheme A can significantly improve the heat transfer intensity in the
cavity ; the shape of the internal heat source has a great influence on the convective heat transfer in the cavity.
Under the high Rayleigh number, case 3 is arranged better. The positions @ and b of the internal heat source
have obvious influence on the heat transfer in the cavity. The fitting relationship between the average Nusselt
number of the hot wall surface and the position a is proposed, and there is an optimal position a (a =0.25) ,
which makes the convective heat transfer in the cavity strongest; the average Nusselt number of the hot wall
surface also shows a specific variation law with the change of b value. With the value of b increases, the aver-
age Nusselt number of the hot wall surface increases first, then decreases and finally increases.

Keywords: multiple-relaxation-time ( MRT) lattice; Boltzmann model; internal heat source; natural

convection; porous square cavity
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Integrated orbit, attitude and manipulator control of
space multi-body system
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(1. Beijing Institute of Control Engineering, Beijing 100190, China;
2. National Laboratory of Space Intelligent Control, Beijing 100190, China)

Abstract; The rapid maneuver ability is widely required for spacecraft aiming the on-orbit servicing
tasks. The integrated orbit, attitude and manipulator control was designed for the space multi-body system,
which is composed of the satellite base and manipulator. First, the dynamic model of the multi-body system
was established. Then, the integrated orbit, attitude and manipulator controller was designed via back step-
ping method, and the stability of the system was proved. Since all the degrees of freedom are controlled, the
abilities of the system to fulfill different tasks are markedly improved, compared to the traditional system whose
orbit or attitude is free. Thus, the system with the integrated controller can fulfill simultaneous orbit transfer
and attitude maneuver in a large range of space, and meanwhile the manipulator can operate and control accu-
rately. Finally, by establishing complete multi-body system simulation model, the controller was simulated,
and the goal of simultaneous orbit, attitude and manipulator control is achieved. The effectiveness of the pro-
posed method is validated.

Keywords ; space multi-body system; manipulator; orbit control; attitude control ; integrated attitude and

orbit control
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Fig.1 Low-magnification and high-magnification SEM

images of precursor of Zn-Mn oxides
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Fig.2 XRD pattern and DSC-TG curves of

precursor of Zn-Mn oxides
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3 Bl # /9 ZMO By XRD &%
Fig.3 XRD patterns of synthesized ZMO

Bl 4 ZMO-500 7EARAS Al £ T 9 SEM B K-, TEM il
HRTEM R J, BL K ZMO-500 #4kE N, W JI5d B ity £&
(4 [&1 24 ZMO-500 (15 fL42 4311 )

Fig.4 Low-magnification and high-magnification SEM
images, TEM image and HRTEM image of
ZMO-500, N, adsorption/desorption isotherm of ZMO-500
(inset of ZMO-500 pore size distribution)
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Fig.5 SEM images of three samples

2.2 sk
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Fig.6 CV curves, discharge-charge curves and cycling

performance of ZMO-500 electrode
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Fig. 7 Comparison of cycle performance among ZM0-400,
ZMO0-500, ZMO-600 and ZMO-700 at 500 mA/g
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EIS K dh (4 [ A ok &), B BT il 28 i S R (5
RS IX A A5 3 B AR HCTF AR OG Rl
Fig. 8 EIS data and its enlargement (inset) at medium-high
frequency region for different cycles, plot of real part of
impedance as a function of reciprocal root

square of lower angular frequencies
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Table 1 Warburg impedance coefficient and lithium ion
diffusion coefficient of ZMO-500 electrodes at

different cycles
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%5200 1) 36.37 1.68 x10 "

9 ZMO-500 HLf%7E 500 mA/g TG 500 K LAJ5
fIRAE A0 £% SEM JI] )1
Fig.9 Low-magnification and high-magnification
SEM images of ZMO-500 electrode after
500 cycles at 500 mA/g
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Hierarchical porous ZnMn,O, microsphere anode
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Abstract. The precursor of Zn-Mn oxides were synthesized by a facile hydrothermal method and subse-
quently calcined at different temperature of 400°C , 500°C , 600°C and 700 °C in air in order to synthesis the
hierarchical porous ZnMn, O, microspheres assembled by a lot of nanosheets. The ZnMn, O, microspheres syn-
thesized by calcining precursor in air at 500°C ( ZMO-500) display rich hierarchical porous structures, and
when used as the anode material of lithium ion batteries, ZMO-500 microsphere anode material exhibits a high
discharge capacity of 1 132 mAh/g after 500 cycles at a current density of 500 mA/g. It is believed that the
outstanding electrochemical performance of ZMO-500 microsphere anode material benefits from the hierarchical
porous structure that can not only increase the contact area between the electrode and the electrolyte to facili-
tate the transfer of i, but also provide sufficient space for volume expansion of the electrode during the cy-
clic process.
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Table 1 Dataset of surface operation videos

P4 B IrPER Wik e s AR AR

cam2513-F 45 1
cam2513 -fL 45 2
cam2513 - Y4 3
cam9915 -4 1
cam9915 - 4 2
cam9915 -9 i 3

1024 x576 401 1
1024 x576 101
1024 x 576 574
1024 x 576 801
1024 x576 451
1024 x576 551

_ N = O O

N O = = =

4.2 HESRHSN

TE = 4E =S (A i 2 AN IESST5 1) 23 il e S 2%
AT HER B, AL S R0, A 3 iR . AR
P (2) (K (3) BhsE 3 AN IE TS 1] B9 2% s AT B
BHLEREE £, 038 2 o . T 3 0 K C A B
11 BN AR 3 (6) i i FR AR L A, Ak 2
o B4 LVEWIE SRR T 2 REHE LI bR 2
SR A g OB AR 1 3 N IH R AL,
2L ZREBOPAT THL I, B A B TR 5 T L
I B E 2O 2R

ARICTr W Bl I EER WA S BroR.
Bl S5Ca) (b)) (d)H HAT — B 47 o BIS (e )

B3 T B YR E B985 Rk

Fig.3 Surface features used for camera calibration
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Table 2 Camera calibration results
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Fig.4 Illustration of camera calibration results
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Fig.5 Feature point trajectory clustering

(O P& 2B 3h HAr, A 3007 3 RE HER X 4>
AR RS B H AR B R AR sl Uik, S (e) 2 A
3 WAL A ) — iz 3 XN, b e e N 4
T/ AR AT I 2 AT R Rk A5, 73 80 2 A Y
BEH A2 S5, R IE R X 7> —
AUARFAE UL o BT 6 ik — 2D JER T T R A
8 RS A I8 A2 B3 T B 8552, P R A A
FAYBE DAL il 23 ) 280 B AR HLAR & 2 A v
TERY 2 AH R o H T g i a2 ARG 37 T RS AR
AT AT, A I & 3l B be 7 32 3l i 78 b i ol 1i
RERS B/, P H 30 5 52 149 5 A/ 9 A o Al {0
FAT

B X 5 B LA 114 B e A5 AR W T R
HoR L8 ARSI A B sl 4528, L T
ZARICH Bl H A5 12 i (9 107 B A8 A A5 3 114 3 14 )
WA BT (a) S AR R SR RL BT,
BEM AR S Bk 22 . B 7(b) b i 25 A B
BBGL 2 PRI T A A R AR — 2 B 7 ()
LA 3 A 1 R A A B T A O
I 2 2R L 1 R A 3 [ e ik T SR
1B, WU B Be — 3 dE AL, R IAE R REIX
T HYRHAE S, B2 Bl ik A 4 R 22 50
Bk, E7(d)d, 1 R fiiaas 5 1% o) Bl
TERL S Y0 1B P, G P 2 5 B 8 50 , A SAS 2000 1
ZEA TFIG R , 2 BT L T ] 5 A B AR AL
Z IR BE B /N 2 M7 IR AR A R AR . [ 7 (e)
TR R 2 e la BEALY, AR,
2Fp 5k BT AR A R BN B3R BT (F) L e e



270 b5 M = MK k% F M

AL

2020 4F

K6 ML WL 1%

Fig.6 Trajectory projection on airport surface

HUBR 2 BT AS B AN LA HL i as 28 2 HE B AR
G55 150 WUZE A, L As 4 2 TR AR WM 2s 2% 1 3
PTG PR A AR 5 P08, T Bh AR 4 R
FETE—E W%, X TALE 8 1, W B BEA S5
VTR AT S50 00 B O, O B 4
ERTONY e d R ANE (S AR
2 L /0N s 76 BE S K I B B 3 H bR 1 M U L A
SCO7 VI R R A RO 4R 4R T 9 4
B ST AR AR B, AR SC T B A
Fy T 3 Bk 45 SRR /DS

5T H bR P SHE 0 3 7 v AT X
Peo T H AR S HE Y T8 BE 0 D7 v, ¥ S
YOLO % k"™ fE45 3l X 380 b 46 00 %% 3 B A%, 0
B3 B AR RAE AR5 B T ECO BR B i
SE 5 SRR T FORE £ B i TR O S R

B H RS PR AR 0 Ik 1 58 0 SHE TR 5
AR RO R A L s H bRz 3
B P8 XFEL T2 b I R T A R 22
Pl AR 4 B8 2l AR 28 3 3t T AR 32 A RY I ) 5 AR
0 ) BE 6 2 2 55 U I A S 2 % i
JE 2 22 oI R 2% o B RS Sl H s A R
WARZEWME S 2NE 3 PR, 5T RS
AT IEAREE 2 T AR 3 e BE 4T 8 B2 )
1 FAE AE R 20 1T B Y R N BB B B R
AR V0 R 2 R ORI AR E AR
K8 (a) (d) s 4 FI I 8 (f) P s 4% 2 19
B R BB AL, i A A R R E O B3 HE LA
ARAFAT AR T R R AR e Ah, i FHE R
WS AR BUAT 8 (o) P s A 5 AR 1 AY
JRE 0 e 5% 22 B AR R e Bl



%52

KR ZE A5 < T 1) A AR A7 0 T Ak PR B8 3l R

E=N

H

e A iR

271

B 7 #5h H bk B a4

Fig.7 Moving object speed measurement results
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Table 3 Mean and variance of speed measurement

errors for moving objects
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Moving object speed measurement for low-camera-angle
surface surveillance

ZHANG Tianci" ", DING Meng’, QIAN Xiaoyan®, ZUO Hongfu’

(1. College of Automobile and Traffic Engineering, Nanjing Forestry University, Nanjing 210037, China;

2. College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract; To build an effective airport surface visual surveillance system, a moving object speed meas-

urement method based on long-term feature point tracking and analysis is proposed. First, the surveillance

camera is calibrated using geographic features on the airport surface. Then, the feature points in motion re-

gions of the images are continuously tracked via optical flow fields. On this basis, different moving objects are

identified by clustering the feature point trajectories. Finally, the speeds of the moving objects are measured

according to the heights and moving distances of the feature points. The proposed method can accurately meas-

ure the object moving speeds using low-camera-angle monocular video images obtained by cameras installed on

the airport surface. Simulation studies are conducted based on the surface operation videos of Guangzhou

Baiyun International Airport, which verify the feasibility and advantages of the proposed method for low-camer-

a-angle speed measurement.

Keywords; airport surface surveillance; low camera angle; trajectory clustering; speed measurement; cal-

ibration
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Fig. 11

Experimental results of simulation image

generation of space objects
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Fig. 12 Comparison of experimental results of simulation

image generation between different algorithms
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Fig. 13 Three-dimensional point cloud model and true

image of Snowman crater area
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Fig. 14 Experimental results of relationship between crater

simulated image and sunlight illumination direction
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Fig. 15 Experimental results of relationship between crater
simulated image and simulated camera height
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Fig. 16  Experimental results of relationship between crater

simulated image and simulated camera attitude
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Fig. 17 Experimental results of ellipse fitting

algorithm verification
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Fig. 18 Experimental results of lander visual navigation
algorithm verification
*1 BMBARSMEZRIEXRFE
Table 1 Experimental accuracy of lander visual

navigation algorithm verification
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Fig. 19 Experimental results of spacecraft rendezvous and

docking algorithm verification
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Table 2 Experimental accuracy of spacecraft

rendezvous and docking algorithm verification

S iR 2 Rheasilvia /N7 2 H BRI 2 8E IV iR 2 Triana L& Aurora [J /&
0.01 0.012 0.02 0.019
B B iR /m 0.02 0.019 BB /m 0.017 0.021
0.015 0.009 0.009 0.018
0.01 0.014 0.03 0.008
YAV /rad 0.03 0.009 BBV /rad 0.09 0.022
0.013 0.021 0.016 0.013
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Table 3 Classification results of different classifiers on

crater dataset and spacecraft dataset

[SRETEITE S Byl P R F1
. CNN 0.91 0.90 0.91
AdaBoost 0.85 0.82 0.83

. CNN 0.93 0.91 0.92
LTa AdaBoost 0.87 0.83 0.85
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Fig. 20  Experimental results of space object tracking

algorithm verification
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A technology for generation of space object optical image
based on 3D point cloud model

LU Tingting""* , LI Xiao', ZHANG Yao', YAN Yan', YANG Weidong’

(1. Research and Development Department, China Academy of Launch Vehicle Technology, Beijing 100176, China;
2. Key Laboratory of Grain Information Processing and Control, Ministry of Education,

Henan University of Technology, Zhengzhou 450001, China)

Abstract: The lack of the prior image data in the space exploration tasks makes it difficult to quantitative-
ly test and evaluate the situation awareness and navigation algorithms based on the optical images. According-
ly, in this paper, we present an algorithm for generating the synthetic space object optical image based on the
3D point cloud model and the basic theory of the projective transformation. First, the 3D point cloud model of
the space object and the optical camera model were constructed. Then, the corresponding pairs between all the
pixels in the image plane and the space points of the 3D point cloud model were obtained via the basic theory
of projective transformation, and subsequently the intensity of each pixel in the image plane was calculated by
the lighting direction of its corresponding space point and the Lambertian reflection model, and finally the sim-
ulated image was generated. A great deal of simulation experiments demonstrate that the proposed algorithm
can produce the more vivid simulated images rapidly than the traditional analytical image generation algorithm
and the generated images can be applied to testing and evaluating the typical space application algorithms qual-
itatively and quantitatively, such as ellipse fitting, crater detection, optical navigation landing on the planet,
automated rendezvous and docking of spacecraft, 3D tracking of spacecraft, and so on.

