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Two-dimensional layered materials of transition metal dichalcogenides
ZHANG Qianfan” , GAO Lei, TIAN Hongzhen, XU Zhongfei, WANG Yapeng

(School of Materials Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Transition metal dichalcogenides (TMDCs) nanomaterials have become a focus of research for
their unique properties. Various remarkable properties of TMDCs materials provide possibility for their applica-
tions in nanoelectronics, optoelectronics and spintronics devices. This paper mainly introduces the recent ad-
vances of TMDCs in different fields with various excellent properties, and summarizes the preparation method,
properties and nanostructure morphology of layered TMDCs materials. The edge states of layered TMDCs mate-
rials have important effect on the properties, which leads to superior properties different from bulk materials.
In this paper, we emphasize the effects of edge states in low dimensional nanomaterials on the properties
(chemical activity, electronic property and magnetic property) and the newest progress in edge states. Espe-
cially, the magnetic property in edges of TMDCs materials provides the opportunity for their potential usage in
the field of magnetism and spintronics, which have aroused great interest of researchers. This paper summari-
zes the research achievements in TMDCs materials from theoretical and experimental perspectives, which
would be supportive for the development of two-dimensional layered TMDCs materials.
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Link awareness-based OLSR routing algorithm for
airbonre highly dynamic networks
MA Linhua'?** | ZHANG Song', RU Le', XU Yang’, TIAN Yu’, YU Yunlong'

(1. School of Aeronautics and Astronautics Engineering, Air Force Engineering University, Xi’an 710038, China;
2. The State Key Laboratory of Intergrated Service Networks, Xidian University, Xi’an 710071, China;
3. Unit 95876 of the People’s Liberation Army, Zhangye 734100, China)

Abstract: Due to the high mobility of the unmanned aerial vehicle (UAV) node, quick changes of the
network topology structure, the airborne highly dynamic UAV network suffers some problems such as poor sta-
bility of the network link, low data delivery ratio and high data congestion information. In order to overcome
these problems, a link awareness-based OLSR ( OLSR-LA) routing algorithm for airborne highly dynamic net-
works is proposed. The charactreistics of two received consecutive Hello messages, such as the Doppler shift
and the power strength of received Hello messages, can be used to obtain the relative speed and direction of
motion between the two adjacent nodes in the airborne highly dynamic UAV network. Then the link connection
lifetime is estimated by the relative speed. The OLSR-LA routing algorithm uses the queue length in the buffer
of the MAC layer to indicate the local load level. Then the predicted value of the node’ s load level in the next
time can be predicted by the ARIMA-WNN combination forecasting model and passed to neighbor by Hello
message. Finally, according to the conditions of link awareness, regional routing load-balancing ( RRLB) al-
gorithm is employed to avoid network congestion. The simulation results show that compared to the traditional
OLSR algorithm, the proposed OLSR-LA routing algorithm can effectively improve the packet delivery rate, in-
crease the traffic of network, reduce the end-to-end transmission latency and enhance the real-time and effec-
tiveness of the data transmission in the whole UAV networks.

Key words; airborne highly dynamic network ; link awareness; link connection lifetime ; load-balancing;

routing algorithm
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Multicast wireless NoC mapping based on network coding
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Abstract: Featured by high bandwidth, QoS guarantee, and broadcasting, wireless network on chip
(NoC) can provide an efficient platform for multicore and parallel processing for communication and signal
processing systems. In addition, network coding can greatly increase the transmission efficiency at the cost of
small power consumption in wireless NoC. On this basis, we proceeded from the features and requirements of
communication and signal processing systems, and built proper architectures and mapping models for wireless
NoCs. We also proposed a joint optimization method including task mapping and network coding mapping, to
meet the specialized constraints and requirements of wireless NoC multicast services, such as maximizing net-
work throughput, data transmission, and minimizing communication latency and power consumption, so as to
achieve efficient task paralleling and multi-processor cooperation. Experimental results prove that the proposed
architecture and mapping algorithm can achieve at least 6% power consumption saving and 16% throughput
gain, with acceptable physical complexity increasement than the traditional methods.
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Fig.1 Three deformation zones of orthogonal

cutting model"""’
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Table 1 Parameters of superalloy GH4169

constitutive equation''’

R A/MPa B/MPa C m n
Bl 980 1370 0.164 1.03 0.02
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1.1.2 #AB
1) A SC A, PEHEAS 0] [A] PR AE AL AR 4 5
FAER | SRR B 0% 1A BTk b R A R 0 AT
i, HL 25 R A [R] e B8 Sz WAL R i et i B g A 28
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Table 2 Data sheet of yield stress, plastic strain
(1]

and temperature

s Ji IRz 3/ MPa /L CP!S /K
1 989.0 0 293
2 1119.0 0.042 293
3 1190.0 0.092 293
4 1236.4 0.142 293
5 1282.7 0.192 293
6 1298.0 0.272 293
7 896.0 0 673
8 989.0 0.042 673
9 1051.0 0.092 673
10 1112.7 0.142 673
11 1128.2 0.192 673
12 1174.5 0.242 673
13 1190.0 0.292 673
14 803.6 0 823
15 927.3 0.042 823
16 989.0 0.092 823
17 1004.5 0.142 823
18 1020.0 0.192 823
19 1035.0 0.242 823
20 772.7 0 973
21 881.0 0.042 973
22 942.7 0.092 973
23 989.0 0.142 973
24 1020.0 0.212 973
25 432.7 0 1123
26 541.0 0.046 1123
27 587.3 0.096 1123
28 649.0 0.146 1123
29 680.0 0.196 1123
30 695.0 0.246 1123
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Fig.2 Serrated chip formation process
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Table 3 Chemical components of superalloy GH4169

LR Ni Cr Mo Al Ti Nb
e/ 50.0~ 17.0~ 2.8~ 0.3~ 0.75~ 4.75~
vol%  55.0 21.0 3.3 0.7 1.15 5.50
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Fig. 9 Experimental chip morphology
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Numerical simulation and experiment in high-speed
cutting superalloy GH4169
FAN Xiaoliang, WU Xuehua, WANG Jinfeng ", KANG Wenli

(School of Energy, Power and Mechanical Engineering, North China Electric Power University, Baoding 071003, China)

Abstract: The finite element modeling technologies of the high-speed cutting superalloy GH4169 were in-
vestigated to simulate the cutting process correctly, which include establishing the finite element model, selec-
ting the material constitutive model, and determining the chip separation criteria and contacting friction model,
etc. To simulate the chip separation process and research the chip formation mechanism in high-speed cutting
GH4169, the two-dimensional orthogonal cutting finite element models were constructed using Johnson-Cook
model and isotropic hardening material constitutive model respectively. As a result, two models obtained the
similar serrated chip. On this basis, equivalent plastic strain, cutting temperature and cutting force curve were
simulated further. To verify the validity of the finite element model, an experiment was carried out by high-
speed turning GH4169 on the machine of CA6140, and the serrated chip generated from the turning experi-
ment verifies the validity of two finite element models. The results show that the serrated chip sawtooth degree
increases with the increase of cutting speed and the adiabatic shear is the main reason to cause the serrated
chip on high-speed cutting superalloy GH4169. The cutting force curve and cutting temperature generated from
the experiment accord better with model A, which demonstrates that model A exceeds model B in reflecting the
machining characteristics of high-speed cutting GH4169.
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Design of dynamic total variance and its fast algorithm
WANG Lixin" ", LI Can', JIANG Zhou®, ZHU Zhanhui', TIAN Ying'

(1. Department of Control Science and Engineering, The Second Artillery Engineering University, Xi’ an 710025, China;

2. School of Energy and Power Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: There exist two shortcomings in Allan variance approach when it is used to analyze random er-
ror. First, the vibration of estimated value is large in long-term correlation. Second it can’ t follow the dynam-
ic change of signal. This paper integrates the thought and advantage of total variance and dynamic allan vari-
ance, and proposes the dynamic total variance approach. Firstly, original data is truncated by window func-
tion. Secondly, we continue the data in the window. Then the data after continuation is analyzed by total vari-
ance, so that local random characteristic is acquired. With the window sliding, the change of random charac-
teristic of original signal with time is obtained. Through verification, the dynamic total variance can solve the
two shortcomings of Allan variance approach. Eventually, linear vibration trial of hemispherical resonator gyro
(HRG) is designed to clarify this new algorithm, which indicates that dynamic total variance possesses advan-
tages in analysis accuracy and data quantity that it used. However, this new algorithm has the problem of ex-
cessive calculation and low speed of analysis, so we derive recursive formula of it, based on which fast algo-
rithm is provided.

Key words: Allan variance approach; total variance algorithm; dynamic total variance algorithm ; recur-

sive formula; fast algorithm
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Scheduling method for double-cluster tools with parallel chambers
based on capacity constraint resource
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Abstract: To effectively solve scheduling problems of multiple cluster tools of 450 mm wafer fabrication
systems with parallel processing chambers, a scheduling method based on capacity constraint resource (CCR)
was proposed. Firstly, with comprehensive consideration of the characteristics of different types of wafers, re-
sources and residency constraints, a mathematical programming model of double-cluster tools with parallel
chambers was established to minimize the makespan of the system. Then, to optimize manipulator movements
by adopting locking-tightening-loosening ( LTL) strategy to the CCR, a piecewise scheduling algorithm was
constructed with the CCR. Finally, through the analysis of simulation experiments, the results indicate that the
proposed algorithm is valid and competitive.
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Dynamic modeling and flutter analysis of a fin-actuator system
ZHANG Renjia, WU Zhigang”" , YANG Chao

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Dynamics of an actuator has a direct impact on the flutter characteristics of a fin structure.
Thus it is important to build the dynamic model of the fin-actuator system precisely before a flutter analysis. A
typical fin-actuator system is investigated by constructing its motor model, reducer model and controller model,
respectively. Based on the characteristics of the ground vibration test (GVT) data, two nonlinear factors are
considered including the contact stiffness between the screw and the balls, as well as the freeplay. Simulation
results reproduce what were seen in the test. It is found that the contact stiffness and freeplay dominate the dy-
namic characteristics of the fin-actuator system. In the flutter analysis, the angular responses of the actuator
stimulated by different angular step commands under both contact stiffness assumption and constant stiffness as-
sumption are compared. The results show that a limit cycle ossllation (LCO) domain and an unstable domain
exist under the constant stiffness. Its critical velocities do not vary with the freeplays. However, besides the
LCO and unstable domains, a stable domain appears under the contact stiffness. At a specific flow velocity, its
critical command angle is higher than the one under constant stiffness. But its critical velocity decreases as the
freeplay increases, and even reaches a lower level than the critical velocity under constant stiffness. Enough
attention should be paid to this issue.
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Torque ripple reduction strategy for magnet suspended reactive
flywheel brushless DC motor
TANG Jiqiang* , WANG Yingxu, ZHOU Xinxiu

(School of Instrumentation Science & Opto-electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Due to its high torque response speed, direct torque control ( DTC) without flux feedback
makes the torque ripple reduction of magnet suspended reactive flywheel ( MSRF) brushless DC motor ( BLD-
CM) possible, which has a small inductance. However, the bang-bang controller of the DTC causes high
torque ripples. To solve this problem, the mathematic models of commutation and diode freewheeling of the in-
active phase were established and the relationship between torque and phase current was obtained. Then a
torque prediction method based on the established models was proposed to reduce the torque ripple effectively,
and the stability and robustness were proved. While estimating the back electromotive force of the BLDCM
with sliding mode observer (SMO) , a smooth and continuous function with one parameter was employed to re-
place the sign function which leads to a higher back electromotive force estimation accuracy. Simulation and
experimental results show that compared to the traditional DTC, the advanced torque control method with
torque prediction and advanced SMO can significantly suppress the torque ripples and has almost the same
torque response speed.

Key words: magnet suspended reactive flywheel ( MSRF) ; brushless DC motor (BLDCM) ; torque rip-

ple; torque prediction; sliding mode observer (SMO) ; chattering
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Route planning algorithm for configuring airborne pseudolites

ZENG Lingchuan, LI Dapeng, QU Yi, REN Aiai, GONG Yingkui”

(Academy of Opto-Electronics, Chinese Academy of Sciences, Beijing 100094, China)

Abstract. This paper focuses on the airborne pseudolites based on airships and proposes a route planning
method to configure airborne pseudolites from the initial position to the target position. First, by analyzing the
geometric dilution of precision (GDOP) as the performance of navigation enhancement, a route planning cost
function was designed based on the distance and GDOP. Then, on the basis of sparse A algorithm and analy-
sis of constraint conditions, a route planning algorithm was proposed which can adjust the weights of distance
and GDOP adaptively, and the route was smoothed by the Dubins curve. Finally, the route planning algorithm
was validated through the simulated experiments. The simulated experimental results show that the route plan-
ning algorithm can reduce the GDOP cost effectively and improve user positional accuracy in the subsequent
route planning if the GDOP value is severe at current time; on the other hand, while the GDOP approaches its
optimal value, the algorithm will increase the weight of distance to make pseudolites move to their destinations
as quickly as possible and reduce the time consumption during the subsequent route planning.
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Dubins curve
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Double fuzzy sliding mode control for EHA based on
feedback linearization optimal sliding surface
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(1. Department of Ordnance Science and Technology, Naval Aeronautical and Astronautical University, Yantai 264001, China;

2. Department of Aerial Ammunition, Air Force Logistics College, Xuzhou 221000, China)

Abstract: In order to improve the control performance for electro-hydrostatic actuator (EHA ), double
fuzzy sliding mode control based on feedback linearization optimal sliding surface was proposed. The nonlinear
model of EHA was linearized based on the feedback linearization by establishing linear switching function and
adopting optimal control theory. Fuzzy control was introduced into sliding mode control to reduce the chatte-
ring, and a fuzzy controller was adopted to estimate the switching control gain based on the characteristics of
optimal sliding mode switching function ; another fuzzy controller was adopted to adjust the corrective controller
based on the principle of the sliding mode control. The simulation results show that the proposed control
scheme is effective.
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Table 2 Paired T-test results of EEG parameters of task 1 before and after fatigue in all brain regions

2 FP IF F T C PT P 0
o
0 0.045
a 0.001 0.001 0.001 <0.001
B <0.001 0.002 0.047 0.001 0.002 <0.001
(a+0)/B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
o/B <0.001 <0.001 <0.001 0.018 <0.001 <0.001 <0.001 <0.001
(a+6)/(a+pB) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
6/B8 <0.001 <0.001 0.001 0.001 <0.001 <0.001 <0.001

®3 EH2EFWEREEGC SHESMRMEN THIESER

Table 3 Paired T-test results of EEG parameters of task 2 before and after fatigue in all brain regions

ZH FP IF F T C PT p 0
)
0
@ 0.001 <0.001 <0.001 <0.001 <0.001
B 0.030 0.048 0.040 0.049
(a+0)/B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
o/B <0.001 <0.001 <0.001 0.045 <0.001 <0.001 <0.001 <0.001
(a+0)/(a+pB) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
0/B <0.001 0.011 <0.001 <0.001 <0.001 <0.001 <0.001
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Mental fatigue characteristics based on EEG analysis
FAN Xiaoli' , NIU Haiyan’, ZHOU Qianxiang" " , LIU Zhongqi'

(1. School of Biology and Medical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Beijing Special Vehicle Research Institute, Beijing 100072, China)

Abstract: By simulating the process of pilots monitoring instrument information during flight, the change
characteristics of electroencephalogram (EEG) waves along with mental fatigue were analyzed , which will pro-
vide scientific bases for future development of countermeasure to fatigue. Two visual detection tasks of different
difficulties were designed to induce fatigue respectively, and many measurements were combined to study the
EEG characteristics of fatigue. The EEG parameters[§,0,a,8,(a +6)/8,a/8,(a +0)/(a+B),0/8] at the
beginning and end sections of the task were compared and analyzed. The results show that there is a significant
increase in « activity in the frontal , central , parietal and occipital lobes( P <0.05) ,and a decrease in the 8 ac-
tivity in the pre-frontal ,inferior frontal , posterior temporal and occipital lobes( P <0.05) ; there is no signifi-
cant difference in § rthythm and @ rhythm in any brain region(all in P >0.05) ; The four formulas increase sig-
nificantly in all brain regions except the temporal (P <0.05) , where only a/8 changes clearly (P <0.05);
compared with the task with higher difficulty,the parameters in the task of lower difficulty change more obvi-
ously. Therefore , all these characteristic parameters in specific brain regions except for § and 0 can be consid-
ered as possible indicators for mental fatigue. It was also verified that adding right amount of task difficulty
could counter mental fatigue.