Keywords: space object; simulated image; point cloud model; projective transformation; artificial intel-

ligence
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Table 2 Iteration process of reentry point state error

during exact solution search
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Design of Moon-to-Earth transfer orbit with direct atmospheric reentry

BEN Liyan', YAN Lingling'*, XIE Xianghua'?, ZHANG Rui"**, WANG Guoji'

(1. Innovation Academy for Microsatellites of Chinese Academy of Sciences, Shanghai 201203, China;

2. Shanghai Engineering Center for Microsatellites, Shanghai 201203, China)

Abstract: A new solution algorithm for the design of Moon-to-Earth transfer orbit which leaves from the
Moon parking orbit with direct atmospheric reentry and single impulse is presented in this paper. The algorithm
is divided into two steps, designing the initial solution and searching the exact solution. First, according to the
constraint conditions, the high-precision initial solution is generated by simple iteration using pseudostate theo-
ry. Then, the real orbit and state transition matrix are calculated by numerical integration in the real dynamic
model, and the exact solution is found by the differential correction method. Because the initial solution with
high accuracy is used, the difficulty of finding the solution for the design of Moon-to-Earth transfer orbit is
greatly reduced. Numerical simulations indicate that the algorithm is of high efficiency and good robustness.

Keywords: Moon-to-Earth transfer orbit; orbit design; atmospheric reentry; pseudostate theory; differ-

ential correction
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Dynamic property test and system identification of
model aircraft actuators

SUN Yukai', ZHANG Renjia’, WU Zhigang" ", YANG Chao', YANG Yang'

(1. School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China;

2. Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China)

Abstract; Small actuators are chosen due to the limitation of model aircraft’ s weight, space and design

cost, most of which are lack of frequency response characteristics that need to be tested. Considering the influ-

ence of inertial loads and aerodynamic loads of rudder, an platform for testing frequency response characteris-

tics of actuator was designed and capable to perform tests with or without loads on rudder. Frequency response

characteristics test was conducted for three types of frequently-used actuators. Subspace identification method

is used to obtain precise mathematical model of actuator. The comparison among frequency response character-

istics of three actuators indicated that even if the nominal torque of the actuator meets the requirements of use,

the amplitude-frequency characteristics change with the increase of loads. The time delay in the actuator also

varies with the load. Widely used 50 Hz PWM signal limits the bandwidth of the actuator.

Keywords: actuator; subspace identification; actuator test; system identification; frequency characteris-

tics
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Fig.1 Wire damping experimental principle and device
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Fig.2 Wire samples for experiment
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Table 1 Physical parameters of wire samples

FEAR  BHRZ B WHEEp,/ WRHEEK  BES
75 d/mm (kg - m™3) Ly/m Ty/N
1 0.6
2 1.3 Kevlar 1440 0.6 ~1.4 20~150
3 2

WEAFRMBRSE(ER R IERT B
AU LM ) T,) #EAT 92 50, 15 2 A [Fl 48 R
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1.2 HELETT X
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WRBNALRE R RN N d, o 13 g S50 B dl o, Bl 1)
SR T 2K

el 3 pros A AR 48 Ik 3l g s il 2k d, i) —
AU LA, ARESS AR H e, T
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= expl - 27r 1
Ai p( V1 _gz Tr) ( )
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5 = _—]ln(A”’) o 2wl (2)

r A; V1 —{2

C(2) TSR Lt ¢ i ERas R
[=— (3)

1+ (27/8)°

T o S 0 A5 2 2R 1) 4R B0 6L F% e g il £,
H(2) ik (3) JF 47 ks b B, BP AT A5 2] 48 fH
JEL,

P03 4E7E S T A A AR B0 5 % i)
(d=0.6mm,L,=1m,T, =30N)
Fig.3  Vibration displacement response of wire in

vertical plane(d =0.6mm, L, =1m, T, =30N)

1.3 ZBWEHER
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ZNAERF B E LR 2 R el 4 ~ 151 6 FR .
M 4 a] UL, 46 BH JE L Bl 35T 5 7 i 38 o i s
/N T, e[20,80] N i), 48 BHJE b Y T B AR

4 WHEEILSBERENMLR(d=0.6mm,L, =1m)
Fig.4 Relationship between wire damping ratio and

preload(d =0.6mm, L, =1m)

K5 SHEILSYIEHRKKKER(d=0.6mm)
Fig.5 Relationship between wire damping ratio and

wire length (d =0.6 mm)

6 MHENLSHEBENRFRE(L =1m)
Fig. 6 Relationship between wire damping ratio and

wire diameter (L, =1m)
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Fig.7 WDPR prototype
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Fig. 8 Kinematic schematic diagram of WDPR
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Fig. 10  Pitching angle variation of aircraft model
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Fig. 12 Dynamic response of WDPR
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Fig. 13 Influence of wire damping coefficient variation on

dynamic response of WDPR
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Dynamic characteristics of wire-driven parallel robot with wire damping

PENG Miaojiao, WU Huisong, LIN Qi*, ZHOU Fangui, LIU Ting, WANG Xiaoguang

(School of Aerospace Engineering, Xiamen University, Xiamen 361005, China)

Abstract: To actualize the design requirement of a wire-driven parallel robot applied as the model support
in wind tunnel tests, the influence of wire damping on the dynamic characteristics of the wire-driven parallel
robot was studied by combining experimental and theoretical modeling methods. Firstly, in order to describe
the wire damping accurately and quantitatively, a set of experimental devices was designed to measure the wire
damping ratio under different parameters. Secondly, considering the wire damping, the wire tension was mod-
eled and the motion equation of the wire-driven parallel robot was established. Finally, the influence of wire
damping on the dynamic characteristics of the wire-driven parallel robot was analyzed. The results show that
wire damping mainly affects the amplitude response of the wire-driven parallel robot. The larger the diameter of
the wire is, the more obvious the effect of wire damping on the vibration reduction of the wire-driven parallel
robot is. When the wire damping coefficient is greater than 0.6 N + s/m, the influence of wire damping on the
dynamic characteristics of the wire-driven parallel robot cannot be neglected, regardless of the diameter of the
wire. The research results can provide theoretical guidance for the design of the wire-driven parallel robot.
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model support

Received: 2019-05-05; Accepted: 2019-06-14 ; Published online: 2019-07-16 1413

URL: kns. cnki. net/kems/detail/11.2625. V.20190715. 1602. 001 . html

Foundation items: National Natural Science Foundation of China (11472234, 11702232, 11072207 ) ; the Fundamental Research Funds for
the Central Universities (20720180071 )

# Corresponding author. E-mail: qilin@ xmu. edu. cn



2020 4 2 H
Fr46 4 2]

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

dtﬁl%&ﬁ Feb 2020
e oo

Vol.46 No.2

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2019. 0206

jbuaa@ buaa. edu. cn

BEEEFEAININERGETHILAN

SR A T R AT
ek, KER", BB, Rk, BB

(ZRELBRE s ERERSE RSN E, 154 710051)

i B HNAEAN(VAV) RBEAMEGE M EEEAEREL TR RS
EHEAETTHAR. BLTERANEH -_NEHA I ARER, ETLANE & Li &
A RANAG BE R EARSE L, HIHT 2T X AEH BN, BAE R, FET L
AMEHRGLANREANETELE  AE T TN LRI R AR, EEHAEEHI
HAERMUEHT, 2MTEARRNFIFRISE RS EHR AR B RGB A RELE e
THEHRBITMRRE. FRERLKA - NEEARANBSCHET, FROTHERA BN Lk LAL
AW 2 R G5 S #, B0 E T 3 9f o AT B IE AR 0 fe o R

X B W RAN(UAV) R85 HEHl; @ E; REHED; —BEEH

hESES: TP23
XHEPRRRRD . A

T AHL(UAV) BB HA TS 4k AR 1
AE 7 50 S5 5L, 7E 45 35 A0 R R AT T2 1
FARISE o O KL B I A S TR R B
FUR K FLte B8 — 5 1) 4 A A R A SRR, il 2
PEAZH 5 R SR - 0 A S AT O, AT RS
BRGSO B o A [ G A A R
PR 2R RE S BL . I BTSN
BT 10 g A A2 T, oF A o R A A 3 2R 8 2 A
PR R =

LG 22 Jo NP4 B R 25 18 =5 [0 B 06 A&
ANTA], To NAUHETE B 2 BA K B 60 455 - 65 22 1] 9 52
AR FD RIS [ $h o R, TE AL B 2 BA % 1
o SRS 1 S AR AT, i 2 23 A X [ fi 4R
AT BIT A A P B R 7 L 0K B O PR 0 B Y
TR o HAT, JC AL B G BA 45 T £
BREOR R T EZ P A 2R R RS (Multi-

XE4HS: 1001-5965(2020)02-0314-10

Agent System, MAS ) Hlp [] 42 i #1 2 Jo AL 24 BA 4%
W0 . 28 RER RS RE TS 5 P [ SR
R AL D JTC AP RE AT ST $R 40 T R4 1y i
S AR R YR e o= S i o N N B
ESURMUIRCE NG TN D NI TR NS A 4
WrE B TR E A

W 22 8 REIR 2R 8 — SlrE B[] 42 ) BEIE 19 &
J& 27 3 T BB A 5 BRAE T T8 N AL AR 1 20 BA 4%
il o SCHR[4 145 A2 58 i 2 T A7 0 L 3 - B Bt A
M AU 485 F 1) 24 BN F2 ) D7 3 4 0T A8 — 31 3 7 — 2K
PEJTEEBHESR T o SCHRL 11-13 100 50413 —Bir . —
Brfvm 2B R R R G, B T T — B Ay
ANAE G AP SR P o A2 T A HLER B AT AT 55 1 A
O TEAE T SR AN 1R A9 AT 55 5 SR 2R 1T 2 BA Y Y
F14 728 e FIE AL, DRI Xt DG N BIL B A 11 I 228 i A 42
AT 5T A T o SCHR [ 14 ] R JH it B 15t

Wi A 2019-05-05; EABH: 2019-09-06; M4 H AR E : 2019-10-12 13 .57
W 4& H R b4k . kns. cnki. net/kems/detail /11.2625. V.20191012. 1005. 001. html
E&TH: HXAARRSFES (61472443,61703427) ; BTG4 B AR K4 (2017JQ6035)

= BIE1EE. E-mail.; jiagiang-z@ 163. com

Sl MEA, KEE, G, & AHAGHIFPHEFHTHEANEH#BERAEH[T] EEMEMAAFFENR,
2020,46 (2 ):314-323. HE L L., ZHANG J Q, HOU Y Q, et al. Time-varying formation control for UAV swarm with directed in-

teraction topology and communication delay [J] ]. Journal of Beijing University of Aeronautics and Astronautics , 2020 , 46 (2 ) : 314-

323 (in Chinese ).


qwqw
新建图章

http://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&filename=BJHK202002009&dbname=CJFDAUTO&uid=WEEvREcwSlJHSldRa1FhcTdnTnhXY203QjVDYW1qeTZUdDlvL3d5RzREWT0%3D%249A4hF_YAuvQ5obgVAqNKPCYcEjKensW4IQMovwHtwkF4VYPoHbKxJw!!

%52

A 54, 268 < A 160 388 A5 4 4 R0 B S % 0 0 T A L AR Bt 25 2 DA P

315

RPEAL T ik, SEBL T 2 00 A KL Bt AR g A 45
SCHERC1S TR 98 7 f J6 A HL A TG N 4 41 A Y S 4
BE T I Bof A8 g A F i 1) L, SCR [ 16 ] 52 T3k
T 43 A 2 ODR S L 1% B AR G BA F2 1 2 L SEEL T —
By 2R G0 114 B A5 A BR B s ol o SCR [ 17 I FSR T
IR SN ENT SCNIVES W1 T g E E TN
R, ek 6 ] dF— B g T H A D i
T B 25 R A R G 0 g AR ) S T
S5 BB A G BA 119 75 5 45 A, O R I e 3 T A AL
AT T IR R R, SCER[ 18 [ it 1A T — Bk
J5 2 (0 T N LA B g BA 2 1 2%, OF 45 1B T B E 4R
il 25 S0 20 B . B AE A8 (R A I L, SC
BRL19 T3 T —Fp o A NI 45 il %, SE L T &
LS ANl . SCHR (20 ]R8 T — B 2 0 g
R R GEAE A 1 52 I SE R B4 B AR 2 A BR B s i )
LI A I EE B T 2 AWML BEs A
SCHk [ 21 B 7E T J6 ALTE dE — SOt 4E A5 15 0
FINEER A 3K 38 2% 1 T 1 g BA 4 ) I A Sk [ 22 )
W98 T JC N HLAE T N A5 4 A 7 308 15 B 8 1 41350 4
AR L o 2 AR R B AR, S
k023 195 8 1 o0 A =4 il 9 0 A B4 8 i BA 4%
il R BRI R

FE S BR N R, TG ALY 3B 7 B 1 B AR
7 25T SR R S WU 38 o A8 S I 4% R 3k o Al A
TR o T AL Z I 1 388 15 400 5 34 32 1) 58 {5 9 R
i, 3o e S AR AR 2 5 e AR E ) SRR RE L T SC
Wk [ 13-22 ] A A 58 10 2 1 %o 32 2 B ) R GE it A7 119
MELLE S 0 APLEEBER i AP . R, R
B RS () 2R 0 TR0 ) G WL B 47 i 3 AN AF
GE, ] DAL G 2 BRI 245 2 OR300 % 1 5Kk, B
HEEMIE L, SCk[24-25 ) 5 BIwEsE T —
v 15 B B BT ) 3R 4 A TC I A A% 1 A 40 A X
F A5 4 oA F2 ol ) 8, SCik [ 26 ] BF 5 TS R
[] 22 L4 N R e AL D)4 F0 F RGBS 254 T 1 B
AN G BAAE ) o) R, SR [ 27 1R T B B
I} ) 28 G5 76 38 1 B 42 TG 1 3 15 40 2640 T 1 i
N7 G A4 i [ 0, HL S8 T ) o B LA B T
MERZ R A R B e R, SCHR[28 ] /3 1 T3
fE I IELUN — AR A I, — B Z ek R4t
R A5 2 A4 1 B 1 T8 A

ZE T 6T LA TR) 2R 4 A AR 5 T8 A HL
B T 2 BN A 1 [ R0 F 9 348 K 56 35, 3 {7 B 48 AN
16 38 15 ¥ F 25 18 T A I AR 2 A 45 o] ) A o R A
P o ASCHEBAT W58 LR 1 S Al R R
IS (7] 28 G458 B i R T8 A WLAE B, R 0 A
TE 38 (5 B S FA ) 38815 40 Fh 20 o AHLAERE Y

I 725 2 A2 ) TP 1 ) B S R S AR 401
AT 38 7 I S A9 PR A AR R, B3t T 20 A 24 A4
W ER S, AT TR EPE T o 5 BUA SCHRAH L
ASCFBARPT LLR 3 A8 O ff 16 18 15 I 48
FIAT 1) 38 5 8 T, TC A HILAR T I 722 20 BA AR 7E 19
FEELIRAF 5 QI B I A2 2 BA 5 B30 A Y AT AT
ZF s Qi B A 5 2 BORDIR 25 38 14 9 1Y
M5 YRR BT 7k

1 T AR

FEm NIRRT AN R R, RS AL,
2, No B BRI AHLPAE — A5 5, 4R BE 1Y
SR A 6 = (W, E,A) JEAT Rk, 3
hW=1{1,2, N|,E=1{e:i,je W}, A=
[ay ]y oy M50 T G 8 5 AT 3 0
TETC NHLAERE b, 25 6 A B 7 9135 8, A 0% 3 i 52
R 2 TS AL @ 4], BIE T 6 b AR AE — 4%
A AR S A e, e E (i), WIFR
T NHLj T AML i (9488 GE N, = {jlje W:e, e
E} FRFTNNL i AR A o a, W T AHLj 115
BTN i ARER T, W je N, a, >0,
B a, =00 % a)=a,/ Y a, A =la}],,.0F

Xt AR K53

U= Y o
= o Bl A
N1 NN

W G & — BRA 10 A B (spanning
tree ) , WIARAFTE— D45 3 i, XA 3 & 1915 B
] L A% 8 2 1A v AR B R [ G Y Lapla-
cian Jif L =1, ]y, &SN

N

z @y 1=
lij = k=T ki
-a,; 1 FE ]

513 1™ & G 1) Laplacian i L &4
—ANEREAEAE, oA AR R A 2 AT 1E S5 an
B GEEA A, W0 2 L MAREESCH 1
O AE A, 1, 2 X I B A AT 1) it

5I38 21 i RAE AR A B M B AT
>0, 0] w2 A BYFRRAEAR, H X W A% 48 A )
1R p(A) =po p it A UBE BN 1
AR AE AR, 24 ELAY 2S5 A ST A A TR

2 [ BRI
J6 AU RET 3 th 270 8 11 S FR 1O OF 6 5



316 b5 M = MK k% F M

A fu S 4R

2020 4F

R A o PRI, Dy 0 4 iR 2 A 42 i 500 10 3 i
SR FH 23 2 42 ) JEUAEL , o 02 98 48 10 25 440 2 Oy 2 BA 4%
2 FHRAT 2 o Forb, g B )2 67 93 AR 4 40 B2

BATE F1 A SBAS AR AR S, IR AR ML A4 42 36 g A\ 5 R
172 M40 2 A2 ) 2 O S AL 45 5 B B 8l ) 2
PE LS AGLA N T 23 AT AF AT AR . T
BUAE A 4 DA 0 J2 425 1 A A S B S T 2 28R
JRE OO A g BN 2 T R T A B
N — AT, Hedh Jy ek al F R BT 25 il
LU i B HIC AR TR 2% 98 A6 2 Of 41 3

x,(t+8) =x,(t) +6v,(1)

{vi(t +6) =v, (1) +dou, (1)
Krfix (1) eR",v, (1) eR" Flu, (1) e R" 73505
ARTAHLi(i=1,2, -, N)BALE 3R
B 36 >0 o A5 B R AR A (R B H 5 42 ) %
SR R AR TR ) RS TR %) =0 A RIR K ¢ =
ty +¢8, FHed 1, =0 HWIERT %] ,q =1, 2, «--5n=1
JTC NIz Bl 23 [ AR5, A T4k, UL — 4k iz
g (n=1)k47 0. BETLAY =41z g A
f T 14518 7] Ui 3t Kronecker B FL #4)" i€ 3
Y K =g As ]

B Y I S g BA AT — 2H AT A eR Rk AT
A
B (1) = [h, (1), (1), hy (0)]"

k(1) = [k, () k(1) k()]

h, (1) = [k, (1), h,(0) k()]
Xk, (o) (b, (o) F R, (8) BR R 9 BA 2 2% ol it
h, (t) b, (¢) 1k, (2) 53 5375 TC AHL @ 7Y 4 A
SHNCE R E ., Ak, (¢) =[h, (1),
h,()]",& () =[x,(0) v ()] R (1) =[h, (1),
hy(1)]",i=1,2, N,

EX 1 FRjo NHLAERE S8 1 0 82 4 BA
h(t) , GHAUEMAERE i,je 11,2, Nt i#], f
X (2) s :

lim{ (£,(1) =R, (1)) - (&) —h (1))} =0
(2)

EL R (o) g5 T IR G BN, A A
TS ZJE, W h, (1) RE5H T £,.(0) A
XS R it o IR T AL T dc 204 5 SRR X T
B2 I A2 G BN, H XA S 25 00 i A
VAR AR Y, 3% J2 15 4 v 202 BA 42 1l J7 125 e
AFE . X h (1) =0 B BEZHERIKREN —
B )

EX2 WRMALEA RV FM e
(1,2, Nt i), Rt oA u, (1), 150

(1)

AHUEEBERE S ST B 4w BN R (1) , UIFR R (1) 7E45
il U e, (o) BOAE R & IAT I .

B 5 R HR T N L RE % AR IOCA BIL 1Y 2 1 45 S,
{7 I A7 7E T JC AL (8] 52 B 38 B 5 8 L
AN BRE E AL, T, B 1 TR
P14 38 1 P 8 58— S s, {45 T8 A HIL 22 8] ) 38 1% 15
FELRFE— BB A2 TE AN A B RS B R AR B
TSR B[] — 2 % JF & % 25 A X A WL, i TG
AHL e BN AN 5B ENy 7,4 k=
max{r;:i=1,2, N,je N | ; #IHELMHILA
B3 33 B5 5 2% A7 25 oK A7 Gl 4 J A4 & R 1 B
I MR B B R FE B 2038 B — s 1 51 B e
T (r=h) 15 I8 AMLRE NS 5 BT A 2 JE A~ R
BEBMEH ., SEHEE AL (), 04 1 =
p8, Hb p WRTFET h/6 /MK, Ik, %
BB A R G0, 8 (g BB =00 1A SREEJE I, B
p=1, A 2 iR,

b JG AL SE BE S B SR g BN, SR
B F—Bobk 2 o A S UL

u (1) = 25 a1£(1) - h(1) -

a;i=
jeN;

(&t -7) =h(t-71)]} +h, (1) (3)
K :K=[ -a, -BINFFEIHHERZE o, B>0
3 ) 27 AL T RIS 0 i AR

BT A 3 i B S 4 — 5 i

Fig. 1 A distributed scheme to uniform communication delay

P2 B Hn () AR 5T B0 A I

Fig.2 Communication delay in discrete-time systems



A 54, 268 < A 160 388 A5 4 4 R0 B S % 0 0 T A L AR Bt 25 2 DA P

552 1 317
S 0 A R W 45— B o 1 o0 }

G Ay Ty S AR G T {4 3 £ e X B = Lxluly Eos

FIRZIR o B AR L T 5 B4 B 0] A0 388 {5 Asf 228 Ak B 6 1 017 _ 07 _

A5 S (L 4 ekt A S A [JLIIM}e“wE=LLJ*=“ 01,

ST A AR 7 R R IR B[ o1, 1. ]

L0 AT XE L 09 A RO

3 HAREESTSSHIZITRE

AR I 2 g BA 9 A AR S 0 A E 1R HEAT
e, 75 B 2R GERG 2 1Y T8 2 46 10 BAE FE ) B (3)
PERIR 4 BN B () "IAT I A HE AT IR 48 A R S

BBt ik
REIE 1 I S ANA A A AR
T AMUVEERE RS (1) BERAE £ P8 (3) 1R 1

B AE G BN R (e) 2 H ALY (o) 3 2 AT AT
FAF

chmi{ [k, (¢) +6h, (1) —h, (1 +8)] -

=

0 [h,(t) +6h,(t) —h, (t+8)]} =0
(. (4)
IiTIm% [huv(t) +6hm(t) - hu:(t +6)] -
Bk
L [h,(t) +8h, (1) —h,(t+8)]} =
HEHS B R 5 (5) Wik o
INfl 61:‘\'71
cU+&:[ S(1) +
-adl,, (1 -B8)I,,
0 X (t=1) (5)
[a8C Bac] LA

Kp:C=4], -1, A

ER 2, (1) =x.(t) —h, (1) ,¢,(1) =
vi(6) =h,(0) g, (0) = [, (1) 4, (0) ], 423
Tﬂl)((-’ﬁT%/ij

u,(t) = gL () g (t-7)] +
B (1) = - — 2; al g, (1) =, (1 -

T)] +,B[l,[’u(t) _l;b/'L~(t _T)]} +hia<t)
(6)

A (1), I TE A HLEE BE R 20T L3R 3
mrE:
(. (t+8) =, (1) +6p, (1) +h (1) -
LI h (1+6) +6h,(1)
W, (t+8) = —adip (1) +abA'Y (1 -7) + (7)
= —-B8) i, (1) +BSA Y, (t—7) +
Ok, (t) —h,(t+8) +8h,(1)

A1) =E " (1),4,(1) =E "¢, (1), N

. (1) =EL (1) ,4,(1) =EL, (1) . H(7)A15
B, (1 +8) = E¢ (1) +8E¢, (1) +
O k() =k (1 +8) +5h,(1)
%{(t+5) = - adEf, (1) +

abA'EL (¢t — 1) + (1 = BS)EL, (1) +
BSA'EL (¢t — 1) + h (1) -
h,(t+8) +6h,(t)
X (8) Wi [l 29 E ' nl 1%
£t +8) =¢.(1) +85,(1) +
L1 E"'[h (¢) —h (1 +8) +8h,(1)]

(¢t +8) =-adl,(t) + aSE'A'EL (t -

00

(9)
O 7)) + (1 =88, (1) +
% BSE'A'EL,(t - 1) + ET'[h, (1) -
L] h (t+8) +6h,(t)]
EEE
1 A,
E'A'E = [ (10)
0 A;l - 13\'71A(/)1

%/?\C:Ail _ls\‘—lA(,)l’gix(t> :';bfx(t) -
lp]x(t>’giu(l) ='/’n,(t> _l!’w(t)’ng(t) = I:G.Zx(t) ,

S (1), 6 (1) 17,6, (1) =6, (1),6,, (1),
Su(D1M,6(t) =6, (1),60 (1)1, Bz (9) H
2 (10) A 8

@,X(t+6) =¢, (1) +8¢, (1) +

L Elh (1) —h (1 +8) +8h(1)]

5, (¢t +8) =-ads, (1) + (1 -B5) ¢, (1) +
E adCc (1 —7) +B5Cc, (1 —7) +

LV Elh () —h (1 +8) +6h,(1)]

(11)
il
IW—]
s(t+98) = [— oI, (1 —,36)1\ 1]G(t) *
0 0
[aac gac] sli-m)+
® E) [hx(t) -h (t+8) +68h,(t)
h,(t) —h (t+68) +6h,(1)

(12)

HIE 1 AT, 6 (¢) 2671 B S 4R 41 i BA 4 A
XFER 22, RIAN SR AR BERE 5 S B4 BN R (o) , T X AT
BRI, A () >0 (t—>w ) i (12) 1]



AL HLF W

G
318 b B = R KR 2020 4
L6101 ) % FLILS K (5) W R L e SO da)S
" " A 8) a2, =22 2A)0

lim(I, ® E) ([hx(t) +5h1(t)]_ [hx(t +8) .

h, (1) h (1 +56)
0W’+l
[ ‘ ) =0 (13)
Sh, (1)
¥ E A (13) W45
g [ [, (0) + 8, (1) = (1+8)] -
B (h.(0) +8h, (1) ~h (1+8)]} =0
éﬁwh¢w+ﬁmxw—hgz+m]—

®©

L Thy, (1) +8h, (1) —h,(1+8)]] =0

(14)
H1 T I HLER B P 1) 4 2 BEAL A, AT R
A1) FMFH(4) . =2

E 2 A (4) BRI B g BA B R AT A g i
TAEFERI B3 MERTE , CABLAERE (1) BB 52
LA 2 BN R (o) D236 2 Y 29 . 30 (4) RIWIFARAT
LG AR T AT B, W AT g BN R (o) B S0 ER L
RJEE N JEE 2 (R AR AT N o PR BEALE S PR
I, RIVEESK P e 11 ) S0 B2 4 BA A0 2005 2 R AT
WIS A AR (S I A 18 15 56 1 2
BAER 22 T 0, SR e 2 T2 Il 300 B2 1) 20 BA

HETFHE S M, %

I, 8l
H - N-1 N-1 ]
- aﬁlw_l (1 _,33)13\*-1
0 0
P —
[aC ﬁC]

S5I33 A «,B,6 >0 2 U MEE—4A
SR

{32 ~da=0 (15a)
0 <Bs<2
B -4a=0
{2 <Bs <4 (15b)
ad’ =288 +4 >0
{,32—4a <0 (15¢)
ad -B <0
M FE H 3512 p(H) <1,
B B A WSERE H AORFGE(, B
‘/\Izm‘-l) _H‘ =
(A - 1)IN—1 _5I;v-1 -0 (16)
adl (A -1 +B3)I,,
1) R A =1, (16) A5
(AL, , -H|=a8 =0 (17)

5 a,B,6>0 7, HA=1,
2) WA=, WhX(16) AJ1E
(AL, , -H|=A +(B5-2)A+
ad’ -B5+1 =0 (18)

DY B - 4a=0, i F 12 E AT H,
p(H) <124 HALY

max( 2 -p5* v (52 - 4a)8

2
X (19) AT 1 «,B,6 >0 ¥ &£ X (15a) ¢

)<1 (19)

A (15b),
@ B’ -4a <0, 5%
p (H) = a8 -B8 +1 (20)
Wit ,p(H) <1 X HALY o, B, >0 ¥ 2
K (15¢), TE EE

SIE4 WL p(H) <1, MWFEHEEM=1,
ye (0,1) KR mar eyl - |, s =], o<
v t=t,

ERR U AR I A A S ]| -, A
|HI[, <1, 38y e [ [|H], ,1)BPT,

RS SR R (45 RHR = J, K | J
5 H (Y Jordan ARAERL, 4
ljzdiag()t,,/\z,m,/\m,z)

g,

0

muifctaluils
00000

=
=

HI=Ir+1,
ML & >0,4 D =diag(1l,e, -, ),
g

N

(RD) '"H(RD) =D'JD =T + &l (21)
= (21) il 15
I(RD) "H(RD) |, = |[I" + &I|, <p(H) +¢
(22)
e - [l 2R B 5 A

HEHBAEH], = (RD) "H(RD) ||, &%
WEL, TR 153
|H|, <p(H) +& (23)
1T p(H) <1 e =—[1-p(H)] >0, 1t
A (23) Al 13
IH|, <p(H) +& = %[1 FpH)] <1 (24)
iE &
3 WERHMME, B4 AERP TS
oy M BSEREEEL - |, WAFAEE IR B e

Bl -l SHERERM H BN, Fit, 42
B ert , & =B gl - .