Key words: mental fatigue ; task difficulty ; visual detection; electroencephalogram (EEG) ; wavelet analysis
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Fig.3 Command response curves of vehicle under actuator outage of right rudder
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Fault-tolerant control for hypersonic vehicle with system uncertainty
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Abstract. For the systems with norm-bounded parameter uncertainty and actuator failure faults, a robust
fauli-tolerant tracking control method is presented. In this method, the linear matrix inequalities ( LMI) which
guarantee the stability of the closed-loop system and meet the demand of the robust performance were derived
utilizing the bounded real lemma. In order to reduce the conservativeness of the designed controller, the differ-
ent Lyapunov variables were adopted under different system fault states. An iterative LMI algorithm is devel-
oped to solve the resulting non-convex optimization problem caused by the use of different Lyapunov variables.
Since the convergence of the iterative algorithm lies on the choice of the initial values, an efficient way to find
a good initial value was given after derivation. The method was applied to the design of the hypersonic vehicle
X-33 tracking controller. Simulation results show that the proposed method is available and effective.
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Threat evaluation of air-targets for key positions air-defense under
dynamic fire access

LIU Jingshu, JTIANG Wenzhi® , LET Yuyao, DAI Jinjin

( Department of Ordnance Science and Technology, Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract: Under the background of naval key position air-defense combat, air-targets threat evaluation
model is established based on key positions relative value, target attack capability, target attack intent and tar-
getarrival time. Firstly, the key positions air-defense combat system under dynamic access is introduced, and
the dynamic access and quit strategy are presented. Secondly, the key positions relative value, air-target num-
ber and target killing probabilities are used to quantize the air-target threat capability. Then, air-target attack
quantization model is proposed with the target-to-key positions course angle, and the time that targets arrived
at key positions is calculated based on different target types. Finally, the threat level order is carried out by
comparing the distance between the targets and air-defense system intercept area, and the air-target threat val-
ue is obtained. The simulation results show that the quantized method conforms with the ordinary tactics rea-
soning, and it can develop the air-target threat order results objectively. This paper can provide a decision ref-
erence for the key positions defense operation.

Key words: dynamic fire access;key position air-defense ;threat evaluation ;key position relative value;

threat urgency degree ;threat level order
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Flare longitudinal control for approach and landing of
reusable launch vehicle
HAO Xianwei' , WANG Yong" ", YANG Ye’, GUO Tao’, ZHANG Daibing’

(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Beijing Aerospace Automatic Control Institute, Beijing 100854, China;

3. School of Mechatronic Engineering and Automation, National University of Defense Technology, Changsha 410073, China)

Abstract: To solve the flare longitudinal control problem for approach and landing of reusable launch ve-
hicle (RLV), a compound control strategy based on combined feedback control and feedforward control is pro-
posed. The feedback control law parameters were designed. The feedforward control law parameters were de-
signed and optimized based on the index of time-weighted height tracking error and the integral for square of
error change rate. Under the premise of not affecting the stability of the system, according to feedforward con-
trol with the input compensation, the tracking precision of RLV for the flare trajectory was improved and the
ground distribution of RLV was reduced. The method of control law smooth switching was proposed by initial
value of integrator, which realizes the smooth switching between the different control laws of the RLV landing
gear before rand after release. Simulation verifies that flare longitudinal compound control law and the method
of control law smooth switching are effective.

Key words: reusable launch vehicle (RLV) ; approach and landing; feedforward correction; model re-

duction; control laws switching
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Table 1 Parameters of electric machine as air compressor
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BLDC motor commutation position optimization strategy
based on bus current
ZHANG Qian, FENG Ming"

(School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: This paper analyzes the relation between commutation position of brushless direct current
(BLDC) motors and bus current, builds up their mathematical relation, and proposes a sensorless BLDC mo-
tors commutation position optimization strategy. This strategy regulates the commutation position by a propor-
tional integral (PI) adjuster, aiming at regulating the current and the back electromotive force ( BEMF) in-
phase. The controlled variable of the PI adjuster is the commutation position compensating angle and the devi-
ation value is the ratio of current change over angle. This optimization strategy can revise the detected position
signal error and the phase deviation caused by the winding inductance at the same time. The experimental re-
sults verify that this optimization strategy can get the best commutation position accurately and fast, and im-
prove the operating efficiency effectively.

Key words: brushless direct current ( BLDC) motor; sensorless; bus current; commutation position op-

timization; back electromotive force (BEMF) method

Received : 2015-06-26; Accepted: 2015-08-26 ; Published online: 2015-11-16 15,00

URL : www. cnki. net/kems/detail/11.2625. V.20151116.1500. 003. html

Foundation item: National High-tech Research and Development Program of China ( SS2012AA110501)
# Corresponding author. Tel. : 010-82376928 E-mail: mingfeng@ me. ustb. edu. cn



2016 4 7 H
B2 57

tEMEMRXXREER —
Journal of Beijing University of Aeronautics and Astronautics ME 5 | vol.42 No.7

AL ALF R

July 2016

http: // bhxb. buaa. edu. ¢n
DOI. 10.13700/j. bh. 1001-5965.2015. 0433

jbuaa@ buaa. edu. cn

APREFERFUHETHHREEIZE T
ENTTANE S SUNE S 3 3

2T -
b3
Q ﬁ (L2 TR B DRI, H0A 2640015 2. WM TR B: FHIFH, M4 264001)

i B EERWELEHEDH AR  EHFEMNKELE L TEWNEIL, W w3t
HRBEHRTOH NEAEE, AXMHHL, EE,AEANEAT A ZEBERELAHTHH®
WM EURFRGEDE T EHTT oM. EXTAREFAKEDHRK RGN F A
BRAMMKEERTRRE, RET A ZEA RS AR AN R A RATEE, 5 I
BEAMNAEENEZRE ARAE T A ZEEEAHTEREREN R . AB, H T A
FHRBEHRTHH,EDSMT ER T WA T X KELHER , ERBETRE — M5k & L #
AR B X B 5B A AN o &G, M ED B sL 6], il T 7 ik 09 A i A M

X B W FRHEDH; DSmT B ; XFEEE G &; #HEEE®; A FHEER

hE 4 %S TP181; V24
SERFRIRAG . A

Wi B AR B % R, BRI A S5 4 I fa 2
W1 R AL | [ B ALy T R, 4 A 2 T B R
AN S N AT 2 A A RS T R TR
Ok IR . 7F 2 W7 R AR B A h fy T 42
ZEKY A2 2 LW R SR M 1S BB S R Bl
I A5 1) B4 150 I8 1 JEL A A AR 5 % B 17 00 5 IR B, 76 %
B SEBRIB AT R R R A I R R R
DI, o T RAIE 45 1847 22 2R, XA 58 415 B
SAF R B R RS W O i AT RS B — B 1
BRI =

TE BB S W ST, 15 B R 52 S AR 1L T R 4
I — Kk AN B B R AR SR A e T
B 15 R 52 B . Kryszkiewicz! ' 42 H T R 52
B A5 B RGN 25 o RAEH T FURR 24 17 O
A5 ML 42 B 1 b B 52 4515 B I A AT
Bto HHT, &F X R 58 5 15 B4 TR 1 i Wi 5
v 2 P 22 ML R 4 00 T T, o b R 5
B P 5% FF B B BUOHEAT R o F SEBRI2 W

XEHS: 1001-5965(2016)07-1449-12

e SCHR L2 T 8 7 2 745 50008 00 24 187 53 0% 5 Sk
[3 1385 s SC e A i AH AL AR 5€ RG24 ] 5 00 U 4
IR SRR [ 4 0] AR 45 AL ARSI 1) 45 i 7 LT — A
BT AR AR OC 2 SCRRLS ]2 T 29 1] B0 A o — 1, 42
T — g O I KA R 0 BT 9 5 SCHk [ 6 ]
MR 5E 15 B RE R UBTE T8 B9 8 1R 24 15 7 vk
52 T A E B B2 B 7 ik 5 SCER L7 ]38 i i 57
(] 22 ot ELHORE AN 92 515 52 G870 i oA Ta] 2 L0 )
G, BRIBG2 W B, ] B 4 R A2 B 5 At
N TR RETT L 45 G AT A 58 % A5 B A IF T Bl e
WL T B I RO s SCRR (8 ] 51 A Bk
KRG EM AWML, Bt T 5 & MR i 28 1 4%
B2 T RS0 5 SCHR[ 9 T 4R 1 T — Fh 5 TR R 4R
5K A BRAE B 58 5 15 B A MF T A AL R ol i e
W7 LRSS 28 47 24 e, 2 1 A K
AR OGS L R 4T 2R 5K 5 SCHR [ 10 ] 7 68 9 4 K £
i ) 2R G800 i A2 W R T R o8 A 1R B
FHRELURE 5 77 A i pe R 3, SR ) ()1 BP i 22 14

Wi BH. 2015-06-30; A BHE: 2015-09-18; M4 H kR E ;. 2016-01-08 1517
M 2% H R M2k . www. enki. net/kems/detail /11.2625. V. 20160108.1517.001. html

= BIWAEE . Tel. : 0535-6635836 E-mail: xuaq6342@ yahoo. com. cn

SIS M, FRE, FXH FEEGEREHTHIHFLEEDW 7 E]] HFMEMKAFF#], 2016, 42 (7 ) : 1449-
1460. SUN W C, XU A Q, LI W H. Diagnosis method of simultaneous fault with incomplete information [J ]. Journal of Beijing
University of Aeronautics and Astronautics , 2016 , 42 (7 ) : 1449- 1460 (in Chinese ).


Administrator
新建图章

http://www.cnki.net/kcms/detail/11.2625.V.20160108.1517.001.html

1450 G| A T N N R 4

A 4R
| 8 i |

2016 4F

2% X T A I8 VE E AT 267 5 SCRR [ 11 ) & % 2 7 Bl
L3 550 W pe 3 2, 70 ME & 1 X Bk 2k U {1
PEAFT AT , 3 HORE T B A 0 0 5 S, Wk
FTIE Ak 2

T 2 EE R i, R BUE R 2R s
FIVAE JK 22 5] 37 A fa7 B A — — X 107 ¢ 28, 3 0 T %
I K W IR T 1 BRI T X 33K — ) B, — B i1
7 VAN W g 8 T G ep i, SCik [ 12 ] & X
W5l 78 B 10 I i M) P A2 4 o 20 T 24 S B
B A 43 8 5 SCHR [ 13 14 0 T — R 38 T 58 36 R A
K 1) ek L B4 9 S ke B A2 T O s, TE T HOME SR T,
U T B o i S K X A O il WL AT
S, 3 AT LA SE BOGE I 2 i R 1 0 b 5 SCik [ 14 ] i
bR 2 2 LI 8T I 4% 0 & S BT R, 58
ST M AR 2R G G O R RS W, A AR B T
TASWIER RS . T S 3 04 I & b 2 1
FEIEAE DSmT HIRAESE P R FF (1), A DSmT 42
W W A RER AT E R TR, N
I e B S TR 1 S PR B TR 0 BB . H T,
B2 TR T 3T DSmT [ 3 % i %12 W7 5
VERIOBESE . A R AU ST DSmT s S B
PUHE S H 8 7 9 J B a2 Wi B Y, 3 5 DSmT 28
455 e o ) 45 B B 448 T 45 R SCHk [ 17 ] R
FBENLAE J7 ¥ 381512 Wi IE 48, OF LU 4 2 7 3
(93E T T 80k 5 9 & bk R B 2 A B U5 SC ik
[18-20] W 45t 7 DSmT 3 if 75 52 b5 I % #i B 12
b e g 7 S 491

HAT, B0 A 58 215 B & T 0 IF kil e
Wik A BT . R T A R i S — [ B, AR S
TE B A WS B S A E LR 45 5 DSmT B A
LR L BEAT T R ORISR RS S5 4 R 58 4
ZWiE B R XA A R IR AR B T 3R
TR, S TR [ A A SRR M A e o v A AR O
RAH IR, 32 R 58 £ 30 SRR 439 9 M0 2 oF ) 3 )8
P 0 T R AT R R A T RS R LT
JFR A 90 2% 0 9, L I U 11 A A
TP PR KL, 7E DSmT HELL R A I & i P8 W5 7
AT IER A . TR, SR TR e A b A
HH A [ 0 3 A X e S ) RS ) B B R AR AR
KIS Wi 45 S, 4E DSmT HE 8 F 42 i — Fp 22
S5 56 HIAR ) X 18] 435 7 2 M o 5 7 9 B T
SRS WA AR T o R AT B

1 AEEFHEREBRTISHERRN

1.1 HEXETAZTEHARUEISHREKE RS
EX1 AU, « e VERAERIFR

WMWK 258 1,s=(U,CU {d],V,f) ,UN
K FMHRAEA M2 A BRE A, € AR E M
EEGRES, (df B ERE R, VI
JE&PE BB, £ RS B R AL, B B —
BEA A A3 A 03 P T — AR A, R, R4
MEDHFE D ce Cx e U M5V A,
HFFS 7R

X2 4HE—NAR5EE I KRS W R
RG 1, =(U,CU [d},V,f), = e V XITHEE
MBI T8 B C C, x,y 200 ik A 4
I — AN EAEA X T Va,y e U@ O
AREMKBIEES B FTRHARRN
Su(B) ={(x,y) e UxUIlI Vb e B,f,(x) =

L)V fi(x) ==V f(y) = |

% S,(x) BRaRMEE 1y e Ul (x,y) €
Su(B) | X THEA BIH, Sy(x) &5 x AATIX
IR R IR KL, f,(v) RARTERIED TS «
AL X3 (5 G2 0 e KA o

2 Sy(B) =1{S,(x) I v e Ul WM UM—
Pl oy 25, W U/, (B) ™ i JT F R b A 2 2K
U/S\y (B) A2 — A B U 1%l 4y, H
MR U WS, U U/S, (B) =U .