%52

A 54, 268 < A 160 388 A5 4 4 R0 B S % 0 0 T A L AR Bt 25 2 DA P

319

SIES R 1-y-1>0,MAFEX 0 -
¥ —1>0 EAEAE—E 0,0 (y,1),

SI 6 WA G A ERK, WY i+
R (5) HME— T4 0, Blim 6(1) =0,

E Y+  K(5)ENT
lim{ (L, - H -8P) (1)} =

5B 6 ATEEAE Sy ANk G A A B, )

. 0 -al, Sn(D\] _
Hc“’{[Ol((S(I.\l - C) 35(11\’—1 - C) (gn(t))}_

0 (25)
A HAUH 2F# .

I (25) AT, lim 6, (0) =00 L, R UED]
lim (1, ) = €)6,, (1) =0, FL{T Hlim s, (1) =
O, BRI C WA RFAEME 1o T G A AR, i
FIPE2 F0 AR E SCRIA, T R M A RRAEH H.
FAEERCy 1o W0 (10) /T, 1 A2 C /Y
BHEG, L Jim | (1, - €6, (1)] =0,
{Xiﬂim S, (1) =0, JiE e

B2 R A(e) iR (4) I8 AXHEE
ARG NAE  FFAE «,B,6 >0 [ERFRSE(1) fE
S BHLIN 7% G BA Y 56 22 25 4 Sy TG N HILAR B A5 4 b
A A R

R (FEE) A7 R () W 0(4) e B 1
AT, T N HILAR S A0 B g BA L R 5 (5)
ERE . M (5) "] f3

q-1
c(1) = H'¢(1,) + Y 8H"'"Pc(t, + 5 - 7)
s=0

(26)
Xpet=t,+¢5,9=1,2,-,
i1 3 3 "l AFAE «,B,8 >0, 1§53 p(H) <
o GEASIE A AT, MRAETE R RO <y <1 A
Mal,@% [H["™" < My, 1 = t,. F L, H
X (26) A[ 1%
leCo) [I< My"|e(ey) ||+

q-1

ZSMy" IP|lleCty + 358 —7) | (27)

PR RAERA Y 1=, B, 3 (28) R :
leCe)||< M]flo (28)
LAl = sup leCe) |

Yrelt, -7, 10, [c() < |fl<m|fllo
BRI, HIL, REEIEN Y =1, B, WS
n>1,2(29) B :
leCe) | < nM|fl67"° & @ (1) (29)

PR (29) RIS, WAFAERT 2] ¢ =1, +q° 8,
S e [0, )0, [[e(0) || <o), g7 )| =

e(t") o ma(27)Al15
(1) = ™)< My [s(ep) |+
B lsta 5 -0l
My gl 3 oMy ]
(oM £ < nMy"" 7]+
> oMy’ e (oM -
i TP 6y
M R (601 78 | A vl =
iyl zo(y)
oM —
nMHfII(vq + H,PH' (0) ) (30)
0 vy -0
o< JHIGIHLS AIARAFAE 6 e (y, 1) ff

MH H
o —yo -sM|P| >0, AKX (30) AT 45

. oM| P
e(17) < nM||f|(7q +%'
q* _ (05)(1* o 07+6 _ 07
YD) <oy (0
v gy *
’ Y —(95) ) = nMjplo" " = @ (:7)

(31)
BAR,A(31) ANREAL, RESC(29) Biar . 4
n—1, T30 (28) Bz o G, XA 900 BR A5 1

s(t)(te [t ~7,0]) A a,B,8>0 0l 2 p(H) <

Moo T TE N HLEE BE A 65 90 b A A R, 5l
ORI, 2 (5) M- 0 EME— 1. B, Y
t— + oo B} AERE R G0 S BN IR 22 88 TS (1) >0,
RBP4 T AL AR B 38 15 40 DA A2 B B, 40 78 £E 7E
o,B,8 >0, 15 Jo A HLEEHE RE 0% S 30 2 45 A
(B R CUE . %%AM%%‘%‘?E@@
{EHR BB A, M E G 2= 2 AR
HEEA TR AR — et % EH @aWi TN
LB &8, I RGBT E 7 =0 k(1) =0, &)
AR 2, (1) =0, (1)) =e,2,(1,) =v,(1,) =
e, IFF AR v, (1) =€, 2, (1) = (1 +pd)e,
0, (1) =ey,2,(1) = (1 +pd)e,o WR e #e,, NI
AHUEREARE S B R A BN (B T R (1) =0, B
W L EANREOR R — 30 o H I, AT AHLERE
FIE % S 30 A0 B 11 g BN, EL A5 9 D — 2 A AR U o
iE
4 EH 2 R, A TSP B A D



320 b5 M = MK k% F M

A fu S 4R
NEEEE

2020 4F

A AR, W — E TR «,B,8 >0, [E1F L HERE
A SO R B A BN o fhE B 2 B9 WG R T LU
M. 28 o, B,6 >0 il & A N A 5% 7 1l 15

P(H) <1 ;Fu6<M||PH Tﬂﬁ%‘ﬁﬁﬁﬁiﬁ?
FlEp(H) <1, H %chS>OWWﬂf(M)*Hﬁ

=Y ]

T L HUE 1 «,8>0 FFH S >0 ZE/NRIAT, 2
Bk AR K 3 PR .

S Z5A 1 MUE R 2 nfAL, B ANLE
THF B 6% S B 300 B8 40 DA 1) 0 2 2% 111 Oy S0 B 4 At 2
3 (4) 7w B AT AT Pk 2% 1 LS8 A5 40 F A A2 i .
B3 1 AT LU B, A T A5 PR A5 A A U
5 Laplacian 4 B /) REAE (B % VIAH G

o EHIDHHZSE o,B,6 >0 T il
R I5) IR ARG, AT LLE ), XS5
LA 19 29 545 4 AN J2 AH B0 ST 1) T 2 AH B A
BHTE— . K, g5 02800 st R
Bl 3R, kA, B 4N S BB &
LR B L ST S HUE

K3 ZHuohn iz

Fig.3 Flowchart of parameter design

4 EERSOW

%fEEH ST AMAMAER ('R i=

, S)E ZHEF- Tz B, 7 Foh v R B R AL
ﬁ*ﬂﬁﬂ FE A 43 38 m m/s Fl m/s”
%AMZI@E’J@G%?I‘ GIE 4(a) frm, B G
JEAT 1) 5T BAT A RO o JE AN ALY ) 46 oL A

BN & (1) = [12005 (Zw(i_l))’ 12 -

5

T

smf““_nyOﬁ]o

5

Bl 4(b) AERER A 40 B, 5 220 A LI 2%

L6 22 SR R 52 Bl O R 35 E 1R | i

fF”TFHﬂ:iEJ\HL%ﬁTJ}H H AR R e 05, H
BARZHCH

(0) = []OCOS(MS_U),
IOsin(ziTr(iS_ 1)) ] '

(1) = [—wsin(zg(;z +

. 271'(1'—1))’

5

OO0EIOO00O0LE

T (2m
COSs| ——
3 60

+21T(L5 l))]
SEGE P gy 0 S B AT AT SR AR T A
h, (t+6) —h,_(t) -6h,(t) =0
{hw(t+’o‘) - h, (z) -6h,(t) =0
LESWItR AR A
¢ RS B 2 A
P BRI 3 s S 80t i /2, 7T RAAS 2
A —HZH N «=0.2,8 =0.5,6=0.1s,
j»?@?iﬁttéj\*ﬁ A I S X 2R G0 A 8 Tk R S
IrATERTAE 7=0.5s(p=5)Mf 7 =1.0s(p =10)
PIRR 45 1R BE AT 05 2, 5 R KR 120 s,
IS (a) MK S (b) 73 il 45 1 WA I SE R TS A AL

AN, AT RUSK AT B 2

P4 JC AHILEE B S 15 9 1 0 22 4 BA
Fig.4 UAV swarm interaction topology and

desired formation



%52

A 54, 268 < A 160 388 A5 4 4 R0 B S % 0 0 T A L AR Bt 25 2 DA P

321

(132 S, T AE AR B 43 591 46 7 Tt A BL I 9 i
7B T e AL, R 2k R B A 2 JC N HLAR B
MIgmEA . &6 (a) FE 6(b) 73 5| s WA i 00 T
TN B AL . &7 45 0 T WA E 15 B T 2%
1T 6 ABLEEBE (9 4 BRI 226" (0) S (o) B I Jil g
ARl £k . ME S FIE 6 w] LI H, W6 Ao {5 B
HEZ5 A TG A HLER AE % 52 I B2 A B AR g BA .
B, 7 =0.5s B, T ADUERTERA 1 =15 I
SEIA BRI ;24 7 = 1.0 B, o AHLERELE K Y
1 =25 B SCEUMI R DAY o 4k 2205 58 {5 i 48 3 K
Flr=1.5s M 7=2.0s, @I AL, TTA
BLAR HEATI SR BE 08 S 30100 22 19 4wt BA. , (ELJ2: BT 77 22 119
IF[E] 53591 2 50 s F1 90 s,

A EA R AT LUE A SO B i 45
P S8 {5 B S A5 /N B, R 8 445 1) T N ML AR R
RSP0 B g A . BB T K A L1 I A SR 1
T, L BE A% 52 BTG ML AR B 1% e A8 g BA 4R o . {H
2, B A 38 15 I E 3 K, S 3 A B o A T A
() B 15 K BRLOG, E SE Bm o,  SE BE N

K5 TJTANLIE sh ik
Fig.5 Trajectories of UAVs

6 Jo ML AR Ak h £k

Fig.6  Velocity variation curves of UAVs

P 7 TG ANHLEETE 2 BA iR 22
Fig.7 Formation error of UAV swarm
AL RS DR S S 1 3 B 2 A O 30 155 I 4 47 ol
FER/ N A o

5 &

1) WH5E T Jo AN HLEE HEAE A 1 38 {5 3 40 FAF
T T8 15 I S8 2% 1R T 10 I 728 i A 47 A [ e

2) ST JCANHLAEHE B R RO (] R S A
B BT IJ0 AL B S {5 8 A0 AR 48 T A PLAY 1
{5 I E AR5 B, it 120 A 24 B 1 (8

3) g HAe A, A E T PR B SE B
ARG BN FEREAC M 45 T AT AT g BA R KRBT 5K



322

b B = R KR

e R

a5

2020 4F

ST T P R 1 R 2 BORR 28 B A D A
A LA AT, I 2 T A SRS B B A o

4) JEid 0y SR T TR P AR 8 TR

BRI A I SE T 45 i) TG A BIL 4 i 52 BN R Y
i A

—
—_
[—

(7]

[10]

S 2k (References)

BEGe e, Fhu , T B S RHUBETE N R G S T R4 Oy
EERRT]. LR BFF,2015,32(1) < 11-16.

LIANG X L,SUN Q,YIN Z H,et al. Review on large-scale un-
manned system swarm intelligence control method[ J]. Applica-
tion Research of Computers,2015,32(1) :11-16(in Chinese) .
RIS AT B e SR AR, 45 A ST AL R ) S L A T
BTG LT]. hEERE  HOREFAE,2019,49(3) :277-287.
LIANG X L,HE L L,ZHANG J Q, et al. Configuration control
and evolutionary mechanism of aircraft swarm[ J]. Science Sini-
ca Technologica,2019,49(3) :277-287 (in Chinese) .

HE L L,BAI P,LIANG X L,et al. Feedback formation control
of UAV swarm with multiple implicit leaders [ J ]. Aerospace
Science and Technology,2018,72.327-334.

REN W. Consensus strategies for cooperative control of vehicle
formations[ J]. IET Control Theory & Applications, 2007, 1
(2):505-512.

BRI R e, TR SR BE T Multi-Agent (i %5 £ HE R 48
FMYLBAT R[], Ky 5 g H. 2016 ,41(11) :80-84.
HU L P,LIANG X L,ZHANG J Q. Research on aircraft swarms
system reconstruction mechanism based on Multi-Agent [ J].
Fire Control & Command Control, 2016,41 (11 ) :80-84 (in
Chinese) .

DONG X W,ZHOU Y, REN Z, et al. Time-varying formation
tracking for second-order multi-agent systems subjected to
switching topologies with application to quadrotor formation fly-
ing[ J]. IEEE Transactions on Industrial Electronics,2017,64
(6):5014-5024.

Beifp s, 450l 2 T A MR AT i R AL BRI [T ]
B S 4,2017,35(7) . 17-25.

DUAN H B, LI P. Autonomous control for unmanned aerial ve-
hicle swarms based on biological collective behaviors[ J]. Sci-
ence & Technology Review,2017,35(7) :17-25 (in Chinese).
IR, AW, Wh o, 45 B TR A T A HLEE R CAT 5 R O
R 1] R LR S5 HE7HAR,2016,38(6) :1374-1382.
ZHOU H,ZHAO H,HAN T,et al. Cooperative flight and eva-
sion control of UAV swarm based on rules[ J]. Systems Engi-
neering and Electronics, 2016, 38 (6 ) : 1374-1382 (in Chi-
nese) .

TRON R, THOMAS J,LOIANNO G,et al. A distributed optimi-
zation framework for localization and formation control ; Applica-
tions to vision-based measurements[ J]. IEEE Control Systems
Magazine 2016 ,36(4) :22-44.

AIE NG, SO, T/ . T L g B DR A5 A A A R
[J]. & T242,2018,39(11) 21722184,

LI B Q,DONG W H,MA X S. Back-stepping-fault-tolerant con-

trol for keeping the formation of unmanned aerial vehicles[ J].

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[21]

[22]

(23]

Acta Armamentarii , 2018 ,39(11) :2172-2184 (in Chinese) .
DONG Y,HU X M. Distributed control of periodic formations
for multiple under-actuated autonomous vehicles[ J]. IET Con-
trol Theory & Applications 2017 ,11(1) :66-72.

KHALILI M,ZHANG X D,CAO Y C,et al. Distributed adap-
tive fault-tolerant leader-following formation control of nonlinear
uncertain second-order multi-agent systems [ J ]. International
Journal of Robust and Nonlinear Control,2018,28 (15) :4287-
4308.

LIZ K,REN W,LIU X D, et al. Distributed containment control
of multi-agent systems with general linear dynamics in the pres-
ence of multiple leaders[ J]. International Journal of Robust and
Nonlinear Control,2013,23(5) :534-547.

SEO J,KIM Y, KIM S, et al. Consensus-based reconfigurable
controller design for unmanned aerial vehicle formation flight
[J]. Proceedings of the Institution of Mechanical Engineers,
2012,226(7) :817-829.

RAHIMI R, ABDOLLAHI F,NAQSHI K. Time-varying forma-
tion control of a collaborative heterogeneous multi agent system
[J]. Robotics and Autonomous Systems,2014,62(12) :1799-
1805.

ANTONELLI G,ARRICHIELLO F,CACCAVALE F,et al. De-
centralized time-varying formation control for multi-robot sys-
tems[ J]. The International Journal of Robotics Research,2014 ,
33(7) :1029-1043.

GE M F,GUAN Z H,YANG C, et al. Time-varying formation
tracking of multiple manipulators via distributed finite-time con-
trol[ J]. Neurocomputing 2016 ,202 :20-26.

R AR, TR H A5 DI T AL R ST A
S BAPETI )] =S %741k ,2017 ,38 (4) :320452.

ZHOU S L,QI Y H,ZHANG L, et al. Time-varying formation
control of UAV swarm systems with switching topologies[ J].
Acta Aeronautica et Astronautica Sinica,2017,38 (4) :320452
(in Chinese).

HOSSEINZADEH Y M, MAHBOOBI E R. Distributed predic-
tive formation control of networked mobile robots subject to
communication delay[ J]. Robotics and Autonomous Systems,
2017,91:194-207.

HAN L,DONG X W,LI Q D, et al. Formation tracking control
for time-delayed multi-agent systems with second-order dynam-
ics[ J]. Chinese Journal of Aeronautics,2017,30 (1) :348-
357.

XUE R B,SONG J M, CAI G H. Distributed formation flight
control of multi-UAV system with nonuniform time-delays and
jointly connected topologies [ J ]. Proceedings of the Institution
of Mechanical Engineers,2016,230(10) :1871-1881.

LI P,QIN K Y,PU H P. Distributed robust time-varying forma-
tion control for multiple unmanned aerial vehicles systems with
time-delay[ C] // Proceedings of 2017 29th Chinese Control and
Decision Conference. Piscataway, NJ: IEEE Press,2017.1539-
1544.

REVEY, B TE , TRAEDR | 45 T LA T 2 BA A2 1 35 75 60 IE
RG] LR MUK R 224441 ,2018 ,44(8) :1739-1747.
ZHU C C,LIANG X L,ZHANG J Q,et al. Demonstration and

verification system for UAV swarm formation control[ J]. Jour-



AL HLF W

T 5

552 o] B e, S5 < A 10 38 45 0 HD R S 5% 1F T B9 T8 A HILAE B IR 28 G A 42 323
nal of Beijing University of Aeronautics and Astronautics,2018, Press,2015:2626-2631.
44(8) :1739-1747 (in Chinese) . [28] XU G,HUANG C,ZHAI G. A necessary and sufficient condi-
[24] LIS B,ZHANG J,LI X L,et al. Formation control of heteroge- tion for designing formation of discrete-time multi-agent systems
neous discrete-time nonlinear multi-agent systems with uncer- with delay[ J]. Neurocomputing,2018,315:48-58.
tainties[ J]. IEEE Transactions on Industrial Electronics,2017, [29] REN W,BEARD R W. Consensus secking in multiagent sys-
64(6) :4730-4740. tems under dynamically changing interaction topologies [ J .
[25] ZHANG W L,LIU J C,WANG H H. Ultra-fast formation control IEEE Transactions on Automatic Control, 2005, 50 (5) : 655-
of high-order discrete-time multi-agent systems based on multi- 661.
step predictive mechanism [ J]. ISA Transactions, 2015, 58
165-172. EERE I
[26] NAKAI M E,INOUE R S,TERRA M H,et al. Robust discrete- TER B A., EERFIE 0 2 4 B2 ) 4 75
time markovian control for wheeled mobile robot formation; A A S Ak g
fault tolerant approach[ J]. Journal of Intelligent & Robotic Sys-
tems,2018 ,91(2) :233-247. AESR LWL Rl . R T A A R e
[27] XU J,ZHANG G L,ZENG ], et al. Consensus based second or- R
der discrete-time multi-agent systems formation control with
time-delays[ C] // Proceedings of IEEE International Confer- Rk BoML R EEASW, FEOR A S

ence on Information and Automation. Piscataway, NJ: IEEE P BRI 5 R o

Time-varying formation control for UAV swarm with directed
interaction topology and communication delay

HE Lyulong, ZHANG Jiaqiang® , HOU Yueqi, LIANG Xiaolong, BAI Peng

('Aviation Swarm Technology and Operational Application Laboratory, Air Force Engineering University, Xi’an 710051, China)

Abstract; Time-varying formation control problems for unmanned aerial vehicles (UAV) swarm with di-
rected interaction topology and communication delay are investigated. The UAV swarm is modeled as second-
order discrete-time system on the formation control level and a distributed formation control protocol is designed
by utilizing the instantaneous state information of UAV itself and the communication delayed state information
of its neighbors. Through theoretical analysis, the necessary and sufficient conditions for UAV swarm to
achieve time-varying formation are obtained, and an explicit description of the feasible time-varying formation
set is given. Under the condition that the swarm communication topology has a spanning tree, the constraints
of undetermined parameters and state update period in the control protocol are analyzed, and the flowchart of
parameter design is given. Simulation results show that the designed control protocol can achieve time-varying
formation control of UAV swarm even with relatively large communication delay, and thus the correctness and
effectiveness of the theoretical analysis are verified.

Keywords: unmanned aerial vehicles (UAV) swarm; formation control; communication delay; interac-

tion topology; consensus control
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Table 1 Results of circuit system importance calculation

bt iR MR JG 1 i o
R7 0.054324 R10 0.000 187
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CX2 0.002228 R9 0.000 184
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R20 0.000 866 R15 0.000 172
R4 0.000254 R5 0.000170
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R13 0.000210 R8 0.000 144
R1 0.000206 C2 0.000137
C1 0.000200 R17 0.000 137

R2 BMATHBURTRRBERTRREY
Table 2 Redundancy coefficient and times of

some components
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CX2 0.002228 1.35 0.74
R21 0.001 047 1.35 0.74
R20 0.000866 1.35 0.74
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R3 0.000218 1.85 0.54
R17 0.000 137 1.85 0.54
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Fault-tolerant design method for circuit system based on
moment-independent importance
LU Zhendan', CHEN Yunxia" ", JIN Yi', HE Xiaobin®

(1. School of Reliability and Systems Engineering, Beihang University, Beijing 100083, China;
2. Shanghai Institute of Space Power-Sources, Shanghai 200245, China)

Abstract; Circuit failure is inevitable during operation and fault-tolerant design can significantly reduce
the risk of failure. The traditional fault-tolerant method of circuit system is to analyze and improve the system
mainly based on the designer’s experience and cognition. However, it is usually difficult to determine accu-
rately the important components that have significant impact on the system performance. Therefore, a fault-tol-
erant design method of circuit system based on importance analysis is proposed in this paper. Firstly, the defi-
nition and calculation method of moment-independent importance of circuit system are proposed to calculate
and rank the moment-independent importance of components in the circuit system. Secondly, the quantitative
relationship between redundancy coefficient and redundancy number is introduced, and the mapping rule of
importance-redundancy coefficient is developed, based on which fault-tolerant design of circuit system can be
optimized. Finally, a space power regulator is taken as an example to verify the effectiveness of the proposed
method. The fault-tolerant design method of circuit system based on moment-independent importance presented
in this paper is of great significance for improving the fault-tolerant ability of circuit system and improving the
reliability of circuit system.

Keywords: fault-tolerant design; circuit analysis; moment-independent importance; space power sys-

tem; regulator
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Information reconstruction algorithm of aero-engine sensors and actuators
SUN Hao, GUO Yingqing” , ZHAO Wanli

(School of Power and Energy, Northwestern Polytechnical University, Xi’ an 710129, China)

Abstract: In order to realize the fault magnitude estimation and information reconstruction of aero-engine
sensor and actuator in fault condition and to accommodate the influence of fault on engine performance, based
on the fault detection and fault isolation algorithms, a reconstruction algorithm based on a modified generalized
likelihood ratio ( GLR) method is proposed. Aimed at the constant deviation fault and drift fault of sensors and
actuators of a certain type of civil turbofan engine, a simulation experiment was implemented. The simulation
results show that the modified GLR method has higher accuracy for fault magnitude estimation of sensors and
actuators with constant deviation and drift fault. The root mean square error of the fault magnitude estimation
does not exceed 0. 005 in both fault types. And after the information reconstruction of fault component, the
effect of the fault on the system performance is effectively accommodated.
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Composite iterative learning control for electric dynamic
loading system with control time delay

DAI Mingguang, QI Rong”

(School of Automation, Northwestern Polytechnical University, Xi’ an 710072, China)

Abstract: An electric dynamic loading system is designed for the load simulation of electro-mechanical
actuator used in UAV front wheel steering control system, which can simulate the complex alternating load. In
order to overcome the problem of control time delay and extraneous torque in electric dynamic loading system,
a composite control strategy based on traditional PID control and iterative learning control is proposed. On the
basis of introducing the composition of the electric dynamic loading system and establishing the mathematical
model of the frequency domain of the loading system, this paper analyzes the generation mechanism of the ex-
cess torque in the system, puts forward the measurement method of the control delay time of the system, and
designs the composite controller which combines the iterative learning control with the traditional PID. The
convergence conditions of the iterative learning controller are given by theoretical analysis, and the effective-
ness of the control strategy is verified by extraneous torque suppression and dynamic torque loading experiments
respectively. Compared with the traditional feedback and feedforward compensation control strategy, this meth-
od can eliminate the influence of control time delay and extraneous torque on the loading system, and ensure
the torque loading accuracy of the electric dynamic loading system.

Keywords: electro-mechanical actuator; electric dynamic loading system; extraneous torque; control

time delay; iterative learning control
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Enhancement of implicit assembly strategy in overlapping grids
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Abstract: As an important part of the overlapping grid technology, the implicit grid assembly has no ex-

plicit “hole-cutting” process, and it is only necessary to classify cells by comparing their qualities while

searching for donor cells. By improving the traditional implicit assembly process, a more efficient implicit as-

sembly strategy is developed to alleviate the effort of searching for donorcells. At the same time, a local donor-

cell search method based on Cartesian grid mapping is developed to improve grid assembly efficiency. First,

for each sub-grid, the shortest distances to all other wall surfaces are calculated while calculating the shortest

distance to its own wall surface. Then, the position of hole boundary is controlled by comparing the shortest

distances of the same cell to different wall surfaces. Finally, only partial donorcell search is performed on in-

terpolation cells, which avoids the process of global donor cell search for all cells. The accuracy and efficiency

of the developed strategy are verified by three typical complex flow examples.
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Table 4 Parameters in icing prediction

A5 i TEVKIE B BTk A5 %
R LK o/m 0.5334 0.5334
K E U, /(m-s™ ") 102.8 67.1
ke T, /K 256.49 265.07
KFRE p, /Pa 90760 90760
M a/(°) 3.5 3.5
WAKERELWC/ (g m™?) 0.55 1.30
S H K B A% MVD/pum 20 30
TRUKI 8] £,/ 420 360
FRVK I (8] 255 n 3 2
KIS [ 25K Ae/s 140 180
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Fig.5 Computed and experimental icing results and

experiment results under rime ice situation
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Fig. 6 Computed and experimental icing results and

experiment results under glaze ice situation
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Table 5 Calculation parameter selection in verification

of similarity under rime ice situation

A5 4 R A 2 LA
45 o L) Ky 1 1/3
SEWSRH LK o/m 0.5334 0.1778
KPR U, /(m - s™) 102.8 102. 8
Fe I T, /K 256.49 256.49
KUHIE p,, /Pa 90760 90760
WA a/(°) 3.5 3.5
WK AR LWC/ (g m™?) 0.55 0.55
S-H1K % A2 MVD/um 20 11.547
FRUKI 1] ¢,/ 420 140
LK IR 18] 26 55 n 3 3
LUK IS ) 25 1 Ae/s 140 46.667

x 6 HBAKBERALERIETES RN
Table 6 Calculation parameter selection in verification

of similarity under glaze ice situation

A5 ENm R i 45 He AR T
45 L LA Ky 1 173
TR K o/m 0.5334 0.1778
RWMBBEE U, /(m-s") 67.1 96.775
RFHI T, /K 265.07 265.07
KWL E p., /Pa 90760 90760
MW a/(°) 3.5 3.5
WAKERELWC/ (g - m™?) 1.30 1.30
S ¥4 7K B A% MVD/ pum 30 14.423
TRVKI 8] £,/ 360 83.2
FRVK IS (8] 255 n 2 2
FRVKEF R PR Ar/s 180 41.6

7 FROKUKIE AL 9 1 5 45 2R
Fig.7  Similarity verification calculation results of icing

under rime ice situation
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Fig. 8 Similarity verification calculation results of icing

under glaze ice situation
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Similarity theory in icing wind tunnel test
TIAN Yongqiang, CAI Jinsheng® , ZHANG Zhengke, YANG Leilei

( National Key Laboratory of Science and Technology on Aerodynamic Design and Research,

Northwestern Polytechnical University, Xi’an 710072, China)

Abstract . Similarity is the basic requirements of all kinds of wind tunnel tests including icing wind tunnel
tests. To systematically study the similarity problem of icing wind tunnel test, the in-flight icing problem is an-
alyzed and summed up, and then the variables involved are summarized, including both their physical mean-
ings and dimensions. Then some dimensionless variables are obtained by applying the similarity theory analysis
method to the in-flight icing problem and the physical meanings of the dimensionless variables are analyzed.
Some simplifications to the dimensionless variables of the in-flight icing problem are conducted by ignoring the
unimportant factors, and then the dominant similarity parameters of icing wind tunnel tests are obtained. Final-
ly, the method of selecting the operating parameters of the icing wind tunnel test on scale models is achieved
by applying the similarity laws, it is verified by CFD and its feasibility is confirmed.

Keywords: icing; wind tunnel test; similarity theory; scale model; computational fluid dynamics

(CFD)
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Fig. 1  Multi-vibration target model
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Separation of midcourse multiple micro-motion targets based on DSFMT
CHEN Shuai', FENG Cunqian®* , ZHANG Rong’

(1. Graduate College, Air Force Engineering University, Xi’an 710051, China;
2. Air and Missile Defense College, Air Force Engineering University, Xi’ an 710051, China;
3. Military Representative Office of the Air Force Equipment Department in Beijing, Beijing 100166, China)

Abstract: The ballistic missile forms a target group in its mid-flight, and the narrowband radar cannot
separate the ballistic target from the distance because of its narrow bandwidth. In order to enable narrowband
radar to separate ballistic targets, the micro-motion characteristics of ballistic targets were studied. The nar-
rowband radar signal echo of vibration target was modeled and its convergence characteristics in discrete sinu-
soidal frequency modulation transform ( DSFMT) domain were analyzed. The convergence characteristics of
multi-component signals in the transform domain were studied to separate different signal components and the
vibration frequency of the target was estimated. The simulation results show that the narrowband radar echoes
of multiple vibration ballistic targets have obvious convergence characteristics in the DSFMT domain under the
signal to noise ratio of — 10 dB, the proposed algorithm can distinguish different vibration scattering points,
and the estimated vibration frequency root mean square error is less than —2.5 dB.