EX 3 HE—NATEIE LS B
Y1 =(U,CU {d},V,f), = eV, XTH
GXCU EMEXLR S, (B) T, X1y LTIl
50 Ly
Su(B)(X) ={x e Ul S,(x) N X # B} =

U {S,(x) 1 x e X}

Sy(BY(X) ={x e Ul S,(x) C X| =
fx e X1 S,(x) C X}
1.2 AEFHEUBELHARRZETEENE

EEIHE

FEATRILRBBER W R R G, 5 — %
32 P A X e SR T AR A A R A ], O i
5 | 03 R e R AR o LT e X
2 B R AN B R RN T AR Ak O HLR R
5845 I R WIS W DR R G 1 R 58 £ 30 FURLRE
K5 (R ARE 2, 8 B M 0 R v T DL Ak, ORIkl
TR J5 A (B 205 s I3 T v o B T

EX4 HwElLy=(U,CuU {df,V, ),
« e V,EAXCU, M TATEWLE N T
#£BCC,Sy(B) HU FWHAEXLR, WEX
Ffr By (X) =5, (B) (X) = S, (B) (X) W4
B XTEMELR S, (B) Tl FE,

EXS5 BHEL=(U,CUld],V,f), eV,
H£45XCU,YCU,BCC, MAERZR S\ (B) X




Jb AL 4R
1451

57 PV, 45 A S8 5 5 AR AF R B R RS W 5 ik
WU RN U/Sy (B) =18, (%,),8, (%), EX 8 TEASE &I RS W kK RS

Sp(a, ) K [ d ] Xe U iR rich U/ d} =
LYY, Y b g Y, =d ' (fo,})=lkeU:
d(k) =v, | v, HUEE M, W E e U £
HRER S, (B) MFRIM BN TIRFESFEY, 1
S S UR TS W)
BN, (Y,)=S,,(B)(Y,) =S, (B)(Y,)

EX6 fEl =(U,CUldl,V,f), * eV
i, BC C AR S, (B) Mgl UnrERh
U/Sy(B) = 1S,(%,),8,(x;) -, 8, (w,) |, tRIK
fdi XHgik U MRl sk U/{d) =Y, ,Y, Y |
FE SCHIR B B AN 52 5 3101 B RS i R
&Am=in(&“n)

Iblyl] -
02 T
" S, (x) | 1
/ 1b (1)
2 1o TS0

ittfj i:1,2,---,n ;j:l,Z,---,m;ri=‘Yi‘/‘U‘
WA Y, 0IEECT U R I

Ty 1 58 LB 652 X 1) TR
HIET AR Sy (B) 1] U BG40
SECRUEN 2 R K (1) %5 A
v 3 (O Ly ) et ag
GULTMEXF S (B) TR T 0
LA R R0 R B 55 (1) % A

Dy S = ‘Sﬁ(xt) ‘ 1 —
A 2 - Y T P75 ] 21 7 AEAH

FRZR Sy (B) T =4y it g Ko/h 51 R
e o
LA T A, an 2R e dmi e — g 1, D) il
BRI T B, 2 5 BOR 58 4 11 5B I 1Y)
B, Bk, P 2 g — 2 s 1 S R S A
FEURE A 1) 38 i SO @ M e R L
EXT 45 L,=(U,CUldl,V, ), eV,
BCC X TVaeB, @M o WIKEZEN
s(a) =E,(B\la}l) -E(B) (2)
XFE(2) 8 SCHY e o o 2 R 8 0 I3 —fh b 3
J& AT LAAS B2 e P Y A

w0, =s(a)/ Y s(x) (3)
1.3 REEFEHELSU AL RGP HOEME
TR

HEAT I A B2 W I, B A I 416 A R IR T
N8 B DRSS (A X 24 BT, HG v g — 25 I R
A S UE A0 5 9 15 B2 (L o 5 ) Al DR S SR 2 1
o 0] S P R AR AR A 3 R

IDS:(UsCU {d} 9Vs f)9 * € VEP,X‘T?V&EC,E
RWERIE d e tdl T )@Y o ERYRTEE S, (x,)
A X (8] Sy

d; X = |f:’(xt)|
p[f,,( z)] [l V{;'-(lfij’(xt)l_lf:i,(x’)l)’
| S (%) | ]
LV L+ (L () =1 () 1)

A | fO(x) | kR PR — R 4, F
SIEE o FIRMEAE N £, (o) MR A X 524N
9 () | RIBAYEAE A £, (o) TS IO B 36 42 A 5K
B R 7 TR X RA R RV,
e F T A PR IR d TSR o 51 R
(R, (x,) FGERE 0 AN K |V, 1 Rk iR
A e S B R SR o B MEG R £, (x,)
XL B G ARG TR BT B X 4
MEZ

QR AE S 5B M A IR, B R G A
TEMRERI RN d, ,d,y, - d, o SR o BUE N
£ Caey) B, A g A 8 0 5 A 5 132 kA
m, = plfi(x) ] plf2(x) ], plfi(x) ]

2 FHEMEBLHEBSEEAR

2.1 DSmT ER T H &M IESHTEE

DSmT 14 15 BRl & 8k b — A F i 4 L,
A g X D-S GIE 4 BLS HE AT TR, fE DSmT
1,0 =10,,0,,,0,| 1ERH T % K& b8 5
PHEZR , RS n N ER MmN ARES.
76 DSmT HEH T, 8 LA 4E D, HEH 0 F
B A, DL K HGE 2o A8 i A W A AT B
mEES, TRR O D,0,,0,,,0, €
D@ WHE A,BeD 4 ANBe D' ,AUB e
D’;3 B T O A & Y A 8, 150 H: Al Ay
J&F D,

HEZL © A 0, (i =1,2, -, n) HR T F
TRl G 7] R T A R A B A B A AR A, o R AR
251 D 41RL T F B DSm BERD | fp R R % 2 B
1R RE X6 ARE & 1) Ay A AL S o E A R DSm A5
R RAEFE HA 293, H i FHESE @ vl K st
T4 0T BE & A AR L HE R 00 o A, ok 5SS Ay R R
FETE, T B AR R NS A i DSm R
DU 0 4 b 3R 3R LS IE O, X HE L TR &
DSm #i#l

ifii DSmT H1 i) DSm A5 #Y Shy Jf % 5 s 1) 2% b
AL TR AE . e IEAT R R B2 Wi, 0 =10, ,



1452 G| A T N N R 4

A 4R

2016 4F

6,,,0,, 0,0, & — S n A R
A RER 0, R H i) —Fi il s =

i3 HE A DT 1AL [ B DSm B 3R
ANZRGETA A R R SRR A S D-S E 4l 2
WHERTSMERICEEE T, T D ffud
T NGBS BT LAAR G i P T A S CIE R
TR R R I ), AN, Y R G AT 2 B B
B, 0 =10,,60,1, M RS A AT GE 0 #RE R,
RPUbist 9 A i DSm BRI 0] LR R N 1 D, 0,,6,,
0,N0,,0,U0,|, JDFRRZGETHEE,0,,0, Fx
2R LR, 0, NG, T 2 MR, 0, U0,
PR AR AR TC I AT H 8T

RGP R ALl o, B 1O1=n
i, 2R 40 0T A 0T RE SRR, B DO i 34T ik 5
YRR 2R, XKW T D B 5 50 2 R A
IR BRELAE 4 11 Dedekind [n] #8125 P)AH G, 24 n=1
Bf, 1 D 13 2 Dedekind ¥ %1:1,2,5,19, 167,
7580,

R 7 S B i 8 12 W 3 oy, IR BT AT RE I
RS R 25 & A= 76 K 12 DR ASE TR Bsf o7 K AH
LY S R 0, el > | DO 1 e A X i b
KM R, A TAREMHEMGI A, AH
DSm LAY B AE IR G DSm BEAL il 4, 4 R 4
fETERR R Ry 3 B EE, 0 =16,,0,,60,1, 0 B H
DSm #5585 48 4 5 n] e A B ALl 19 B,
B, 6,, 6,, 6,, 6, N6, 0 06,6 NE6,,
0, N6,N6,,0,U(6,N6,),0,U (6, N6,),0,U
(6,n6,),6,N(6,U6,),0,N (6, Ub),0 N
(0,U6,),0,U0,,0,U6,,0,U6,,0, U6, U 0,,
(6,N0,)U(6,N0;)U(6,N0;) ., HTILbREFE
HORTEFEIF G O, W5 | AR FE M 2 R 45 1, 1k
i, A5 R YR A DSm RS A 58 45 AT AR R A X
8Fh, BN S, 0,,6,,60,,6,N6,,0 NH,,06,N6,,
6,N0,N0,, XHIHEE 6, ,0, AL FEN A4, H
SIAHEFR AR EM 0, N6, =, ILEHE A DSm
BRI N 1 (,6,,6,,60,,0,N6,,0,N6,|,F£mxRER
45 H i Al BeAEAE TS RE (D) 3 P R Bk (o,
6,,0,) B 2 FIf R RE (0, N6,,0,Nn6;)

2.2 BETFEBWMIRMNXEREES KN

3 o B T A AE R (R B R BUR B 5
JEE VA PR By DX ) A B A PR B . K il a2
RERME Jy—FPiR & DSm A, H A7 DSmT HE 42
F, Smarandache Fl Dezert'”' il 33 8] A X i) {12 &
T KRS B A5 B 24540 b S 42 88 DSm 4 A M
DU FIE A5 DSm 21 45 F0 U0 4 ) 1 X 8] i 15 B 45 44
b g5 T DSmT HEZE R 49 X [R]HIE 4 & BRI

FH ml o) (A) FT mly o) (A) 3255 X 18] 1R &
DSm 24 HLU 5 26 DSm 414 HI0 458 5] g 25 5
6 HEAT IX [0 IE 4 4 B, % T T A 1 A e DO R4
DSm 2 & B /R U T -
mhe, " (A) A g(A) (S7(A) +8I(A) + 87 (4))

(4)
EVC A
k
sy =Y Jlinf(mi(X))
X, Xy, X eDO i1
(X;NX,N-NXy) =4
. k
SI(A) = [ inf(m! (X))
X1, Xy, Xpe D i=1
[u=Al, V[ (ue @) N(A=1)]
k
Sy (A) = S [TinfC(m{(Xx))
X“XZ,WYXAED@ i=1
(X nX,Nn--NX,) =¢J
(XjUX U= UXy) =4
DY)
m, g (A)Ld(A)(SI"(A) +83"(A) +577(A))
(5)
K
k
sray= Y JIsup(ml(X))
‘XI‘XZY'“"XA‘ED@ i=1
(X NX,NeNXy) =4
k
5,"(A) = [Tsup(mi(x))
i=1

X1, Xy, X e @
[u=AlV[(ue@)N(A=1)]

k
sty =Y Isup(mi(X)
Xy,Xy, 0, X, en0  i=1
(X|NX,Nn-=nXp) =D
(X{UXpU-UX,) =4

HRAR R (4) B (5) 7T LA B0 R XA 45
LRIz m g, (4) = [mlg, ™ (A)mle, " ()] 4
UAE [ DSm AT I 22 3 DSm 414 KL,
O 55 5 £ D0 300 L bl ST (A) A ST (A)
ity B my, (A) = [S7(4),S1"(4) ] 4

AT LA A B2 o S A T X ) A
{5 HE WA 19 1 SRR 543 59100 PR 4 15 BE 4540
[ DSm 2645 LI HEAT 4 o otk N 75 31 10 25 1
VAR 1, BRI 1) 0 A 7 HE AT B D E 4045 R A
BAFTE R BRG 2 BB R T I . T ELY
{i P34 DSm TR, AT LU 1762 (4) 55 1
ARG B 17 32 £ 1 RO D00 2755 55 2 AN
S T 08 24 8 RAF X025 4 19 15 BE DGR, 14 336 51
SEA MR RS b3 55 3 AN UK AR X 25 4 1
5 (A 1% o 30 Ak 2 S A b 3 2 0 I SR
0, 5 0, WHIFLRHE, W6, N6, = 0, thi&fs
BERTE m(6, N 6,) Pl BEITT o, U, b IE



57

PMEHE , 55 R S8 05 B AR 1F T B IF K BRSO vk

Jb AL 4R
1453

HARKE BAL R, X T #EIZET R L, 6, U 6, &
URE SIS R Ry S 6, s 0, KR, I
LWtk £ T S, F 2l oA R B &R

H 708 DX TA) B AR A B KA 2 A i 5 064708 5
BN RHLNTEIR R |, 3 A SRR 2, WA S e
DA 7 3R AR X 0] 3z 53 5 [A] B AR SCIA O R i 28
Jo 5 HORT AT A3 TC , AR QR S DSmo KLU w5
JiCHE B 20 B B OF 4R b AEOR Ak B D, R
DSmT "~ X [6] U 4 1) 20 & R 0 0k 4 95 3 47 18
B, 45 HUFT DSmT T XA E B2 A SR, o HopR
3 CDIP R0,

2 AN DX [EUESE G S, CDIP J7 ¥ LT

EX9 m (- )M m, ()R] HEGCT
f18) DX ] EAS AR B2 AR, 38 /2 my (X)) <m, (X)) <
m (X)), Isisg,m, (X,)<m,(X,)<m, (X,),
I<j<g, Wi CDIP J7 & i 19 X [a] ZE AR {5
JEWRAE F2 78
mepis (X) = (m, @my ) cprp (X)), (m, @my ) o (X)) ]
KA (m, @my) cpp (X)), (m,@my) ¢y (X) H U
AL 5
max/min[ (m, @ m,) cpp(X) ] =m, (X) +

[ o m (X m (V)
veonxibw, * ml(X) +w, mZ(Y)
YnxX=g

w, * my(X)*m, (Y)

w, *my(X) +w, - m(Y)

g

z m,(X;) =1

J=1

8
s. t. m, (X;) =1
Z, 1

m (X,)) =m, (X,) <sm,/(X,) i=1,2,-,¢g

nl; (‘Xk) ES n12 (‘Y}) = nl; (‘X)) j = 1 ’2 s 7T véz

(6)

;B\:E'j:mlz(x)z Z ml(Xi)mz(Xj),i’j:Ia
X, Xe6
X;nX; =X

max/min[ (m, @ m, @ - D m,) o (X) ] =

[OF

n-1 i

fp=l

2,850, Ml o, 7305 5 UESE S, A S, BYALHE &R
o, s L2 rp s e R

BEIE, 2 XY = O, SR m(XNY) =
m, (X)m, (Y) +m, (X)m, (Y). CDIP J5 i H AL
P2 AN B m, (X) A m, (V) 518 B b 5% 5
iwom, (X)m,y (V) BLECH my (X) Hlm, (V) 51 )
B m, (X)m, (V) , 73l E 4500 X 5 Y [A] it
Frorme . o3 Be B9 e 00 dy B 56 R o, o, B
Lo 2 SRR A5 B AF BE AR m, (X) (my (X))
m, (Y)Hlm, (V) %5 i

FETHF (m @my) oo (X) B, H E T &
BORMWIARARF my, (X)), R H W KB X W
MRBE R X EME 2. X T VY e G\
(X1, YNX =, th & Bt m, (X)) m, (V) ¥

w, *m (X)
‘Eﬁttﬁuwl cm (X) +w, - m,(Y)

BB om, (X) m, (V) h 4% &1L B
e e e 8 T Y
[ s W< IO (12 S Tl o 171 R o 5l 1
m (X)=m,(Y)=08& m,(X)=m, (Y)=0,i{
B IE T o R AR AR, W AT ZEAE K (6) b & bz
g3 A

TEHAT Z2 A K RHIESE & B, CDIP J7 58
mr,

EX10 m(-),m(=-),,m(-)Nn
AT RE G R R IX R AR R AE, R
m; (X)<sm,(X)<sm/ (X)), I<isn,1<j<g, N
i CDIP J7 4 BU 1 DX [R) SR A7 BE MR H e
Meps (X) =L (m, @m, @ @m,) cpe (X)),

(m,@m, @ @m, ) e (X) ]

K :(m,@m, @ @m,) o (X)), (m, @m, @@
m, ) S (X) AT AR ACBL R 45 1

fi 16 B fE o0 X

: mm(X) ] [Hmm(x) H m"'kz(X”)

ky=s+1

my, ., (X) + 2 Z

s
Xj, Xp, o, Xy e G\IX] s=1
XNXjNXpn-NX;=J wtkl

12, it e POIT,2, - n=11) ky=t

g
s. t. m,(X,) =1

m; (X)) < m, (X)) <m/(X,)

j=1’2"."g’vi=1’21.-.’n

. m,.kl(X) + Z CI mikz(Xﬂ)

ky=s+1

n
I I mi(le) ’ §L1 ’

X, X, X e 6 Il

XjNXpne X=X

iy, il e P({1,2,-,n}) ,P"({1,2,,n})
Lo (1,2, nf B EANITCRITHBINES;

Horpr, m12"'n(X) =



AL ALF R

1454 db s M A MK K % % R 2016 4
w; R IESE S, 1R R max/min[ (m, @ m,) o (X) ] =
N N AL e, (X
Fik t-x

TE I 22 W32 W oo A oy, 4% b 1 J 2 R 4 1
G, e A AR B, b B A IR 7R UL
SRR R A SR A B T S R AR, i T
WA E AT Bei, 7R B2 Wit |, 75 208
XL (S B AT AL B SRS A5 A Y AR AR
B, H CDIP J5 ik #F 47 45 B ml &, 45 i i ik
75

1) 3 BCRE &5 B A5 B, , #5828 I & i s
LMWK RS [,,=(U,CU {d|,V, ), = eV,

2) X I HORCHE SR AT FAL B, R A I A AR
IEHE ] H B T AT R S TR X
H DU e R AT S Ak

3) o A RS £ 5 v PSR SR E AT 2 T 4R A5
AR B

4) HAFRN AR R AME— T ROR S &
FHEER E, (B) AR /NS R B, .

5) o Hl it A — A s e O
sCa) BT o, 155045 5008 (O RUE

6) i E B, AR B JE M E R
pLAY () T M HIE 40 91X (6] 435 35 Wk A1 PR B m,

7) # % DSm #7 fF DSm HEHL N i@ i CDIP
R X REYE SR T G o A U WX R
R A X6 A s R AT T, 25 12 B

4 HEXRK

AR 3 BCARE SO0 A R S R B AR R A
HL 8% 19 A 52 45 12 Wi Ed R AR SCRT R O ik
FO £ A B9 0T & SRR AT 2 W OF R LA
DSmT HE 42 R ) X (8] UE 35 & 1 3 % 3145 1 X
[E] s B MR R B E AT L A, 5 CDIP J7 ik r 1%
B 45 FAEAT B, AT X% O YR A R S
i AT 90 E .

A SN A B DSmT X Ja) 3iE 85 4 6 B2
A2 45 X 6] DSm 41 & #LI L CDI2 J7 3 F1 CDIS J7
Pio DX ] DSm ZH A #0351 A X )iz 55, 8
2 i DSm I K 8 & DSm B HE 7 B X [A]
fEEES5# I CDI2 J5 % . CDIS J7 i 5 CDIP
J5 ¥ TR R 3 F S5 p Ak S AR X T)HIE B A R
2, DXOFE T o 98 0 4l 7E 45 45 oo A /Y 43 T L )
FEAE 25 . DAPRIESE & i 6, CDI2 J5 ik 45 i
RV R

Sof C(X) S X BYBEAE SRR, 25 B2 9T X 5 ohe AT
Sef, C(X) =1, 8, C(X) =0 ; ¢, (X) KK
(2 A MR R ST X R B B9 9 A, B
e (X) =m, (X) +m,(X) ; e, Hy M5 uhged
F A 2 T 0 7 1 90T 5y S S50 o 2 R B
o = Y m(X)my(X,) . CDIS J ik % th 1)

X Xje¢
Xinx;=0

AR Sy
max/min[ (m, @ m,) s (X) ] =m, (X) +
m, (X)*m,(Y) my(X)*m, (Y)

;2(;\:% m,(X) +m,(Y) my(X) +m,(Y)
4.1 SHYER B I KBRS BT L)

AR 38 Y =328 TR 1A SR T R o L B A
It A B 12 W S ) W % R R s i OPOT7 4
A, P T BRI P 1 TR

ESPLAR | FRMAIE | SN
19
. - g 1 MQ
i kQDI k(ﬂ 10 kQ

I
I
I
I
I
I
I
- —J
I
I
I
I
I
I
I
I

o kQ
o D

EWQE

P AR A B i i 2

Principle of instrumentation amplifier circuit

Fig. 1
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Table 1 Raw test data of instrumentation

amplifier circuit fault

- VoK Vod/N O SEBE RBST RN M
N /mVi A/mV §illL/dB fEREE/C #/dB B
1 19.5 0.61 89 50.5 119 F,
2 10. 1 1.03 20 65.1 108 F,
3 13.9 * 102 105.9 140 F,
4 17.8  0.90 117 90. 4 106 F,
5 * 1.12 73 93.6 117 F,
6 14.4  0.48 120 77.4 103 F,
7 18.2  0.77 51 81.2 84 F,
8 18.5 0.01 93 * 40 F,
9 13.3 0.53 105 110.0 76 F,
10 * 0.49 81 66.3 81 F,
11 17.6 1.07 68 72.1 93 F NF,
12 18.0  0.96 " 58.6 101 F,NF,
13 12.7 1.50 44 55.9 88 F, NF,
14 11.9 1.91 62 61.7 79  F,NF,
15 16.5 1.00 110 88.3 96 F NF,

TE e — BRI i 1 H A

DI JE €, ~ Cs 43 B R 538 1 XY
S ANIHE 18 S B E A% 18 b B 1E K]
DL X Ji ik s AT B i . Pk, € o v,
B RETA:12.0 ~18.0 mV; C, E£x V, W) &/
BiA:0.50 ~1.00 mV; C, /R 3840 1.
=70dB;C, /oI TAERE: <85.0C;C, #&
R 3 25 .85 ~ 105 dB, Horp M g E €, . C,
i (R uR s AT S 7 0 G /S R NS 0 R Vs
F L AS 2 W SRR I 2 I o

X R 58 £ O K B 12 W Dk SR 26, SR FH SCTR
(22 T L AT Bk 2 g, 13 B 45 2R B =
1€, Cot TR B C, 5 C, i 5K RS

K2 EHEBRFATEFREBILHRER

Table 2 Simultaneous fault diagnosis decision table with

incomplete information of instrumentation amplifier circuit

R ¢, G Gy C, Cs  Wpmi
1 2 1 1 1 2 F,
2 0 2 0 1 2 F,
3 1 * 1 0 2 F,
4 1 1 1 0 2 F
5 * 2 1 0 2 F,
6 1 0 1 1 1 F,
7 2 1 0 1 0 F,
8 2 0 1 x 0 F,
9 1 1 1 0 0 F,
10 * 0 1 1 0 F,
11 1 2 0 1 1 F NF,
12 1 1 * 1 1 F.NF,
13 1 2 0 1 1 FinF,
14 0 2 0 1 0 F . NF,
15 1 1 1 0 1 F, NF,

w(as) =0.636, RFHELIHHEEMNC, 5 C, 1
J A A IX (], 45 B R A PR A (L3 3) o
®3 EMEEXEEERE
Table3 Interval-value belief assignment of

instrumentation amplifier circuit

i c, m,(F,) m,(Fy) m;(F, NFy)
0 [0,0.250]  [0.750,1.000] 0

2 1 [0.333,0.429] [0.286,0.333] [0.286,0.333]
2 [0.400,0.500] 0 [0.500,0.600]
0 0 0. 800 0.200

5001 0 0.200 0. 800
2 1.000 0 0

TSN Y 4 2 R B X2 W g SR AT
BGIE o % e B EOAk ) e BEOGT N 24 A7 B A S )
HN:T, =102} ,T,={1,2} ,T,={1,1} ,T,=|2,
2],

FE AT X B TIE 45 A T, 75 BEAR I R G A7 TE
Rl B A S H 2 DSm BEARL . fR T AE FL S TP A
HREE F, Fy, ULRIFRSEE F)o0 Fy BOA B%
MZWIHESL ) @ = | F\,F, F,| ,l1 T A7 H A
IR, NETHSIAHEREARF, N F, =0,
F,NF, =0, FFNF,NF=0, TEHERT,
FH 4 7 k40 0% X E) E 3 AT 4 A, A5 B G A
Rk 4 Prow,

Wt 4 A LB ML REAR T, 2 R R
(15 B A7 76 ™ 3w 28 o 7 T % i el g8 X IE
W A WA, X ] DSm 4 A L U 25 H w28 3 43
e 20 AH N 04 0 4 AR R oK 0 s B Uk AT A B
B, ol m (F,oNF,) 58 5 1 e
FIUF, B, FLUF, H FAEHERS F 5
Fy, R TG A 2 B i e g A8 4 e ) i
1T B /) CDI2 J7 ¥k CDI5 J7 ik 5 CDIP Jr ik
#BAFE TIEM A AR . (Hi T CDIP J7 ¥ W 7
Co W WAE, B RMWHERENE ST
CDI2 J535%5 CDI5S Jrik. WMAEREAR T, d i T
P F, SLBRAL 2 Bl B A X, Bk B RE R
MIFRBEE FoNF B F =F, U(F NFy), Ut
B IE 408 1] 5 45 AN 77 AE vl 58, 783X Ff R 3 T b %€
Bl s IS 00N BT A 4 R ik 2R T A IUR
mgs 7RSSR, EREAT, T2 KR
H—3, # o oT F W R ME, A LSS SR ok
B, AMBPEHRER TIEMALEL., BT C, B
FH AR F 0 CDI2 Jrik (CDIS ikikh 2 &
TE 4R T A A, S B4 R KT CDIP
Tk XSAEREAR T, bthAg Bk st
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Table 4 Results of fault diagnosis through combination of instrumentation amplifier circuit
. T, =10,24
Tk m(F,) m(Fy) m(F NFy) m(F,UF,UF;)
[X ] DSm #f ] [0,0.250] [0,0] [0,0] [0.750,1.000]
CDI2 J5 i [0.500,0.719] [0.281,0.500] [0,0]
CDIS J7 i [0.500,0.679] [0.321,0.500] [0,0]
7 gy i [0.652,0.786] [0.214,0.348] [0,0]
T, =11,2}
ik m(F,) m(F,) m(F, NFy) m(F UF,UFy)
X [d] DSm 1] [0.333,0.429] [0,0] [0.286,0.333] [0.286,0.333]
CDI2 J7 i [0.556,0.632] [0.041,0.055] [0.327,0.388]
CDI5 J5 [0.584,0.650] [0.064,0.083] [0.286,0.333]
S ins [0.617,0.676] [0.038,0.050] [0.286,0.333]
) Ty=1{1,1]
7k m(F,) m(F,) m(F, NFy) m(F,UF,UF;)
I i DSm 1] [0,0] [0.057,0.067] [0.495,0.610] [0.352,0.419]
CDI2 J7 i [0.067,0.080] [0.147,0.173] [0.751,0.781]
CDIS J7 i [0.042,0.058 ] [0.168,0.195] [0.755,0.781]
K [0.031,0.046] [0.166,0.186] [0.776,0.795]
) T, =12,2]
ik m(F,) m(F,) m(Fy NFy) m(F UF,UFy)
I ] DSm ] [0.400,0.500] [0,0] [0.500,0.600] [0,0]
CDI2 J7 i [0.400,0.500] [0,0] [0.500,0.600 ]
CDI5 J5 i [0.400,0.500] [0,0] [0.500,0.600 ]
a7 i [0.400,0.500] [0,0] [0.500,0.600]
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XF DX TE] A5 BE AT 6 1, 19 B B 45 R 3k 8 s .