Keywords : micro-motion; midcourse trajectory; narrowband radar; discrete sinusoidal frequency modu-

lation transform ( DSFMT) ; target separation
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Influence of mechanical vibration on characteristics of
plane tactile sensing
SONG Rui, SUN Xiaoying, LIU Guohong*

( College of Communication Engineering, Jilin University, Changchun 130022, China)

Abstract; Tactile reproduction technology on touch screens enhances the sense of reality and richness of
users’ interaction experience. In the process of tactile reproduction, masking effect changes tactile perception
characteristics (both absolute threshold and differential threshold) ,and influences the accuracy of tactile ren-
dering model and the reality of tactile reproduction effect. Based on tactile reproduction device with mechani-
cal vibration, squeeze film effect and electrostatic force, through “three-down-one-up” experimental method,
we studied tactile feedback perception characteristics of squeeze film effect when the tactile feedback of five
kinds of mechanical vibrations with different amplitudes were taken as masking stimulus. We also compared
the results with those targeted by electrostatic force. The conclusions are drawn as follow: In terms of absolute
threshold, when the mechanical vibration stimulation intensity increases from 0 V to 100 V, the absolute
threshold of squeeze film effect increases 35.31% , from 34.30V to 46.41V, and the increase is 14.95% of
the electrostatic absolute threshold growth. In terms of the differential thresholds, when the mechanical vibra-
tion stimulation intensity increases from 0 V to 100 V, the differential thresholds of squeeze film effect float
within the range of (15.21 £0.67) V, similar as the changing trend of electrostatic force tactile feedback.

Keywords : tactile reproduction; squeeze film effect; mechanical vibration; electrostatic force; masking

effect; absolute threshold; differential threshold
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Table 1 Enemy aircraft parameter information
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%.7692 0.4274 0.3333 1 0.6250% HPRAT SRR 0 RHLIT SR T, T U
F9. 4587 1 0.5000 0.7576 1 g WA EE, LS BIE ¢ =0. 5980, R 45
Ly 0.3333 0.5000 0.7463 0.5000 ’t(21) 1, 0.5 sRABAE IE 5 145 b A

y = "=[0.1389 0.1302 0.1924 0.1864 0.3521]
[9-6140 0.4636 0.4118 1.0000 0.5833 AR (24) ~ 3 (27) 40 55 4% Fe L 5
%.6140 0.6796 1.0000 0.4575 0.7778% T FRARfig | 0 3 ARL AR 22 R] A IR €8 0 3k BE DL K
E1.0000 0.4118 0.5833 0.5109 0.5833F AR WILIE, (13 2 Fim.

Ld.5426 1.0000 0.5833 0.4118 1.0000H Hi 32 2 AT LA Y, 4 1F f7 B3 AR f K €0 5 T

FHTIE B3R (8 5 3R A O g, AT AR 9 3 (13) 13
FI)IE SROB A0 TR B I

Q" =
9:2567 0.2916 0.4286 0.1305 0.3200
%.2567 0.1719 0.1429 0.3472 0.2000%
FQ- 1530 0.4024 0.2143 0.2631 0.3200F
4.3336 0.1341 0.2143 0.2591 0.16005
Q“:
92216 0.1814 0.1597 0.4201 0.1981
%.2216 0.2660 0.3878 0.1922 0.2642%
F9-3609 0.1612 0.2262 0.2147 0.1981
4. 1958 0.3914 0.2262 0.1730 0.3396
AR (14) ~ K (17) B 2 45 48 A5 BUIE 1Y
IC{E Y ]

w, C (0.1530,0.3609)
w, C (0.1341,0.4024)
w, C (0.1429,0.4286)
w, C (0.1305,0.4201)
ws C (0.1600,0.3396)

1< 11?2
ED) (wj -?) C (0.0034,0.0115)

S 3 A R 455 780 ] SR AT 8 AR AL EE A
= [0.1774,0.1681,0.1723,0. 1669,0. 3153 ]

A A8 S HE 2 (9) (AN (10) SR HE R Z
[B] 71 SCHK B A
[rylses =

I 0.4416 0.4974 0.5980
4416 1 0.4654 0.3635 0.61320
04974 0.4654 1 0.3911 0.5107Q
@.5980 0.3635 0.3911 1 0.4395%
0d.4952 0.6132 0.5107 0.4395 1 U

B8 bR 22 8] B 5 6 2 IR B AE = 4 45 1] i 5] 2
i 4888 1 ~5 2 nl s iae ) 2 s L A
BB S R B

0.4952

BE N HAR BUPHE R HEFF S B, Bpl2.4 5
7CBRARAR 9 D40 S R P82 DR I BLAEL AR 1) K (5 DG B
JE L 1.3 45 TE BEARUARR 9 K £ 06 3R B R T i B
RO K (LG TR B2, W] S R 1.3 A LB R T
2 4, A EBHURHEF N1 >3>2>4 5%
WL SLAAT
ARG (28) (3 (29) 52 25 Bl -5 1k S B
RELiRR 22 18] (9 JIASLIER QB B 035 3 s
H12E 3 Al DIFE ), BSOS AR AR IR ER B
Xt A P EL A HE PP S A B Pl 1.3 5
VAR 118 B IR P 9 O T O AL AR 1) R T BE i, AL
2.4 'ﬁIEIE*EﬁEEI’JE’KEEEE%‘jK?ﬁIE*E%E’JE’KEE
B UL R B2 ARUME R T3, 2R IE

B2 2546 bn [ 4 G I B

Fig.2 Correlation degree among indexes

®2 REBXEKE
Table 2 Grey relational degree
IF JLAE i 1 BEAR firt AT
G R o S, A
T OREXBE KR W I
1 0.8158 0.6167 0.5477
2 0.6331 0.7253 0.4441
3 0.7834 0.6054 0.5422
4 0.5937 0.7467 0.4212
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Table 3 Euclidean distance (WK 3) ,aTLLE B BRI e b B 5, B AR
AL IE A i S A TOPSIS Jy i B X 43 BE e K, GRA-TOPSIS 25 5 iz ] T %%
G52 R B K B R B N .
| 0 3536 0 6291 o 3944 P Ae B, A g W HE Y 5 i & B
2 0.5293 0.4245 0.5909 T HE T30 9 BT M 15 B S [R) S 800 H BR UM 2
3 0.3303 0.6041 0.3878 LRy, b g5 R e 4 frac. AR SHH
4 0.5430 0.5213 0.5469

FAEL A 1) IR BE B H A 0 U X 43 BE ) 2, A
L ML 22 >4 > 1 >3, 52055 52
FHAF o

80 (30) ~ 20 (33) % 1 £ HHAE A 1 RREG BE
B RR (6 0CHK BE AT TC i AL AR B, a3k 4 iR,

ASCREUT 4 T 5 2 % BOFLEE i AT HE R
CEA I T AR bR IT AN Z 0] Ok FE R AR R 2
() £ OO 30T 8, XoF = 5 1 R A b 3L, 43 3] SR A
K4k B ( TOPSIS .GRA F1 GRA-TOPSIS) F1 & 37 %k
BRI 5 v, A5 B EOHL M HE 3% 5 R .

G112 K4055F66HHE1HSE a=0.2,
B=0.8 2HEH a=0.4,8=0.6 K =HS
B a=0.7,8=0.3 XN ;ZHAEG3 HERS P
) GRA-TOPSIS Z:%{ (o =0.5,8=0.5 ) M X i,
R R 3 5 X T BP0 51 G G B R 45 A4 b
PO 3 B ) Al 2 R B, A9 th AN TR % B bR s ) HE
JPaE R, gk 6 i

M 6 ] LLE ), P 1 3 W 47 25 % I
L0 BN HE P 25 R A e 7 S BRAS SR, B—A
AT R B O RS AR GE , AN RE— T i, A5 —
Mg 4R,

x4 AENULBEREBMHEF (a=0.5,8=0.5)

Table 4 Dimensionless processing and threat sorting(a =0.5,8 =0.5)

L F 35 AL fig o1 T AR i F 35 AL fig o1 F AR i F 35 AL fig gLl AHXF SR
% IRERBEEE RO SCHEEE WK EG B B8 K [G B 25 I 3 g W 3 W 30 g Hey
1 1.0000 0.8259 0.6512 1.0000 1.0000 0.7386 0.5742 2
2 0.7760 0.9714 0.9747 0.6749 0.7255 0.9731 0.4271 4
3 0.9603 0.8108 0.6083 0.9603 0.9603 0.7096 0.5751 1
4 0.7277 1.0000 1.0000 0.8286 0.7782 1.0000 0.4376 3
R5 MFFEMENMEESEBHEE LR
Table 5 Comparison of relative nearness degree and threat sorting of four methods

TOPSIS GRA GRA-TOPSIS By op p R

L4 5
AR T I 35 BE SR HE AR T 35T B2 SR HE T A X i 30 JE T HE T AW R T
1 0.3944 3 0.5477 1 0.5742 2 0.6107 1
2 0.5909 1 0.444 1 3 0.4271 4 0.5930 2
3 0.3878 4 0.5422 2 0.5751 1 0.4871 3
4 0.5469 2 0.4212 4 0.4376 3 0.4521 4
~ N 4 7 B E 0
B3 DUy o R U JE B4 RAE ARG L
Fig.3 Comparison of relative nearness degree Fig. 4 Comparison of different preferences

calculated by four methods

among decision makers
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Table 6 Target threat sorting at different values of a,8
«=0.2,8=0.8 «=0.4,=0.6 «=0.7,8=0.3
L
g IERAE AR R R AR IERAE AR R R AHXF IERE AR AR AR
WG 30T It 305 T 30 W 305 It 305 I 30 W 30 i 305 WG 30
1 1.0000 0.8259 0.5477 1.0000 0.7560 0.5695 1.0000 0.7036 0.5752
2 0.7760 0.9714 0.4441 0.7356 0.9727 0.4306 0.7052 0.9737 0.4202
3 0.9603 0.8108 0.5422 0.9603 0.7298 0.5682 0.9603 0.669 1 0.5751
4 0.72717 1.0000 0.4212 0.7681 1.0000 0.4344 0.7984 1.0000 0.4439
kR 1>3>2>4 1>3>4>2 1>3>4>2
305 (in Chinese) .
5 & & (3] SRS IR A S I T SN PR T 9 4

BT LA 9 2 XL I AS 12 A R DA 32 6400 A 44 3
FRVRAEXS PEAN X 2 0 B SRR R ARG SR S
TN A AE — M 22 1Y ()@, D) Jeds B GRA Al
TOPSIS #47 B br B PFAS £ 7EAS & 1 [ T, 32
T —FhJE T TOPSIS-GRA H 5 B P74 77 ¥, 7T
VIS

1) & X0Ks B Aw g W 3 Ak [a) 8 5% 16 i 22 @ 1%
PSR A, H AR AE R B 5 A BITEAE R R,
fEASPEAG AR R T -A B, PR 45 5 5 a7,

2) AE B AR DI BE BRI B LAl b K (8 O Ik
REIIR I G5B ORI HIE 5 7 A MR
X R SR A 1 5 )

3) ZBRNIPAL T8 bR Z A N FERR & 1, A
T 2 2R B 18 25K, AR S s A =2 ) A A 1)
A FE WK 8GR B, R e T 48 bR 2 B AE OGP Y 5
M, ] Bt 8 A2 T 2R A LS

4) ¥ GRA 5 TOPSIS #i%5 4, viflk T TOP-
SIS il GRA WF 7 vk 7 B iy sy BR 4, 8145 H 5 Bk
JElRAE XoF N 0 S BEHnofE iff L AT B0 A B S Bk H
B BB I RN o [R) B AR SR 25 18T e 3R 3 AN T
FE A 4f-, 75 AN R B U DAk 45 R, sE o wi B T
TR T2 O s - X 25 SR 9 52
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Air combat threat assessment based on improved GRA-TOPSIS

X1 Zhifei', XU An'** | KOU Yingxin', LI Zhanwu'?, YANG Aiwu'

(1. Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China;

2. College of Electronic Communication, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In order to solve the problem that the coupling between indexes is not considered an the objec-
tive weighting method cannot reflect the true importance of indexes relative to evaluation objects from a logical
perspective when calculating the weight of indexes in air combat threat assessment, a maximum entropy model
based on grey relational degree and grey relational depth is proposed to determine the initial weight, and then
the weight is modified according to the grey relational degree among indexes and the decoupling threshold. In
order to overcome the shortcomings of grey relational analysis (GRA) and technique for order preference by
similarity to solution ( TOPSIS), a method of target threat assessment based on GRA-TOPSIS is proposed.
First, the influence of mathematical model and fuzzy processing on the target threat assessment is analyzed
through example. Second, the results of the target threat assessment using the GRA, TOPSIS, GRA-TOPSIS
and mathematical models are compared and analyzed. Finally, different target threat assessment results are ob-
tained by considering the subjective preference of different decision makers. Simulation proved the effective-
ness and scientificity of the proposed method.