x5 HRAEBKESEETERANLEE

Table S Raw test data of excitation generating circuit fault

WL B
F%9 F% WA WE +15V-15V +5V+10V

.
R T A A ’E'f N
Hz v vV JE/% V \Y A \% \ Bt
/C

1 1620 13.8 3.0 5.0 *  —13.6 =% 5.8 10.1 F,

2 # 9.0 3.3 9.3 18.9 -12.7 105 5.5 ® F,

3 1630 13.2 = 7.9 15.1 -15.9 70 # 9.0 F,

4 1600 13.8 3.0 3.9 16.8 -16.5 72 6.6 11.9 F,

5 1640 14.0 2.1 * 14.0 # B 6.0 * F,

6 1630 = 4.1 7.2 13.9 -16.2 80 5.0 9.3 F,

7 1440 13.1 % 14.0 17.2 -13.1 89 5.6 10.6 F,

8 1260 13.6 2.6 2.9 15.5 # 91 6.1 10.3 F,

9 1020 12.9 2.6 4.4 17.0 -14.5 69 4.9 ® F,

10 *  13.0 2.8 % 13.8 -13.4 88 5.0 10.0 F,
11 1580 14.2 2.5 12.9 14.2 -15.9 102 6.1 10.8 F,
12 1530 13.8 = 8.0 16.2 -16.9 85 5.0 10.1 F,
13 1690 10.9 1.1 10.5 = -13.6 8 6.9 9.4 F,
14 1600 14.5 2.1 4.1 15.0 -19.0 72 * * F,
15 = 11.7 2.6 8.9 12.2 -11.3 91 5.6 8.4 F,
16 1610 14.6 2.8 17.2 = -10.9 = 4.3 9.5 F,
17 1660 9.8 2.5 11.5 10.0 -17.9 = 4.6 ® Fy
18 1650 12.9 1.9 5.4 *  —-16.7 93 5.7 9.8 F;
19 1650 13.0 = 3.3 13.2 # 70 * 9.1 Fy
20 1620 = 2.2 8.3 18.4 -17.7 74 6.0 ® F,
21 2640 12.1 2.0 8.2 13.5 -16.9 77 6.1 9.9 F,
22 1730 13.9 2.1 14.4 = -15.0 = 5.8 10.3 F,
23 %= 14.2 2.4 6.5 13.2 -18.2 80 4.1 10.6 F,
24 1690 13.1 2.8 3.1 * —17.8 = * * F,
25 1810 = 3.3 % 16.7 -16.9 75 5.6 11.0 F,
26 1670 12.5 3.0 9.4 15.5 -17.3 = 3.0 * F,
27 1700 14.0 = *  14.3 # 70 5.1 10.1 F,
28 % 13.1 1.8 2.5 12.0 -19.0 88 6.0 9.8 F,

oo — B AR s ) ~ Fy— 45 ) BRI i (1
A 8 5 K 5l R T R R e e | R DA Rl B Y E 5 A S 7 R
Bl

TEA ) b AR 4 R G0 A7 T 09 O A il Bt A5 X
AL R R PRI EIE LR N F, =
F,U(F, NF,)),F, =F,U(F, NF,),F,=
F,U(F,nNF,),F, =F, U (F,nNF,) ., H
TR T AR A AR 20, AR X ) DSm A
WO E AT UE 38 G B A 5 oA D R
HIFE RS I L FE m( U)W TF R X T
WL E X, S AERS halth, fTLAEN,
B[] DSm B0 7 56 3 BE A | 5 3 038 W7 25
R Tk, x EER O HA R ETd 2 H R
LR TEu R /N TN RTINS (B v
SCAR BAR B, & BT 25 5 4R 0T b A9 £ (B i
B, AT TG 32 Al i ) o T CDI2 J5 3k | CDIS
J7 ¥ A CDIP J5 i e R 45 B 1 1E #f 1Y 45
H5H 4.1 75 gy 45 R A L, 15 3 i 25 5 X )
Bl K, X H AN 58 A O K i R a2 W ke 3 SR
KB 2, (A 00 0 T R M (R AR
DX ] A% J3E S 1] 8 K P 3 B

R6 HHREBBRATEHFRBBISHREKR
Table 6 Simultaneous fault diagnosis decision table with

incomplete information of excitation generating circuit

#Hs € G G G G G G Gy G %{fi

1 1 1 2 1 ® 1 * 2 1 F,
2 * 0 2 1 2 2 0 1 x  F
3 1 1 ® 1 1 1 1 * 0o F
4 0 1 2 1 2 1 1 2 2 F,
5 1 1 0 * 1 # # 2 * F,
6 1 * 2 1 1 1 1 1 0 F
7 0 1 ® 0 2 2 0 2 2 F
8 0 1 1 1 1 ® 0 2 1 F,
9 0 0 1 1 2 1 1 1 x  F,
10 * 0 1 * 1 2 0 1 1 F,
11 0 1 1 0 1 1 0 2 2 F
12 0 1 * 1 1 0 1 1 1 F,
13 2 0 0 0 ® 1 0 2 0o F,
14 0 1 0 1 1 0 1 * = F,
15 * 0 1 1 0 2 0 2 0 F
16 1 2 1 0 ® 2 * 0 1 Fy
17 2 0 1 0 0 0 * 1 x  Fy
18 1 0 0 1 * 0 0 2 1 Fy
19 1 0 * 1 0 ® 1 * 0 Fy
20 1 * 1 1 2 0 1 2 x  Fy
21 1 0 0 1 1 0 1 2 1 Fy
22 2 1 0 0 * 1 * 2 1 F,
23 * 1 1 1 0 0 1 0 2 F,
24 2 1 1 1 ® 0 * * x F,
25 2 * 2 * 2 0 1 2 2 F,
26 2 0 2 1 1 0 ® 0 = F,
27 2 1 * * 1 ® 1 1 1 F,
28 * 1 0 1 0 0 0 2 1 F,
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Table 7 Interval-value belief assignment of excitation generating circuit
i C, m;(F,) m;(F,) m,(Fy) m,(F,)
0 [0.182,0.375] [0.455,0.750] [0,0.125] [0,0.222]
1 1 [0.308,0.500] [0,0.100] [0.385,0.600] [0,0.182]
2 [0,0.125] [0.091,0.250] [0.091,0.250] [0.500,0.778 ]
0 [0.083,0.182] [0.231,0.300] [0.417,0.545] [0.083,0.182]
2 1 [0.313,0.400] [0.235,0.286] [0,0.067 ] [0.313,0.400]
2 [0,0.500] [0,0] [0.333,1.000] [0,0.500]
0 [0.100,0.333] [0.182,0.375] [0.182,0.375] [0.182,0.375]
3 1 [0,0.167] [0.286,0.455] [0.286,0.455] [0.143,0.273]
2 [0.444,0.750] [0,0.143] [0,0.143] [0.200,0.429]
0 [0,0.167] [0,0.167] [0.333,0.714] [0.222,0.571]
5 1 [0.176,0.308] [0.294,0.462] [0.063,0.214] [0.188,0.357]
2 [0.300,0.666] [0.100,0.333] [0.111,0.429] [0,0.286]
x8 HMREBEKAKFICHER
Table 8 Results of fault diagnosis through combination of excitation generating circuit
T, = {2,1,2,14
J5 ik
m(F,) m(F,) m(Fy) m(F,) m(F,NF,) m(F;NF,)
I 1] DSm ] [0,0.012] [0,0.005] [0,0.001 ] [0.006,0.048]  [0.010,0.161] [0.003,0.109]
CDI2 J7 i [0.143,0.370]  [0.062,0.180]  [0.002,0.063]  [0.144,0.475]  [0.091,0.483] [0.019,0.293]
CDI5 5 i [0.111,0.463]  [0.028,0.177] [0,0.028] [0.152,0.604]  [0.074,0.481] [0.007,0.268]
S ins [0.105,0.451]  [0.028,0.173] [0,0.028] [0.157,0.630]  [0.069,0.474] [0.008,0.283]
T, = [1,0,1,0]
Ty
m(F,) m(F,) m(Fy) m(F,) m(F, NF,) m(F,NF,)
1% ] DSm 1) [0,0.003] [0,0.002] [0.015,0.106] [0,0.005] [0,0.055] [0.030,0.420]

CDI12 [0.016,0118] [0.057,0.185] [0.218,0.553] [0.029,0.132] [0.012,0.243] [0.141,0.590]
CDI15 [0.012,0.141] [0.079,0.274] [0.117,0.618] [0.008,0.134] [0.021,0.276] [0.094,0.618]
VNG T [0.012,0.150] [0.074,0.251] [0.120,0.621] [0.008,0.132] [0.023,0.286] [0.095,0.620]
\ T, = 12,1,0,0]
Ir - - - - E— E—
m(F,) m(F,) m(Fy) m(F,) m(F,NF,) m(F;NF,)
[X.[8] DSm #g 7] [0,0.003] [0,0.004] [0,0.004] [0.006,0.067] [0,0.053] [0.031,0.391]
CDI12 [0.089,0.235] [0.074,0.207] [0.018,0.125] [0.150,0.442] [0.012,0.249] [0.150,0.552]
CDI15 [0.089,0.294 ] [0.069,0.243] [0.001,0.123] [0.046,0.442] [0.021,0.260] [0.132,0.660]
ARSI [0.084,0.279] [0.064,0.235] [0.001,0.130] [0.046,0.454] [0.019,0.254] [0.143,0.679]
‘ T, = [1,1,2,2]
Ti ik
m(F,) m(F,) m(Fy) m(Fy) m(F,NF,) m(FyNF,)
X[ DSm LW [0.013,0.100] [0,0.001] [0,0.002] [0,0.009] [0.017,0.265] [0.003,0.138]

CDI12 [0.213,0.543] [0.047,0.135] [0.004,0.109] [0.067,0.267] [0.090,0.492] [0.021,0.379]
CDIl5 [0.175,0.610] [0.017,0.140] [0.001,0.147] [0.057,0.358] [0.062,0.478] [0.020,0.432]
AT e [0.174,0.613] [0.018,0.133] [0.002,0.167] [0.051,0.343] [0.060,0.478] [0.023,0.450]
iSRS
5 4 ¢ bt 2 A B I S SR B R 2 R

AR %, Jr 2 LT R 1 1, 5
ARCAES & oy BT RLBE R B DS SREAERE o i p e,
B T T IR I U £ R 5 A A PR AT F
I B HO BRI T BT

L) T IR RO R 5 4 £ B L 72 DSmT
HE T 96 2 M B0 7 75

2) R e R O T R,
AR R,

3) fEF K LR 34T 4 BB 4 R A T
VAR A, T L 978 e 2 0 D 45 W7 2 4 4
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Diagnosis method of simultaneous fault with incomplete information
SUN Weichao', XU Aigiang”* ", LI Wenhai’

(1. Graduate Management Brigade, Naval Aeronautical Engineering Institute, Yantai 264001, China;

2. Department of Scientific Research, Naval Aeronautical Engineering Institute, Yantai 264001, China)

Abstract: Test information is often incomplete in the fault diagnosis process of equipment. And simulta-
neous fault diagnosis process is more difficult at the same time. In response to this situation, the current meth-
ods of fault diagnosis with incomplete test information and of simultaneous fault diagnosis are studied firstly.
Then we define incomplete fault diagnosis decision system to describe incomplete test information. And it de-
fines incomplete boundary rough entropy to measure the level of uncertainty in the system and assign the im-
portance of each attribute. Meanwhile, the method to calculate frequency of attributes’ value under incomplete
condition is proposed. In order to diagnose simultaneous fault, the paper constructs the diagnosis model under
DSmT framework ,and proposes a new combination rule of interval-value belief to overcome the shortcomings of
previous methods. Finally, the validity and applicability of the method are proved by two equipment fault diag-
nosis examples.

Key words: simultaneous fault diagnosis; DSmT theory; interval-value belief combination; rough set

theory ; boundary rough entropy
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Theoretical model for a porous projectile striking on flat rigid anvil
LIU Hu, LIU Hua®, YANG Jialing

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Taylor impact is often applied to the determination of the dynamic yield stress of materials. For
theoretical analysis of the Taylor impact of porous projectiles, the relationship between the density of a com-
pressed porous projectile and the compressive plastic strain is very important. This paper proposes an exact
density model for the compressible porous projectile by inducing the plastic Poisson’ s ratio, and further, an
analytical model is established for the compressible porous projectile striking on a flat rigid anvil. As the plas-
tic Poisson’ s ratio is a constant, the first order Taylor series expansion of the compression density ratio model
can be reduced to the existing model. As the plastic Poisson’ s ratio is a function of the compressive plastic
strain and the relative density, the relative density has a major influence on the impact response and the final
deformation of the projectile, but the duration of impact-contact process is almost unaffected. The initial veloc-
ity of the projectile has considerable effects on both the final deformation of the projectile and the duration of
impact-contact process. The present theoretical model is useful in analyzing the dynamic behavior of porous
materials.

Key words: Taylor impact; porous material; plastic; plastic Poisson’s ratio; rigid
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PR TR
AES S 2% 325 4 [ 8 fife BT A5 41
1,/(10 °m*) 2.26 2.34 2.24 2.16 2.30
1,/(10 °m*) 3.88 2.50 3.76 3.76 3.71
J,/ (10" "m*) 1.47 1.44 1.42 1.39 1.44
J,/(107m®) 2.08 2.19 2.06 2.17 2.13
e, /m 0 0 0 0 0
e,/mm 66.4 68.4 65.8 68.2 67.2
K, 0. 837 0.905 0.824 0.788
K, 0.411 0.443 0. 424 0.352
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Table 2 Frequency absolute error between

simple model and real model %
s e AR
f b AP fif M A Y
Brk s Ko — ik
1 0.37 2.12 0.29 0.01 0.27
2 1.08 0.98 1.06 0.08 0.80
3 0.09 1.91 0.15 1.40 0.88
4 0.57 2.11 1.05 1.71 1.36
5 1.68 2.02 2.18 1.22 1.77
6 0.07 1.99 0.06 0.18 0.57
7 0.45 0.45 1.01 0.20 0.53
8 0.67 0.92 0.72 0.22 0.63
9 0.02 2.13 0.09 2.35 1.15
10 2.07 2.18 2.06 2.19 2.12
11 2.05 2.08 1.11 2.18 1.85

3 SHBRAEELHRBNESHTA
RERE
Table 3 Model strain energy of equivalent model and

real model and their error

s RN AR B/ (N - m) 15525 IO 72 i
B i B S AR R R W/ D
1 530070 538680 1.62
2 595130 604227 1.51
3 923810 922350 -0.16
4 2 421200 2362411 -2.41
5 5509182 5574967 1.18
6 6.456 x10° 6.460 x 10° 0.06
7 7.208 x 10° 7040179 -2.33
8 1.419 x 107 1.396 x 107 -1.62
9 2.215 x107 2.226 x107 0.49
10 2.733 x107 2.790 x 107 2.01
11 3.067 x 107 3.129 x 107 1.96

240.00
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= o
#9603}
¥
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48.04 //“
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Fig.7 Relationship curves between equivalent

cross-section torsion constant and L
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Fig.8 Schematic diagram of experimental modal testing
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Table 4 Equivalent cross-section parameter identification results
T
i 5 1 360 4 e A fift BT AR
R T 55 L E — R
1,/(10 "m*) 3.07 3.07 3.07 3.07 3.07
1,/(10 °m*) 1.20 1.23 1.19 1.17 1.22
J,/(10 7% m*) 1.09 1.05 1.07 1.06 1.07
J,/(107m®) 2.11 2.06 2.16 2.15 2.10
e;/m 0 0 0 0 0
e,/m 0.0645 0.063 1 0.0656 0.0663 0.0642

x5 SHRTRMESHEMERILE
Table 5 Comparison between experimental frequency

and calculated frequency of equivalent beam  H:

" IS
A SR — ?‘ -
gk gk K F 55 _— e T
Sroc MR i A ] " "
bR LR e
1 126.8 125.6 128.1 125.9 126.5 125.1
2 231.1 231.8 233.3 227.9 232.5 227.5
3 234.9 233.4 233.9 232.1 236.8 234.9
4 477.4 478.4  480.4 482.0 482.3 486.2
5 585.2 586.9 577.3 588.4 579.7 581.3
6 621.6 625.6 626.7 622.9 626.1 623.7
7 806.4 815.6 791.3 814.8 811.4 797.5
3
—e— ML
—e— IR
2t S g1 S
A —— (R
” \ o BT
< 14 \
b
5
=
=2 L L L i
1 2 3 4 5 6 7
BRI

10 RS AR 22
Fig. 10 Modal frequency error
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Equivalent modeling method of open thin-walled beam under
action of transverse stiffening member
DENG Hao, CHENG Wei"

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. Satellite structures usually have a lot of open thin-walled beams under the action of transverse
stiffening member. Transverse member is generally evenly distributed along the axial direction of the beam.
Through the study of such structures, it is theoretically proved that the differential equation of vibration of this
structure has the same form as the equation of ordinary open thin-walled beam. Therefore, equivalent calcula-
tion was carried out using the open thin-walled beam element. Three kinds of mathematical models of open
thin-walled beams, finite element model, transfer matrix model and analytical model, were established. The
equivalent cross-section parameters were identified using sequential quadratic programming. At the same time,
the influence of different objective functions on the identification results was analyzed. And a method for esti-
mating the initial parameters of the cross-section was presented. For the finite element model, the MATLAB
and ABAQUS interactive parameters optimization method was proposed. A combination of both full advantages
can quickly and efficiently optimize the cross-section parameters and this method has strong versatility. Final-
ly, the correciness and accuracy of the equivalent modeling method are verified by experiments. The proposed
equivalent modeling method can reduce more than 90% of the number of elements. By establishing the simpli-
fied model, the efficiency of the structural model updating and structure reanalysis can be greatly improved.

Key words: transverse stiffening member; open thin-walled beam; differential equation of vibration;

equivalent modeling; parameter optimization identification
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Fig. 1  Lift of conventional configuration in direct flight
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Fig.2 Sketch map of “T” configuration
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Table 1 Mission index of solar-powered aircraft

fEHfabr /() AW h/km P/Wo m/kg
e 40 HEH 8.0 100 150

3.1 BREMSH
BRALED AR AR R (1, ,0,2,,) , A8 AR S
VB X Sk R AEHL B R 2 BB R, K
0 AR AR FEAT TC B AL, v, Ol S AL R DL
YR B 55K, 2, O S B DL S8 T K
JE oz HATRALALI R A K, 2, FIRE L R K
B R WE 6 R Pk 32 2 0F 58 K P BE R AL
TE F S A R AL AR AR A v, R AL
FROEMER R . &7 (a) BRI B ST 1K
BE L AREAD 3 dh e ny 52w o mTAT, B A 2R S
5 TR BE 1Y 50, AR A g SR AR O S AR i 5 AL
C, I8, CHL A A5 T 1 5
E—EBSEE N, CHLE O A bR AL E v, 7]

0.6

05+

04+

03F

02}

0.1

3.0 4'0 5.0 ﬁlﬁ 'IID 80
bim
B6 o, FUR I JEK MR

Fig. 6 Relationship between z, and aspect ratio and span



57

o A e, A5 TR T U/ TR A 2R A K B AR TRLA B Bt

M ] 1483

VA o Jo A 9 R I AN S KLY R R
ANFTERLRRE . B 7 () S EEL AR AR &, X I
Ay e i 2 A 52w o ) DL A 1 i B A AL, ek
O AR AL B T 1 B 057 B ) LAk P SF A5, A
LHE TR TS 20 A 3 T A i A I A Ak o {ELDA
ARFA 7 R0 28 0T 3 A 19 3 BEOR T, A0 O AR AR
L, X B AR E PR AT — RE R

0.08
& —e—[/=3m
0.04f S, N =
: A 4 v—[=9m
o Y. . —9—:‘=llm
UF-0.04 Tyt
-0.08} N
-0.12
-0.16 L L L L L i L L
4 -2 0 2 4 6 8 10 12 14
al(®)
(a) PR 1
0.15
e—\
-
0.05}
\,
B -
OB o =ois
——x.=0.20
[ ——x =025
B ——x,=030
—e—x¢s=0.35
025 i 1 1 I 1 1 1 1
4 2 0 2 4 6 8 10 12 14
al(®)
(b) T x,

K7 2R ST L5 E AR v SR T S
it £k 19 52
Fig.7 Influences of length of vertical supporting surface [ and

centre of gravity position x,, on pitch moment curves

3.2 FRXEAMERLSW

A1 20 (10) AT A1, %+ K BH g C AL, AL A 2
A7 s i) AL T B K PH R E b 3R A5 9 K BH AE Ak
Z i H Ay 37 €T T 2R A AR B R
A 2 F R BH R fR b B9 R A B A L
HOEm CHLI R P o BRI 9T ML 3R R X LL R R
AR Ak Xt B T B TR T SR A R, dn &l 8
JioR o W AT LU A% L3 5% L F
J K AR AT BT, B T AT T T SR A
e /IME .

A TS 4 TR R X B T AROT TR FH D) R
FrEE R G & 9 FTaR . wT UL, B T BT
KT P ) R B T S T R e/ T R AIG, R
aC,/aC, ¥, BP o E R AR, 9C /7 9C, 5 W 2
/IR E M R

30 40 50 60 70 80
b/m

F8 P,/SHl AR.b KA

Fig.8 Relationship between P, /S and AR,b

301}
300}
299}
298}
o’ 297}

[(W-m=)

tot

2961+

295¢

K9 I SARE KBNS P,/ S FIFERE 1 152
Fig. 9 Influences of length of vertical supporting surface on

P./S and static stability

3.3 fLEEAR

TEAH R 9 £ ARAT: 55 Z 50T, W 2 #0 A E 4 E
dC,./9C, =-0.15, KB KH 42. 7 m, B LN
10.5, #.LAbR 2 (0.22,0,0.32) , 3 B ST
FEA 7.1 m i, T 44 78 I BH RE TR R /N B T
B KT IR N 29.91 W/m? i 36 AL AR ]
FREM BTG O T, 5 AR YK BH R B AY f / o
P RS KR IR A 31.77 W/m®, 52,
1246 R K B A CATL Y AL T BT TR 2 R
T6.2% , 5 AR B .
3.4 BYFHEIH

TS BEOK BHRE TRAL DLOK TR B e T
K PENLEL P B S G A A B AT R w0 R
AETH o L4 A T R X R A 0 A AR R0 5 e dn
B 10(a) fizs o ARG R 5 BCAT SR A
i e BE AT TC 7, o e e MR AR fb . BT
(b)) AT, x,, A8 A X P 502 A 5 i TR
MR 14 BRI A E TSN, KW
W25 1« FOAE T e 5 0 4 A R . LR AT g
Mk an & 10(b) s . A # AL 2 P
7 R B3 T T 0 R AR E



A AL

1484 S P I 2016 4
010 —— G LB 5 RSB T T Bk P A L
I i 8 TE P S BRI BE T T 3%, 1K B AR il 2D T
0.05 s
—Ae=tr it o § \
b =50 P, i L AR E MR R, A R B R XS
o CHLEER BT N 1w Bl A2 1 LA R A N 1) A E
=it PEAT HE— D05, AL 5 58 B M B3 T
-0.10}
S #k (References)
—0.15 . \ \ %
-4 0 4 8 12 [ 1] IRVING F G, MORGAN D. The feasibility of an aircraft pro-
wie) pelled by solar energy[ C] // Proceedings of the AIAA/MIT/
Ok SSA 2nd International Symposium on the Technology and Sci-
0.1 ence of Low Speed and Motorless Flight. Reston: ATAA,1974 .
; =T 19.
[ 2] YOUNGBLOOD J W, TALAY T A. Solar-powered airplane de-
=01} sign for long-endurance, high-altitude flight[ C] // AIAA 2nd
E
&)

02} —=6=-12°x =006
—o—5=-6%,x =0.18

_03f —0=0°x =022
v 8=5°x =028
@ o8
04 L N L L
-4 0 4 8 12
/(%)
(b) HAEERH

P11 4R A R L 45 X R ALD S R R 5 52 )
Fig. 11 Influences of operating moment and combined

control on pitch moment coefficient

4 &5 £

ASCEERT B I, B T T A R R
PHAE CAL, 2 HE A {7 B4R .

1) A 7 K BH e RBL R F AR 0 19 G
- JE L BEAR T AR A R RS Bk, B
Jon e S P TR K R R TR AL AR
PEEA 3 I T CHL A BE 7 0BT . AR A R AR
SEARE N R BEOR R IR H K . Bk
G QTN LY AL | R = gy [ R A LT DS R
R DR AT BE T 39 A 1R T AE B/ T R T S

2) il RAT 5 EOR YRR E M E oC,/9C, =
= 0. 15}, LUy RS KT H 2 R 5/l H AR,
“TUAY RO PR CHLAEE R RIF S EBCR K
42.7m, B ol 10,5, 80 A 45 (0. 22,0,
0.32) ,EH XHEMKENT. 1 m,

3) 5 RLR RLK PHAE CHLAH HL , ik 7 K BH
fie AL AL 1 B T TR WM T 6.2%
REAR T e P40 2%, I RO W o

4) o, A8 Al E T D B 1 2H A R R AL 2
PAAS[R] AR AT B A E S 5 5K, 16 2l 1 R
) AR 1 o

International Very Large Vehicles Conference. Reston: AIAA,
1982:1-8.

[ 3] BRANDT S A,GILLIAM F T. Design analysis methodology for
solar-powered aircraft[ J ]. Journal of Aircraft, 1995,32 (4):
703-709.

[ 4 ] ENRICO C. Design of solar high altitude long endurance aircraft
for multi payload and operations[ J]. Aerospace Science and
Technology ,2006,10(6) :541-550.

[ 5] MEYER J,DU PLESSIS J A F,ELLIS P, et al. Design consider-
ations for a low altitude long endurance solar powered un-
manned aerial vehicle[ C] // AFRICON,2007. Piscataway, NJ:
IEEE Press,2007 :1-7.

[ 6] LEUTENEGGER S,JABAS M,SIEGWART R Y. Solar airplane
conceptual design and performance estimation [ J]. Journal of
Intelligent & Robotic Systems,2011,61(1-4) :545-561.

[ 7] ZHU X F,GUO Z,FAN R F, et al. How high can solar-powered
airplanes fly[ J]. Journal of Aircraft,2014,51(5) :1653-1659.

[ 8] GAO X Z,HOU Z X,GUO Z,et al. Energy management strate-
gy for solar-powered high-altitude long-endurance aircraft[ J].
Energy Conversion and Management,2013,70:20-30.

[ 9] ZHU X F,GUO Z,HOU Z X, et al. Solar-powered airplanes: A
historical perspective and future challenges [ J ]. Progress in
Aerospace Sciences,2014,71:36-53.

[10] BOUCHER R J. History of solar flight [ C] // AIAA/SAE/
ASME. 20th Joint Propulsion Conference. Reston: AIAA 1984 ;
14-29.

[11] NOLL T E,BROWN J M,PEREZ-DAVIS M E, et al. Investiga-
tion of the helios prototype aircraft mishap: NASA Report 64317
[R]. Washington,D. C. :NASA,2004.

[12] MARDANPOUR P,HODGES D H. Passive morphing of flying
wing aircraft:Z-shaped configuration[ J]. Journal of Fluids and
Structures,2014 ,44 .17-30.

[13] BARSL, A SCH, P . Fl T4 2 RAT R K BT AE R HLIg 2

WEEE[J]. fiias 2441 ,2014,35(6) :1581-1591.
MA D L,BAO W Z,QIAO Y H. Study of solar-powered air-
craft configuration beneficial to winter flight[ J]. Acta Aero-
nautica et Astronautica Sinica,2014,35(6):1581-1591 (in
Chinese) .

[14] ROSS H. Fly around the world with a solar-powered airplane



%7 W VR, 4 < R T 0 TC T4 K 1 K BH R LA B 0 1485
[ C] // Proceedings of the 26th Congress of International Coun- 1EE/ N
cil of the Aeronautical Science. Reston: ATAA,2008 :1-11. MEE B ot EEIR I KIS CHLEE &K
[15] VowE, w48 . KIFAECR B BARIM]. a2 Tl i TR E
fi 4t ,2005 :6-14. E-mail; jfq7708@ 126. com
SHEN H,ZENG Z Q. Solar photovoltaic power generation tech-
nology[ M ]. Beijing: Chemical Industry Press, 2005 ;6-14 (in FHZE T AR, FEFEFN TS ¥ RS
Chinese) . N AL RAT AR R T
[16] NOTH A,SIEGWART R,ENGEL W. Design of solar powered Tel. : 010-82317519
airplanes for continuous flight[ D]. Ziirich: ETH Ziirich,2008. E-mail: wangwj@ buaa. edu. cn

Design of solar-powered aircraft configuration for reducing trim loss

QUE Jianfeng, WANG Weijun®, WU Yu

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: The solar-powered aircraft with the static stability generally uses tail trim, which causes the
trim loss. To address the problem of the aerodynamic trim loss, a new solar-powered aircraft configuration
called “T” configuration was put forward. The general solar-powered aircraft configuration was summarized.
The trimming principle by lowing center of gravity in the state of cruise flight was analyzed. The models of en-
ergy balance and mass analysis were built. A concept design method which is suitable for the new solar-pow-
ered aircraft configuration was introduced, and then the design parameters of the aircraft configuration were op-
timized. The results show that the solar-powered aircraft of “T” configuration not only has static stability, but
also reduces the trim loss. In the state of cruise flight, the solar-powered aircraft of “T” configuration can de-
crease the flying power required in unit area by 6.2% compared with the normal solar-powered aircraft, which
shows obvious application effect.