Keywords: grey relational depth; grey relational degree among indexes; grey relational analysis and

technique for order preference by similarity to solution ( GRA-TOPSIS) ; maximum entropy; resolution ratio

Received: 2019-05-05; Accepted: 2019-08-03 ; Published online; 2019-08-22 11.08
URL: kns. cnki. net/kems/detail/11.2625. V.20190822. 1041.002. html

+ Corresponding author. E-mail: xuankgd@ 163. com



2020 4 2 H
Fr46 4 2]

tEMEMRKEFFR

Journal of Beijing University of Aeronautics and Astronautics

dtﬁ##ﬁ Feb 2020

Vol.46 No.2

http: // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2019. 0215

jbuaa@ buaa. edu. cn

i
i

TR, REXT, rnit
(i iR 2 nlAEth S R G TR, At 100083)
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FI Sy 1B Al Xt b ity 2 B i s ), (H B A BE— 20 5 R
it 2R A B B A 1 B0 . Guan %5 L
A AR A B B R (L ) S IR 5 4 Ok A R 1) Z2 LA
R SEPE A, 4 e R O 252 3 A
IR A SR T A2 A, (%R 23 B A 25 H
BB AL wi il I R B R [R] I iR B e 22
ARG, R AZ I @ 807 3k ANl A HL A ™
il ) B2 5 4 ] S PR 0 AT

bR A A ST S R Y SR A b e A T
SR I i B BB AR A R A A ST A B A
IR AR A P S v, H M T B AR AL ) b i
RAGBIFEN 5 T AN AR BLAE o b 2R RO 1942
o, i 2 BUAE w i 2% 2801 {4 2 B B S Al o Bl AR
FEEn PRI AT H BB AL S ehly 2RO HL R
FAHE.TE 4, 1 BB A ol 1) 82 0 2 4 R 1 3
FEA A THaE R

AR SCTE C A 58 4 2R SRS B BF 52 6ty b, {6 1)
Wiener i 2 £ 1T IR (L B8, 35 2% 18 A B SCHKR
THOLT A BB A wh il 26 20" AR RE R, R BLAE 2
H SR AR B — 1B AL A I, vl i i 7 A2 52
S BT A SR AR R L b i 2 Sk AR Y IV
DU, DAIBLRL 7 il P B B8 e sl (LA k7 % 42, st
SEAHEL SRR 1974 19 {38 4 2R R A R o 5
S A R SRy TR S IR B A 2R A UL KO L S R B
RGBT AT L o0 #r , 2R WIAR HL SR R 5 4 2k 2%
52 TR i B i S R IL R 2K 7 i 1 B SR AR £

1 838

X7 i R AT AT RE PR S0 I A A 7 2 7 R
P R WEAT 23 BT S . LA i B RO h B B
B IRBE h BN 5| 1 it e B R A T 1Y
4R B B IR R ROE I B 7 dh AR I 1] fry 3
T, o7 i R RE T e Ok, 2 O — E B EL N
A IIG R B I LA, Ftn K HL R S BLEY A IR
e TR 2 55 20T R R AL B B B L 45 5 i R
RBUE AR AhAEIB AT i 2 P PR AN SR 5 8 AR
RE 1 2 SR 5% 1 2 24, 191) e g A L B L A R B
MRS A S BAAKRAE bl R
it P8 BB B ST 15 94728 Al 73 i AN 18T 1 R 2 s

F AT 1Rl 257 dh iR AL 2 ) T 0 R
IR BB E D, A ™ dh B BB AR AL )™ b
9 R (EE R 5 A B PR B G (HAF AE—Fh
R E T O, 2477 i B A 52 B ER558 52 Wi I 2 25
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Table 1 Reliability analysis parameters for a

certain type of motor

D/ pm® 0.5
D,/GPa 1.55
D,/GPa 1.4
wy 1x10°*
oy 2x107°
Moy 1.2
T, 0.2
H/ pm® 7 x107*
A/ Bk 5%x107°
Mg 2.59 x10°°
oy 2.29 x107°
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Two-stage variable threshold correlative and competitive
degradation modeling
WANG Qianyuan, YUAN Hongjie* , XU Ruyuan

(School of Reliability and Systems Engineering, Beihang University, Beijing 100083, China)

Abstract: During the use of mechanical and electrical products, there are degradation failures and shock
failures caused by the environment. It is often considered that self-degeneration and impact failure are inde-
pendent of each other, or there is an incomplete phenomenon of the correlation, that is, the impact of the
shock results in a sudden increase in self-degeneration. Considering that the impact will affect the degradation
process, at the same time, the degradation will also affect the impact. When the amount of self-degradation
reaches a certain value, it will not only affect the failure rate of impact failure, but also reduce the impact fail-
ure threshold of the product. As a result, the impact resistance of the product is reduced, and the impact fail-
ure process of the product shows a two-stage phenomenon. in the case of self-degeneration and shock failure,
which is related and competitive, a reliability model for changing the failure rate and failure threshold has been
established, which solves the problem of the incompleteness of the traditional competition model.

Keywords: self-degradation; random shock; associated competition failure; stochastic process; variable

threshold ; two-stage model
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Burr characteristics of robotic rotary ultrasonic drilling aluminum
alloy stacked components

HU Lichuang, ZHENG Kan" , DONG Song, XUE Feng, SHU Jing, MIAO Didi

(Department of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract; It is easy to generate burr on the edge of holes when industrial robot drills the aluminum alloy

stacked component. The assembly accuracy and efficiency of aircraft are severely affected. Aimed at the prob-

lem of robotic low stiffness, a model is developed to compute the burr height of holes produced by robotic rota-

ry ultrasonic drilling. First, the impact of high frequency vibration on the burr height is invesgated by drilling

experiments. Then, the empirical formula of drilling force in robotic rotary ultrasonic drilling aluminum alloy

stacked component is obtained by analysing the experimental results. Furthermore, based on the classical thin

plate bending theory and energy method, the influence mechanism of ultrasonic vibration and drilling position

rigidity on the burr height of drilling is clarified. Finally, verification experiments are carried out and the re-

sults show that this method has high calculation accuracy and the relative error is within 13% .

Keywords: stacked component; drilling burr; calculation method; robot; ultrasonic vibration
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Sensitivity analysis for aviation insecure event using Monte-Carlo
method under uncertain conditions
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(1. Equipment Management and UAV Engineering College, Air Force Engineering University, Xi’ an 710051, China;
2. Key Laboratory of Optoelectronic Control Technology, Luoyang 471000, China)

Abstract: To solve the problem of sensitivity analysis of aviation insecure events under uncertain condi-
tions, this paper proposes the aviation safety index and its sensitivity measurement based on the Bow-tie mod-
el. Taking the tire burst accident as an example, we calculate the aviation safety index, the global sensitivity
for basic event and its local sensitivity for distribution parameters using Monte-Carlo method. According to the
simulation results of the tire burst accident, both types of sensitivity indexes vary with the increasing flight
hour, and the most significant change appears during 500 — 600 h, but with the same order of index impor-
tance. The type of basic events is the main factor affecting sensitivity, for the sensitivity of electronic events is
far less than the mechanical events. In the uniform type of basic events, the mean time before failure is not the
leading factor affecting the sensitivity, which has a close relationship with the failure transferring logic. The re-
sults of this example demonstrate that the safety index descends with the flight hour, and the focus for impro-
ving aviation safety is to pay attention to accident caused by aviation components failures in 500 — 600 h. The
importance of sensitivity will not change with the flight hour, and the key of preventing aviation accident is to
improve the degree of reliability for basic events with a higher sensitivity.
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Abstract: In this paper, a ranging system of LiDAR based on automatic gain control ( AGC) circuit and
constant fraction discriminator ( CFD) circuit is designed for the problem that pulsed time of flight LIDAR ran-
ging precision is limited by the walking error and time jitter error caused by dynamic range changes. It can
adapt to measure the distance in short-distance dynamic range with better ranging precision. Through a series
of experiments, within 10 — 100 m detection, the ranging precision is estimated to be on centimeter-scale. In
the experiment of three-dimensional dynamic scanning, the planer fitting root mean square error of the target at
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Fig.8 Reconstructed images with 10 coils
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Reconstructed images with 20 coils
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Table 2 Correlation coefficient with 12 coils

s Tikhonov Spilt-Bregman CG‘LS ' e J5 /Eﬁ‘
ik ik Wi Tikhonov 513%  KdE
SrAi 1 0.4368 0.4350 0.4528 0.4521 0.4992
S Ai 2 0.3965 0.4004 0.4063 0.4558 0.4953
4343 0.3656 0.3646 0.3747 0.4230 0.4607
A4 0.7368 0.7414 0.7508 0.7609 0.7700

&3 16 ZEHEXRY

Table 3 Correlation coefficient with 16 coils

i Tik}?tyn(xv Spih-f?fegman chS _ %%E‘ fg%
ik Hk Bk Tikhonov 57k B
A1 0.4261 0.4264 0.4163 0.4404 0.4696
4442 0.3765  0.3767  0.3905 0.4334 0.4426
4343 0.3766  0.3873  0.3978 0.4160 0.4488
4pAi4 0.6447  0.6449  0.6400 0.6734 0.7113

R4 20 ZEHEXRY

Table 4 Correlation coefficient with 20 coils

Table 1 Correlation coefficient with 10 coils
i Tikhonov Spilt-Bregman CGLS HE# 5 B4H
(=87 Bk Bk Tikhonov & 3£ BAR
A1 0.3561 0.3661 0.3710 0.4876 0.4914
A 2 0.3559 0.3865 0.3727 0.4051 0.4346
A3 0.2778 0.2778 0.2934 0.4162 0.4095
A4 0.6427 0.6428 0.6591 0.697 4 0.7230

i Tikll?now' Spih-Bl"egman CG‘LS ' T 5 ‘ Eﬁ'

Hik "k Bk Tikhonov Bk B
A1 0.4383 0.4187 0.4452 0.4682 0.4758
SrAi 2 0.4339 0.4323 0.4270 0.4406 0.4844
s34 3 0.3885 0.4036 0.3967 0.4214 0.4430
srAi 4 0.5525 0.5501 0.5972 0.5942 0.5949

M1~ 3£ 4 Al LLE AR R A [F 1L
T B 114 BB TR B A O R B A8 AR L .
10 2R [l 1) 12 228, B 24 Vel A (9 388, i 57 9
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Optimization for settings of sensor array in
electromagnetic tomography

YUE Yuanli, LIU Ze, WU Jianli, MIAO Yu" , LIU Xianglong, WANG Jiawei

(School of Electronic Information Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract; The settings of the sensor array in electromagnetic tomography ( EMT) determine the number

of induced voltages, which have an important influence on reconstructed image quality. To study the effect of

the settings of coils on the quality of reconstructed images, the number and the position of the sensor array are

discussed for optimization. In this paper, the models with different numbers of coils and different contributions

are established by using COMSOL Multi-physics; the different algorithms are used to image reconstruction and

the quality of the constructed images was compared by correlation coefficient. The simulation shows that the

image quality improved by increasing the number of sensors, but when increased to a certain number, the im-

age quality will become worse if the number of the coils continue to increase. In order to increase the measure-

ment data instead of increasing the number of the sensor array, the sensor array is rotated. By comparing the

image quality before and after rotation, the result shows that the quality of the reconstructed image is obviously

improved after the combination. The simulation results can be a guide for the settings of the sensor array in the

design of the EMT system in future work.

Keywords: electromagnetic tomography (EMT) ; induced voltage; sensor array; rotated; image quality
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Fig.1 Hardware-in-the-loop simulation architecture for fuel cell hybrid power system
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Table 1 Basic parameters of fuel cell
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Fig.3 U-I characteristic curves of fuel cell
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Fig.4  U-I characteristic curves of lithium battery
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Fig.6  Power system in hardware-in-the-loop simulation
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Hardware-in-the-loop simulation of fuel cell UAV power system
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2. School of Mechatronical Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: Focusing on the flight test difficulty of fuel cell unmanned aerial vehicle (UAV) power system
and aimed at improving the design and development level of power system, this paper designs and builds a
hardware-in-the-loop (HIL) simulation platform of fuel cell UAV power system, on which the power system
composed of fuel cell, lithium cell, DC/DC power converter, electronic governor and brushless motor is taken
as the hardware, the mathematical models of UAV | autopilot, propeller and flight environment are taken as the
software part, the throttle signal control of UAV and the load of motor in flight are taken as the simulation
part, and the signal generator, dynamometer and torque loading device are taken as software and hardware in-
terfaces. Facing the typical mission profiles and based on the state machine management strategy, the paper
conducts a HIL simulation for power system of fuel cell/battery electric UAV, and analyzes the effectiveness
and practicability of the HIL simulation platform and management strategy.

Keywords: fuel cell; unmanned aerial vehicle (UAV); power system; hardware-in-the-loop ( HIL)

simulation ; energy management
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Fig. 1 Schematic diagram of structure of a

fiber-reinforced soft gripper
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Table 2 Contact airbag structure parameters

R ERE Dy/mm 25
FEAR [ 52 A 3 B4R D,/ mm 24
WZ BV E L,/mm 10
FIR 2 AR L,/ mm 6
RIS 0,/(°) 67

2 REFERFEFFRERER

Sy it — 25 W 5% AR I A 7 1 3 B R R R i
el 7, o AR e R 8 10 AR T R0 fk 0 F o 2
PRI LA PR A 0 B A ST AR e R A AR Y 4
fil 3 Ay S ABE R
2.1 EEETHIENFTHENEREE

E-¥ P R oy S R 1l [ R N D o
P BCE S8 W 58 REAR R RE I Al R M ) 2 R
R SCHR [ 27 ] v e e 4 b 1) 06 132 43 9, 3B 45 v
T B ik JE shore A20 A Sy BIK 2y 2 A 7R 4 B , 2% 15 2]
RERR I 1 R ARTEAT by LA B Z kM1 R} I JE 2R 1 T 2
PE ST, R FH Yeoh A5 7 S 57 ok AR A4 HH 1) A AL 56
R,EST AN S HOE e R
W =C,(I =3) +Cy(I, -3)° (1)
b Wk B ) 25 gl K Bl A Y AR R % R R K
I = A0+ 25 + A5, A, A, F A, 2300 Bl & 1)
el EPLA L ; Cy Co N RERR L # B Yeoh £
TURARL 2B, 38 ok A S5 (AN & 4 BFR ) FIER
B5 WA B oE MR W R Y, ¢, =0.072,
C,, =0.0025,

XFF IR S A%k U, 2 P A SRR
HIEREM R 2 B N BELE 3 A5 ) b RS AR
U T ¥ W)

L
0 = -
) L,
= b, -
T R I e IR (2)
O B -2 H -2t
gz(mmmaw

t t t t

K4 hifhscg
Fig.4  Stretching experiment

AL B =20 Fl H - 2t 43 5 37w 28 I il 9K 50 2%
23 s rp O B R A B IR B AR SE R R Lb - 21
A h =1, =1, 53 5 F A J5 9K g i 25 1 bl b
LK AKX B a8 1 TE R R, b AR IR R BK S A
Ti b RARTE 5 R B AR AR s 0 i AR TR A IR Bl 4 A
S ) B JEE (B AR BEJEL ) L0y oty 1y 1y, 7R TE ST BK
Bl 2 4% 07 ] B R EE A0 S BR o

9K 5l 70 N 7E S TN Rl AR il ek LA

F R
L =1L +e¢28
1 1 3
{ll =L + (e +e,)0 (3)
- (3¢
SR
=] h
=2 - € (4)
2 o)
=t
.
A e, IR TR 25 18R 1 25 O B 2R ) R
B e, N T AN AT E L 2R T 0 il 4R Y R

B QLS mEE, Wi KIE—E, 2L
Vi B, HHGEZ S ] AR R

C=[2b+2h+ (2w -8)r]N+L-N (5)

Horp: C W BEGRE A s N R LA s r Y Jis ik 3

IS ARTE i Ja R BR ) 2 h R 3h 4 5 RSE
Fig.5 Size of unidirectional bending actuator before and

after deformation



450 b5 M = MK k% F M

A fu S 4R

2020 4F

B . oK s & 72834 i, REAR IR RV,
SRR SRRV, 435018

V. =S,L (6)
V. =S.L (7)
Ar:S, MRS T AR S, S AR P i &S
(B A IR T AR o H A 9 AS AT e 4 1, BIK B 2% AR
TERTAT 5 ATV, 52598 )5 Ir o5 AR R Vo R EE
AN ATHT

vV, =V, (8)
BRArA(5) ~A(8) , WA= Ev b m h 3R
kA ok
b _4—’]Tr_e +1+2z+C—L_
2 : 4 4N
(-2mr -2B -2H +8r + mwt) Lt
2L ¥
2 2
(n" -8 +16)r" {(1T C)re +
4
Bw -12)rt 9 =2, +
2 4