Key words: solar-powered aircraft; aerodynamic trim loss; concept design; configuration design parame-

ters; flying power required
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Table 1 Learning outcome comparison among

different algorithms
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Fig.2 Precision comparison among different algorithms

FIH 22 48 D=3 B 0T LAl B D 2 5] J B, G 3 4
TR A T IR B R AN, A B R
7000 B, AT LATE A A Bk ORS00 2
PC NPC K2 B 3: (1 21.8.24.7 6.3 £, 24 548 #1
RIS K 3] 10000 B, fil G535 3 1 100% 1F i
157 2 a5 R ik AR s (5 ) SR AT IR 0 2 48 A
¥k FIE TS o fea, A 50k 6 U1 2k 5 s
AN ARG RGP R, B & 2 AT LA
F K2 FAAEBOE BT B E) 3000 LLF A, A
I L BRI T B L B0 85% i il SR TE
B 500 B AR1F T, @A 3A R0G0 1 1
47 = F K2 S T R Bk 3000 (127 2 45258,
TOHE A R b AR AR 45 ) 2 =T 2o R 6 B0 00 AR Ay 25K

UL A, Sl 00 B 2 0 5k A A Y R
B RE (B SO SIOE i i 18, I LR > R 48 FLAE R 2
2 BHEBE R B R s B R R 2 B R b T AR X
Fescms v, an &l 3 Bios , il A Sk A T K2 Bk
BARAE T BB LA > T A E] 173 32 K
SR/ T K2 60%

50

40 F A ik
| Epilibl ey

i i fa)/s

500 1000 3000 7000 10000
LG IR

3 Bk s ) Xk L

Fig.3 Convergence time comparison among

different algorithms
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Fig.5 Building process of Bayesian model of a subsystem
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Abstract: In order to improve the accuracy and efficiency of the data-driven approaches in learning

Bayesian network structure, expert knowledge is usually implemented in the learning algorithm. To deal with

the lack of effective ways to combine the expert knowledge and the data-driven learning approaches in the ex-

isting methods, this paper proposes an automatic learning method for Bayesian network structure learning,

which combines multi-signal flow graphs and learning algorithm K2. The method inserts expert knowledge into

data-driven learning methods, using the information of relationships between signals from multi-signal flow

graphs and the structure learning algorithm K2, to achieve automatic learning of Bayesian network structure.

Numerical analysis, compared with other typical network structure learning algorithms, proves that the pro-

posed method significantly lowers the structure learning requirements for learning scale and training data size

and provides a higher learning accuracy and computation efficiency. The application of the proposed method is

illustrated using a real engineering system and verified the practicability of the algorithm at the same time.
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Fig.1 Flowsheet of spares demand and supply channels
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Table 1 Paremeters and attributes of spare parts

HBUHE Z MIBE/h ¢/J556  m/kg o/m® 1 r, T3

LRU, 1 1026 3.7 29.8 2.4 0.8 0.7 0.8
LRU, 1 978 7.5 18.7 3.6 0.9 0.9 0.8
LRU; 1 1134 3.2 11.6 0.9 0.8 0.8 0.7
LRU, 1 654 7.3 32.6 1.1 0.9 0.7 0.7
LRU; 2 885 1.8 10.5 0.6 0.6 0.5 0.5
SRU, 1 2217 0.7 10.8 0.4 0.6 0.5 0.4
SRU, 1 1893 2.7 2.8 1.1 0.5 0.5 0.6

HE: Z — L Z st r (i = 1,2,3) —3E4% LRU 5K SRU
WO REAESS r, B 56 PR B AE L O HE R

R BT o 2 A AR , B T R
B MR R A AR F A F U e S i 4, 28
R 732 6 i — R ) OB B AR g, SO 1 22
SRR MUSE A EEOATT I, T XA SO ik
AR HE,ER T 1T AMERS, LT Dhog
EFN 1 2R AE Ay ) AT RS, JF 0 28 1 T PR (EL#E AT
T YA AR FR BT A A R R

WPEZE 1, #2850 2 19I5k, n] LAAG 21k b o5
PR N (1.7544,1.8405,1.5873,2.7523,
4.0678,0.8119,0.9509) , )5 I CIEHIFREK
H(1.2281,0.7362,1.1110,1.9266,5.6949,
1.2179,1.3313) o BL R & S B A 4 2% AL AE X
T T Ay B Y PR B 22 B A A R R
e bk BB K 155 598 710 kg J¢ 58.5m’ , FBfi25
A PR BT R HE AR R 150 J5 98775 kg S 61.5m’,
MR SCHR (3 ] 84 30 BR8N 35, 716 26 100 45 21 78
P HT 0 fre (L 3 P #5407 52, M AR T &
5k 8,4,5,5,8,9,8 #110,2,4,4,11,12,10,
W 5 PFA5 A 05 58, TR LAY 5 8 i L 2
FIRFR (L 2) .

K2 BRAREHTEHARER
Table 2 Results of spare parts project

under cost constraint

S ib m/kg o/m® HREREEHE
He 154.4  737.8 60.8 &
EH O 149.2  758.3 61.6 7

SIMTEE 2 FR G BIOHE BT 3 M R £ R R R
154.4 7370,/ T 448 EBR 155 700, f7 45 25K E
JR i 737. 8 kg, #B AL F bR b FR 27. 8 kg, [Al A S 4t
FAFRELN 60.8 m*, #8315 FR LB 2.3 m’, & 1F
o ek R B AN SR SR O B IR 1 A 1 B
S 149.2 J3 o6, /N F A bR 150 J7 ot IR, 5 A
Ry B 758.3 ke, N T8 kR 775 ke IR, 54
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TR 5 [ B M A AR IR Bl 61. 6 m”, i 4 A L
BRO. 1 m®, (IR BUR A7 A il 2 25K

HEAT 7 S8 UL ) BT 2 4% 12 T A 24 SR A1 T
Il A 2R, A — I AR E O T 4R bs EIR, &
PEIEAT J7 SR 77 & 20K, F #2545 3.3 1 YR Y
HEAFALATT 5 BB

T IRER 3.3 R A7 A B B ER 5
15 2 e i RR 5@ 128 1 2 RS B H 3100 A
(16.0310,20.5555,7.9131,16.9156,5.521 0,
3.9759,6.0794) F1(15.1747,19.7723,7.583 8,
16.1580,5.2482,3.7207,5.896 3) , 3¢ L% 1 ~
AR 6 JEFR 98 YA B K 3l A0 P & 1R 541 7 &%
S 7,4,5,5,8,9,8 f110,2,4,4,11,11,10,
WL P 2 A L R B 2 3 B

R3 SAREBGTEGARER
Table 3 Results of spare parts project

under multi-constraints

s E /T m/kg v/m’ I REREEBWE
Hoih 150.7  708.0 58.4 B2
EIr G 148.5  774.5 61.2 2

A b 28 1 9 L 0T o R B3 ) 150,77
J7I6.708. 0 kg F1 58. 4 m’, 4% Wl /N T X R 48 4%
155 7756710 kg J% 58.5 m’ [y b FR, W 2 Bk,
J& 7B PR 28 1R 2% F LT i RAR B A 00 O 1485
JiJgt,774.5 kg A1 61.2 m*, 43 5l /N T XF I 35 b
150 J5 5775 kg 2 61.5m” FBR i 2 2k,

G IR 2 R L 1) A 4 1 B e
BOE B ¢ ZIMBYEER, Qi 2 FE 3 fs

M 2 FE 3 A LLAs i

1) I G BN B 12 48 07 7 28 32 B 0 52 ) IR 3R
w2, R I8 29 7E B hilh 15 2 19 &
PElr T IR R T % (A 2 DR ERER) .

2) IR R £ A A B T R TR A
KR UL, BAE S Tz 8 s 50T AR
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Fig.2 Optimal curve of expect back order under

cost constraints
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Fig.3 Optimal curve of expect back order under

multi-constraints
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1) AR ST E AR B 22 B 3 A R P2 AR ARCA
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B 25 A 4% T SRALAE SR X R R R T B9
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EE R
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4) T EE N R AR N R AT, A
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P ZEREFT o0 35 B E P 2% 1R e 4 O 5 i AR
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Optimal inventory modeling of spare parts multi-indenture
multi-echelon under multi-constraints
CAI Zhiming"? | JIN Jiashan">* | CHEN Yanqiao'"

(1. Military Key Laboratory for Naval Ship Power Engineering, Naval University of Engineering, Wuhan 430033, China;
2. College of Power Engineering, Naval University of Engineering, Wuhan 430033, China)

Abstract: One possible way to improve the efficiency of equipment support and readiness is to optimize
spare parts inventory, for the existing studies can’t adjust to the demands of multi-indenture multi-echelon
spare parts supply modes under multi-constraints and meet the requirements of the engineering practice in the
army. Optimizing the spare parts carrying project of the warship formation dispatches to fight pirates in Soma-
lian waters during the mission preparation phase is taken as the study background. The support costs, tonnage
and warehouse space of warship are used as constraint conditions, and the minimum expect back order and
maximal availability are used as the target function. Optimal spare parts carrying project of the warship forma-
tion, multi-indenture multi-echelon is obtained by Lagrange multiplier method and marginal method. The total
spare parts support costs, mass and volume of bases and rear warehouse are compared with the constraints in-
dex upper limit before and after optimization by example. The analysis of the example shows that the models
and methods of this paper can solve the problems of the warship formation carrying spare parts, and at the
same time provide the references for dealing with such problems in other areas.
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Investigation of temperature fluctuation in loop heat pipe under
acceleration fields

XUE Hao', XIE Yonggi"*, DAI Hua®, YU Jianzu', MA Wei’

(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Zhengzhou Kindergarten Teachers College, Zhengzhou 453001, China;

3. Science and Technology on Space Physics Laboratory, Beijing 100076, China)

Abstract: Based on the centrifugal machine system, a test apparatus was set up to investigate the operat-
ing characteristics of dual compensation chambers loop heat pipe ( DCCLHP) under both gravity and accelera-
tion fields. The ranges of the heat load and the magnitude of acceleration are 25 —300W and 3g —9g, respec-
tively. The influences of different heat loads, acceleration directions and magnitudes on temperature fluctua-
tions of loop heat pipe were analyzed. The results indicate that the effect of the acceleration can change the
start mode and operating performance of the DCCLHP. The temperature fluctuation at the outlet of the con-
denser and even around the whole loop can be restrained or wakened. But the operating temperature of the
evaporator is nearly the same under the same heat load conditions. The inherent flow instability of the gas-liq-
uid two phase flow can be enhanced by the acceleration effect which reinforces this unstable flow in reverse.
Furthermore, the instability of the heat leak from the evaporator to the compensation chamber is enhanced. In
addition, the cooling effect of the condenser can weaken the temperature fluctuation of the condensing pipe
line.

Key words: loop heat pipe; dual compensation chambers; acceleration field; operating characteristics

temperature fluctuation
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Damage detection of structures with interval uncertain parameters
YANG Juntan', QIU Zhiping"* , LI Qi’

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

2. State Key Laboratory of Robotics, Shenyang Institute of Automation Chinese Academy of Sciences, Shenyang 110016, China)

Abstract: To deal with structures with uncertain parameter which often lacks sufficient statistical informa-
tion in damage detection, the uncertain parameters were modeled as interval numbers. The structural strain
modal testing method was introduced using finite element method, and the strain modal was further expressed
as the function of the interval parameter. Combined with the first order Taylor expansion and interval analysis,
the range of each strain modal under parameter uncertainty is estimated, and thus we obtained an approach for
structural damage detection considering uncertainty. Comparison between the proposed method and the tradi-
tional probabilistic method was conducted. Numerical simulations of a simply supported beam under different
damage were performed by investigating the change of strain modes due to different damage levels and uncer-
tainty levels. The influence rules of damage and uncertainty on strain modal were obtained, and a brief discus-
sion of the impact of noise on damage detection was performed. The work of this paper provides a new tech-
nique and thought for damage detection of uncertain structures.

Key words: damage detection; uncertain parameter; interval analysis; finite element method ; mode

analysis
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Abstract: To solve the problem of formation flight control of multiple unmanned aerial vehicles (UAVs) ,
a coordinated control method based on guidance route was proposed. According to the position error between
wingman’ s current location and desired location and the flight status of leader, guidance route was generated
for wingman to track. In view of the sudden obstacles during flight, the method of changing formation configu-
ration was used to avoid obstacles. For possible collisions between UAVs, according to UAVs’ position and
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Table 1 Initial state parameters of simulations
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B({d 120.0 7400.0 175.5 0 -1.1 74.2

x2 HTESEAR

Table 2 Process constraints of simulations
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Table 3 Navigation error of INS at 1000" second
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Table 4 Terminal guidance error under normal
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Fig.4 Simulation results of altitude-versus-velocity profile
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Table 5 Navigation error of INS at 1000" second

under extreme conditions

mEE/ W/ gE/ SR/ BOBNMA/ A/
km (m-s’]) (" (" " ("

HME 5.0 50 48.5 48.5 50.0 120.0
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Table 6 Terminal guidance error under extreme

navigation error

Ik =5 i /km LA/ km
T R B i -0.014 11.74
K AN £ 3% S A -0.139 1.56
2 LRATUN £ 3% 22 A -0.131 -0.26

60
50+
E
=40
30 ;
U L AR
wﬁﬁﬁ ——#wmwmﬁﬁ%#
05 1.0 15 20 25 3,0 3.5 4.0
MR (kms™)
BT M S0 1R 25 T v B - R ) I 4y LA R

Fig. 7 Simulation results of altitude-versus-velocity profile

under extreme navigation error
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extreme navigation error
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Table 7 Aerodynamic dispersion parameters

£ BELJ1 5 0/ % It Iy bt/ %
ELIN -10 +10
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%3 +3 -3
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Table 8 Terminal guidance error under aerodynamic

dispersion conditions

» L B 7 o 1E 4 T BT 1
” BIEkm o BUR/km o BEE/km BF/km
EXIN] -0.450 -28.8 -0.223 -12.23
22 -0.087 -14.7 0.184 -4.8
EXVIK] 0.262 8.0 -0.018 -1.4
Ep -0.199 16.4 0.313 7.3
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Adaptive reentry guidance based on on-board trajectory iterations
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Abstract: An adaptive method for on-board generation of entry trajectory is presented to effectively tackle
the discontinuity of the input data of the guidance system, as the traditional trajectory-tracking guidance meth-
od cannot well adapt to saltatorial conditions such as the switch of navigation modes. By real-time polynomial
fitting and iteration, the desired altitude-versus-velocity profiles satisfying the final constraints are determined ,
and then the corresponding angle of attack and bank angle commands are obtained, which guide the vehicle to
safely and accurately reach the terminal area of energy management. This method enables the iterations to be
fast-converging, as it takes the advantage of building analytical relations between velocity and the state varia-
bles including energy, altitude, flight-path angle and range-to-go. Numerical simulations indicate that this
method has a strong adaptability against uncertainties such as the error and the saltation of the input data, as
well as a better accuracy than the traditional method under various dispersion conditions. It is also proved that
this method significantly enhances the autonomy and adaptability of entry guidance under practical application
circumstances, compared to the traditional trajectory-tracking guidance method.