%[(—217r+8r—4e, -2t+1)C +

(2mr - 8r +4e, +2t -1)L]/8 +
4 — 861+4t+1}
- +

1 r+e +3e - 16

(9)

C’ -2CL +L7\*
16N

111
h = 4{N[(16 -4m)Cr + (4w - 16)rL +

(-8e, =4t +2)C + (8e, +4t -2)L] +

2
(C;zll) + (2w =8)%F + (16m - 64)re, +

(247 —96)rt + (36 —8m)i” + (481 +8)e, -

L.t
dqr + 16e7 — 41 + 1 +T'[(64 - 16m)r +

81-rz—16(B+H)]}2 +%V(C—L) +

(8 -2m)r +4e, -2t +1
4
PR TEA 34 T, B AR 3l 2% 1 25 i A8 JE 58
SR IR T IR KSR PR A S, AR B R D et B
AL

(10)

dv, dw
Pd70+vrd70—0 (11)
Bt (1) ~0(5) X (7), 7] 1%
[ —bh +2e, (b -21) -<1T_4)(2rz-t2)jL%V

P=

2L62%+[262(b—2l) +(m=4)(r-1)"]e,

(12)

K :dWw/de . db/do BIn] Fom A H &4 6N 16K
B, 0K 3 #5840 0 5 IR B R P LR
SN NP
6 =6(P,N) (13)
2.2 HEETHIEIND[RGEEMAONELER

2T 24 1 5 25 R R AT 30 PR A BIK Bl #8451 B K
Hafify A i AT B R TR O ALK S A
R S 4 ik g A A\ TR SR R 2% P I = 1R Y 56 &R, 5
BTG ) A% AR 1 DL T 1 0 A A& 3T, 3 T Neo-
Hookean " 5 75 K415 ek 452 Jie A ek 149 17 A3 7 725 4
TR 2045 (9 S8 RST R AE #7125 il 5K 3 #5 K o
P fih 77 ) BRI B

2 BRI R ] 45 R K AR TR AT O, B AR
RE%E Z pR B Q T ER7RH

0 =51, -3) (14)

S wp  REAR BT BB 00 36 BT DI 1o i 4% Ak
PREN TS I8 IE N ST o, B R AR Rl

Q _p
_00 _p 15
TS9N T, (15)

Forprp A SERIA% B H T

TR 127 o3 Bk B o, i i 3K 3 4 i 3l I A
B R B T R A S S, T
2 VB B AR 1) 29 o J] ) i AE RT 2B SR A, =1
SRERR B R AN AT R 46 A RERD A AL A, = 1L, T R
A=A0, =10, =1/0, BRERMN T o, R,
Bear 2 (14) A C15) w0 Sl 3 g oy 0 JE] ) i
01 o, AIH T R4

1 L
%'_a)\, A,_“(’\ A»‘)
=
LI 90 _p _ 1 16
gz_a)\z Az_”‘(l_)ﬁ) (16)
=
L] _90 _p _,
AN, A,
NIFIE B H T p R
p=m§=% (17)

HAlsar<l.5,0,<0,,0lh o, BME—IF
B, RN oo TR 6 i, o, Ml o, 53 51 4 %
J2 TR AL AR 7 A i N T 5 3K Bl s 0 25l v
B S AR M, N R4S SOP A 158 o
SOT AR, M, Ry T2 AR AR 7 AR 1 )
M, R 28R RL AR 7 A Y T3, M SR N RE A R
A= AW T HE M Ol B Bl 4 2 i 5 A S fi A
HAEMPHER I HE . 24 M, 58 o g BT EE, U M,
M, M, M, %50 m it &l W 2 5T 55



%52

JEST AR, A6 « T A 5 R ARSI i R T AR S 4

Je AL 4
.

6 B 2 b 9K B S i R o A
Fig. 6  Analysis of unidirectional bending

actuator bending torque
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Fig. 7 Schematic diagram of unidirectional bending

actuator bending simulation
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Fig. 10 Schematic diagram of bending deformation
central angle of unidirectional bending actuator
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Table 3 Comparison of bending deformation central

angle of unidirectional bending actuator

P/MPa 6,/(°) 0p/(°) 0s/(°)
0.029 60.1233 67.1158 61.5
0.030 66.7473 69.2900 65.0
0.031 73.4521 71.4188 68.0
0.032 80.2344 73.5479 71.5

P11l K B g S AR TR IR O A R BRI T
A BRI FE AN SR (A
Fig. 11 Theoretical calculation values, finite element
simulation values and experimental values of

bending deformation central angle of

unidirectional bending actuator
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Fig. 12 Experiment on end contact force of
unidirectional bending actuator
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Table 4 Comparison of end contact force of

unidirectional bending actuator

P/MPa Fy/N Fy/N Fi/N
0.01 0.124896 0.142313 0.13
0.02 0.449792 0.513339 0.49
0.03 0.899584 0.966 668 0.88
0.04 1.324480 1.47903 1.38
0.05 1.874688 1.991392 2.14
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Fig. 13 Theoretical calculation values, finite element
simulation values and experimental values of end contact

force of unidirectional bending actuator
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Fig. 14 Schematic diagram of contact airbag simulation

fE AN 15 7R , 45 245 BRIC 0y FL0E -5 52 56 {E AT %)
WEHN6.1% .

P15 e fih = AR o e fih g S5 96 {55 A FROT 1 EL{EL X e
Fig. 15 Comparison of end contact force of contact airbag

between experiment and finite element simulation
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Table 5 Influence of coil number on bending degree of

unidirectional bending actuator

N P/MPa 0, (%) 0s/(°) FHRT R 25/ %
5 0.02 20.08 19.14 4.91
10 0.02 39.69 37.23 6.61
15 0.02 48.92 47.25 3.53
16 0.02 49.85 47.38 5.21
17 0.02 50.61 47.50 6.55
18 0.02 51.34 47.61 7.83
19 0.02 51.93 47.69 8.89
20 0.02 52. 14 47.73 9.24

P16 £k el [T Hour 50 25° i 4K 8 i 257 il AR 18800 A 119 52 TR
Fig. 16  Influence of coil number on bending deformation

central angle of unidirectional bending actuator
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Table 6 Influence of fiber-reinforced structure on

bending degree of unidirectional bending actuator

P/MPa 6,/(°) 6,/(°) R AT EL
0.01 6.93 24.14 3.48
0.02 9.27 47.11 5.08
0.03 12.35 69.29 5.61
0.04 14.40 89.89 6.24
0.05 16.12 107.89 6.69

W17 gl 9 Sl AR T B O A AL 2R
Fig. 17 Fitting curve with bending deformation central

angle of unidirectional bending actuator
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Table 7 Influence of fiber-reinforced structure on

end contact force of unidirectional bending actuator

P/MPa F,/N F,/N 18R AT HL
0.01 0.0623 0.1313 2.11
0.02 0.2133 0.4880 2.29
0.03 0.4667 0.8751 1.88
0.04 0.6790 1.3828 2.04
0.05 0.8914 2.1384 2.40

18 B jin) 25 il 4K )y 78 A it 42 kg 40 A i
Fig. 18

Fitting curve with end contact force of

unidirectional bending actuator
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Deformation and end contact force of fiber-reinforced soft gripper
GU Sucheng]’2 , WANG Baoxingl’2 , LIU Juncheng]’2 , LI Wei’, CAO Yi'"?*"

(1. School of Mechanical Engineering, Jiangnan University, Wuxi 214122, China;
2. Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment and Technology, Wuxi 214122, China;
3. Suzhou Vocational Institute of Industrial Technology, Suzhou 215104, China)

Abstract: In order to solve the problem of lacking the research on the deformation and end contact force
of soft robotics, a soft gripper is taken as the research object, and the research on the deformation and end
contact force of fiber-reinforced soft gripper is carried out. Firstly, a soft pneumatic gripper is designed, which
is composed of a unidirectional bending drive with a fiber-reinforced structure, an axially elongated contact air-
bag and a unitary connecting device. Secondly, a nonlinear mathematical model of curved center angle of a
soft drive actuated by specific pressure is established, which is based on the Yeoh model. Based on the Neo-
Hookean model, the theoretical model of the end contact force of the bending actuator is established. Then, a
finite element simulation and experimental validation of the soft gripper are carried out to verify the correctness
of the theoretical model. Finally, the study on the effect of fiber-reinforced structure on the deformation and
end contact force of gripper is carried out. Experimental results show that fiber-reinforced structure can im-
prove the deformation and end contact force of the soft gripper greatly. This research provides a theoretical ba-
sis for the research on the deformation and end contact force of other fiber-reinforced soft grippers.

Keywords: fiber-reinforced; soft gripper; Yeoh model; Neo-Hookean model; deformation; end

contact force

Received: 2019-05-22; Accepted: 2019-07-19 ; Published online: 2019-08-07 1613

URL: kns. cnki. net/kems/detail /11.2625. V.20190807. 1508. 003. html

Foundation items: The Six Talent Peaks Project in Jiangsu Province (ZBZZ-012); “111” Project (B18027) ; Postgraduate Research & Prac-
tice Innovation Program of Jiangsu Province ( SJCX18-0630,KYCX18-1846)

* Corresponding author. E-mail: caoyi@ jiangnan. edu. cn



(IERMMZ=MRKFEFH) MR E

(AFMEMEKXFFR)ARLTMEMERF IS AMEREAAFZHRAABF EH %
SHARAFFERMUACAR), KAUARBRAEMRABALRRE LSS I F KR,
BAHBAF DA ERRGAELSEZ B AIFRTE, KA PE AR FZHERAZC
#9F), 5t 4% Ei Compendex % B M IMAUR Lk & R4k k., AR @B A ShATF L 4T, A3t —
TREHPFNREATF B LFHFRRFE HFHZRH,

1 BXEERAE

1.1 KA @&k AISTAFH,

1.2 TZABEMEMRAHAFEAAEXOMRAHAFA IR CAEERTSHE FThRAFS
IR FESETFRARA BEHEAFAILIE AR FRHH IR FTENAAFZREEBR
R TERIRBE RS EMRAOARL LT, MEMRAAFLHRKEA F @ AR LA MRT AR
RIBFEROERNKF BRNHE BRAAFRIBRERSFFEGLFLELRFK LS E
T

2 RMER

2.1 X AAHE FFR FARAER TR,

2.2 #XARAMER, HRAAFLALAL, FARTARERNM, FLERRKIEEEAL, —
AR AR R A,

2.3 EMPH,KETE, BRAW,ZHSE, TG REHFT EH,

2.4 XBBHIMF P XML (—MAAT 20 NXF) AFH P L EAE TR T LB
G, P X R (RN H ok BERAGER), PLXEFA(S5~8A), FEHS X5, ELH
& AR E AL B AL PR IR R B A, E LA, LR LG F B, A L
Ko BRTAZAEALRA LHREAS T , MHEE,

2.5 MEFIRAERAT MR BEATEREA,

3 WUHMER . RASREN

3.1 RBAZERAFEFREIH HETLERTINASE,

3.2 ZABEFZIEAERBREAALEL , FABSEmEH, wREBBHIMABTRK
F)RFIMEATB S A X ARKIZECTH, BRI, HFH—FREX,TWN—WERA G,

3.3 RB—ZF8 g EEITR,

3.4 kB2 HEEEFHEARRE , FRAHMAEZARCRINT LRSI Z KT %HT,
AR ES B A LAREIE RS T RAART ARG, RBLEBNEZEENL,

EREF ML : 100191 W FiHRE K FEHAE 37T 5 LFMAEAMR K F F R 5% 3
DA TSR K F Aok 405,407,409 5 19

2] 1% : (010)82315594,82338922,82314839,82315426

E-mail; jbuaa@ buaa. edu. cn

http: //bhxb. buaa. edu. cn

http: //www. buaa. edu. cn



(ILRMEMERKFEFHD

F &£ (F %K. RWOT
CRA T2 IR R )

BlEE (BIER) : THC

H R

WO SkE £ A

X4 YL v

Wit AR
LD S QN
WRE B
HDCE Bk
LI,

FEhRERFERRS

TN WEN OB ME bR
WO B BME B

OB OWME EEE EEE ox T
XO# M RRE BN FHé
B BHEE RT BET REA
WEEZE M EENE REOF dkamE
OB KSR KT M R BE
BURIE BEM W T B E &
BB OB M REHN

IERMEMRKFFR

Beijing Hangkong Hangtian Daxue Xuebao
(R (X fzERFHRN

JOURNAL OF BELJING UNIVERSITY OF
AERONAUTICS AND ASTRONAUTICS
(JBUAA)

(AFl 1956 44 Fl) (Monthly, Started in 1956)
% A6% F28 2020 42K Vol.46 No.2 February 2020
FERAM A RIEAIE T AE B Administrated by Ministry of Industry and Information
ERBAL AR KRS Technology of the People’s Republic of China
T & BRWP Sponsored by  Beijing University of Aeronautics
£t ) o B | R R [ NN =259 and Astronautics (BUAA)
IR (Beijing 100083, P. R. China)
g %% 100083 Chief Editor  ZHAO Qinping
#o gt dEEAEEX R 37 5 Edited and Published by Editorial Board of JBUAA
B B AERRME BRI PR A Printed by  Beijing Kexin Printing Co., Ltd.
£ 17 AU RN Distributed by BUAA Culture Media Group Limited
ZITBE EPINRAT Telephone (010) 82315594 82338922
EXZHIE (010) 82315594 82338922 82314839
82314839 E-mail jbuaa@buaa.edu.cn
{54 jbuaa@buaa.edu.cn http : //bhxb.buaa.edu.cn
i =l ISSN 1001-5965
CN 11-2625/V
B A 50.00 7t / H#A

S 4l 4 S oM 2 Y B A

g>F+EH HOlI0]!

(BE|I8x) E 18



	2020北航学报自然版 第2期-封面.pdf
	2020-02中英目录
	BH正文2020-02-1
	BH正文2020-02-2
	BH正文2020-02-3
	BH正文2020-02-4
	BH正文2020-02-5
	BH正文2020-02-6
	BH正文2020-02-7
	BH正文2020-02-8
	BH正文2020-02-9
	BH正文2020-02-10
	BH正文2020-02-11
	BH正文2020-02-12
	BH正文2020-02-13
	BH正文2020-02-14
	BH正文2020-02-15
	BH正文2020-02-16
	BH正文2020-02-17
	BH正文2020-02-18
	BH正文2020-02-19
	BH正文2020-02-20
	BH正文2020-02-21
	BH正文2020-02-22
	BH正文2020-02-23
	BH正文2020-02-24
	FM3
	2020北航学报自然版 第2期-封底