Key words: reentry guidance; adaptability; polynomial fitting; trajectory iterations; analytical profile plan-

ning

Received: 2015-07-13; Accepted: 2015-09-06 ; Published online: 2015-11-09 09 :12
URL: www. cnki. net/kems/detail /11.2625. V.20151109.0912. 002. html
* Corresponding author. Tel. : 010-82316572 E-mail: shenzuojun@ buaa. edu. cn



2016 4 7 H
B2 57

tEMEMRXXREER —
Journal of Beijing University of Aeronautics and Astronautics ME 5 | vol.42 No.7

AL AL

July 2016

http: // bhxb. buaa. edu. ¢n
DOI. 10.13700/j. bh. 1001-5965.2015. 0486

jbuaa@ buaa. edu. cn

ETEMTFRESHER LPV £ H 881811

R, HRF T, K

(emtiizs iR R A SR 5 TR B, bt 100083)

] B HAmAFETRARESH(LPY)RARK PR REEAREZ B H
FRE,RET —HETHRECKERS N T 7E 2 (HOSVD) 1 £ i LPV = A # A% &
BH T, GAETRETRAMEMAE T AC AN MBEANKEHR R, RAERET —
A2k T HOSVD 9 % jig LPV M A A ok 0% 8 R A W A Rk h A RAS & A& (LTI TR
FPREBEWAL A ETEFNTRELE TAERZNER, REE LMK A NE
NEMEREUBRBHATTACELEHE PV BHBE TS5 FERIE, ERXRZXNZF ETHRE
HWRAREWRBLRIEEBREEW PV ER B WEER N ERFHEREER AR RE L
BAKAGET HEBRIERATNBEREES K,

x 8

#; B W R4 (HOSVD)
FESES: V249.12
X EEFRINED . A

SRS AT AR AT B, e T KA AR A
Pt B LA LAY P B 2 100 km (9 R AT R,
HA AT S LR 2 JObR v 748 DL K 58 A 1 2
PEAE KR, 25 o AR B0 BOH IR I T A R
MR T a2 WL Al L A 2 0 o
FEHY S A, 2 T A B S B (LPV) R G848 1Y
it 5 18 D7 1% RE A% Ak B 2 BOR Y [l PR I 72 R 4 [
I AT 42 R B A% R M AR AIE , i R PR R AT 4
il A AT T T

BUAT LPV 45 i 75 3k 78 B2 o i) 5C it 1) 251 7
Tanfay s Sz ERs G R A AR R LPY AR, H
Hij LPV & 88 52 % ] 19 J7 i 29 Bounding box J7
B O W N R G A R 0 S R
SR 73 M 6 B G R I TP NS 28 8 R P 2 W R Y
AR AR R SR, I R R BUE S8 B RUE
BT RS R G, W T7 78 2 0 00 1 UMM T B3 A

W mAFRTE; VAEE; SHEARESH(IPY) 2 4; &

XEHS: 1001-5965(2016)07-1536-07

D255, BT £ ST 1 LPV A A0 78 = T A5 b 1) % 22
BEAE R ANA , HAFE—E M PR P k. SCHRES ]
18 F Qhull 8303k 7 A 2 35 [l P 35 T 552 B 1) T A A
SKECLPV Z 1 T s, A1 %2 T Bounding box J7 i,
W5 95 BT SR A5 19 22 I DX /0N DR ST P A
XA B2 U5 5 2 BOR B B LPY R &8, SCHR
(614 i T — Bl gk £k B o3 fiff 05 4 5K i LA R 4¢,
1 77 % BEOR AR G A I n] 2R DA IR A8 Y I e
B, T R R AT SRR AR R LA R 2
B AT E M, 2 G0 B i pR R K SR R AETS
FIE . SCHRL7-8 1R FSCHR L6 ] 38 Hi Y 5K i BLo>
iR BRIE, o AT A% A AL RV N R A 1R B —
RINVLAMER A AL (LT R4, s BOREZ P
AR AR N SR ARG AT BB U5 75 3] LPV KL
Y, T i A SR i (HOSVD ) B8 16
TR, 1 7 % BT 045 M FEE 5, LR 2t AR X £

WHs HE: 2015-07-20; A HHR: 2015-10-16; F4& 4 ARATIE : 2015-12-17 10:41
M 2% H R M2k . www. enki. net/kems/detail /11.2625. V.20151217.1041.007. html
E&WAB: HEKARPFAEES (61273099) 5 iz Fl2 H 4 (20135851041)

# BILIEE : Tel. . 010-82316873 E-mail: yanglingyu@ buaa. edu. cn

SIS A, HaxF, K. BFTENFTRELBYLPV EHEd &t [J] LFEMEMRX A FFH, 2016, 42 (7)) : 1536-
1542. SUN B, YANG L Y, ZHANG J. Robust LPV control design based on HOSVD [] ]. Journal of Beijing University of Aeronau-
tics and Astronautics , 2016 , 42 (7 ) : 1536- 1542 (in Chinese ).


Administrator
新建图章

http://www.cnki.net/kcms/detail/11.2625.V.20151217.1041.007.html

57

P, 55 B T = B A S (B3 09 LPV & e il 4 0T

Jb AL 4R
1537

IE. 7 ©ATHF LPV £ 3R Ge @ AL F o, fey )
FI e JOE 28] e A A 1 O A AR ST P DL R A i
W RO (A5 F 5 1 ) A

ARSCHRE T — B I T A% Ak R i &% HOSVD
9 Z il LPV AR T vk G T LPV R
MERBCR A A SR, B THFE S @8R
G 0 22 L T0 A K08 9 O R, Al el 2D A R 6T
WE N L2 50 0 M, A DR IE R ASORS BE ( H T
Ja o) TO0 o B8 o, o AR R A AR

1 KEB&EKH LPV &% 53

B G AR RAT Ak N A Y AT 234 S A
A (D) s EL M IE .
{x =f,(x,u)
y=rf(x,u)
XP:xeR" HEGERE;ueR HEGEHWAR
S5y e RO RGN TGS, WAEL P R 5T e 1k
RUWF M LPV B
[Jé]z[A(p(t)) B(p(t))][x] (2)
yl LC(p(1)) D(p(1))ilu
Xtp(O)=[p, () p,(1) py () 1" Kbt
TRATIRAS AT A AR Ak A A S0 AF T I A
e3¢

M RGN LPV R P SOR &ME— 1, 1
HERmE G RENEITERE, BA LPV &
GE (4R 28 25 A — MR T M S 80068
— 2R 2R R BN AE 2 (LM, JH 5 4 2% AT DL
LMI ) fif A ¥ i, LM {4 250t L 92 5% i) 58] 4 ol 248
A E M, 357 LPV RS LA Z ML, i
FEMIE &4, LPV R 48 n] UL 05 o8 4 4l
TR )BT o T AT o A S BT
I Z L LPV 2 58 02 fiff D KA 4 45 1l 4% 158 1 1)
B4 3% 1 LPV #5RTE L

EX 1 i SHAR LPV Z R 5,

HAESH p ()RR NZM ARG N
0:=Co|S,,S,,,8,|:=

{ialsi:a[?o,ia,zl} (3)
i=1 i=1

e 22" HWAEGS, N E MR G T«
HEMRGE NN RE 2 LPV R RS
I A(p(1)) B(p(1)).C(p(1)).D(p(t)) i
SR T S Hm A p (), Hp(1) BT 2
O N, B LPV RGN Z MRS

LPV Z ifl 2 55 1) 7 G2 56 B o it JE =Xk

[A(p(t)) B(p(1)) _:ia_(t)[Ai Bi] (4)
Cp(t)) D(pu)l < C. D.

(1)

KA, B,.C. F1 D, Jg LPV F 5 Z Jifd To 5 45 Y
B GUHE I 5 ™ 03 i R BN AL SR R, AT R R
a (1) =f(p(1)). HESHPLIELN 0 NI,
W LPV il 8% REHHE A, (p (1)) B, (p(1)).
C.(p(t)) D, (p(t)) it N
A, (p(t)) B, (p(t)) - Z ai(t)[A“ B,“,]
C.(p(t)) D, (p(1)) = C. D,
(5)
A 25 o P R AT A LPV AL A A% 0 ()
AT LA S5y - O anfe) 38 44 5 3 19 22 L LPV o s
LD K™ o3 ik 22 55, 70 DR IR BORS JBE A9 T 2 T R
fift e /> ) 22 00 T o5 R0 AT 248 B 96 0 41T 40 M 2R R
T 50 0k 1 U8 AN ST LA A AV S A 17 < P [ B
AT L AR A 1 2% 04 B R, AR 2 R O A 0 O A R
HORT AR 2R 8 00 BOHR A i e B 0 7R R £ O
BT AR T TR, @ dna s i
AR T SR 22 PR Y ) S ARG B A X TR 28
P A T — T e, T L R K
[A B] ~ [A(p) B(p)
C DI LC(p) D(p)
e N RG A VF BB R 25 KO, S (6) ik
TIHARG SR ZM AL

(6)

2 ETF HOSVD i) LPV Z el i

HOSVD Hii¢ "' i HI T LPV 2 48 1] LAAG it
RGN — R B LTI ALY 55088 LTI AR 7Y
X F LPV ZM ARG TS, W2 AEN
TP o TS A o B U T 48 ) e s B
TS AT TR AT . R R T HOSVD (1 LPV £
JH T A A 7 vk 2 LPV 7R 3ap b L E B
TRy, FLAARORS B 5 2 2% B B R B LPV 42 il
Tt . HOSVD B g J& 8 47 5 18 2 g i ST AR
I T v 4 kRO R — A R g Tk, LB
Fenb ok = EIT
2.1 HOSVD Ei

EX 2 (kBRI & A" h—4 (1 x
Lxox D) gestokir, sk on R Al AR R
AL = Lag by MW 0 B IF R
A, ,Ha, TR AL, WS 0, 1755 5 91,
j=Ci, = IV I L]+

ijiniy
n-

Givy = IV Lo DL Lo+ e+
Giy = DL L1, + (i, = 1) L11_, +
Giy = 1) LL1_, + -

EX 3 (HOSVD) X F—A4 (I, x I, x - x

L) e ekt A" W3R FBUE R

+ ln—l



1538 b5 fin =

S3F NI NI I

A 4R

2016 4F

E E Bl
A" =8 x, U, x,U, x--x,U, =8 (%U(")

(7)
it':':' U(,,) = [uin) uén) uz(,,n)] ﬂ‘j(]” X ],,)
SR, n=1,2,- N,u” R4 i 4> n BLAF 51
B ST =4 (I, x I, x - x 1) disgiks, A

ok R A
{(Si_a,Si_ﬁ> =0 a # B
Isi e = lIsiLlly == lsi_ I, =0

P SR B IRECE S (8, S (ST S
AT 0 Fo SRR A [ 0 B S
EFE1 X—1nBAR (IsnsN)WKE
AP AT HOSVD, 14 53 i J5 18 51 10 n 5 45 5% (i
0 e o AR TR N O,

O s1ns0 1 420"

%mﬁiiﬂmﬁ$r<g S

TR O
iy=l)+1
R, Ry
T e e 3 (@) (8)
2=l5+1

HOSVD E%T?Kg%ﬁ FH 25 548 57 i 1
R it TR v A A T2 A3 e R R Y O . AR
T 5 2 50K i B LPV & 48 1Y 4 B vk B Bt
HOSVDJy i i 15 22 5k I8 T & 7 19 &7 57 (5 5 4 ik
i, R AU THE D s, Al i X (8) HE T
SRR AR T R 25 ORI TR B i 9 4 o
TO o1 B8 o AR AU A2 o 25 1 B, TR TR S
2.2 ETFTMIEHLKER HOSVD F %k B

e R P AT E B S B AR M R 2R Ak
AR XE FH RS B 0 7 DA B bR BOR #0355 i LPV AR
R R AR R K, M, Jacobian 281 1k i
HOIE A TR A R R S AT A A LPY A
H PR He Al 2 — Bt Taylor B

TEREANRITHEENX p (1) h D ESH
HEAT A% A6 43, B3 A A A i 11,12,“,
Iy JUTE R A Ak Y 2 8028 TR, AT A5 3148 2800
R ALk R IER p" e RV ARV RS
(1) WL NI — RI A5 x. (p)),

u (pl) R f(x.(pl),u(p)) =0, NIELH
Z 45 0] 5 R RS Ak R A R 2 A =
[x5]=[A(p;) B(p;)”xa] (9)
Ys Cip") D(p")

{xszx(t) -x.(p") (10)

us=u(t) - ue(pE)

Horb 2 Gk 25 50 1 O J7 A O 5 B5AE SF 4 a5 Ak
HUEIER

gm%:%{<ﬁxmw%]

E( U 0" (o)
(1n)

%m>-ﬂ[<p>uw>]

5( e (") (o)
W5 A1 1, RS (9 A T 4%

PER G (D) TR 1Y Jm i A

15 PIA% AL B 2 5025 (8] N, — 251 i 26 1
et B sk AU R gufifiak , Ko
AP g RO xIyxmxm B' <
C' e R XT2xe xIyxtxm D" < R XT2x xlyxixn

1 ?HE’J?K;)LEEE’J%%T” HOB A W —

R[l Xy xIyxmxn

PR G D G A

JTTE¥H '3 %%ﬁl*ﬁ%ﬁﬁﬁrﬁ

GF.= A" (p) B* (P) (12)
C'(p) D"(p)

Xtk G* HE AT B AT S AE S, o A 5
HI N (22 S 500 A H0) B B8/ 19 25 508 Fixt
P REAE ) o, B 1 — NS A5 S5 b O BRI S 4
SRR a) ay e ay AR BN TS BN M =a, x
a, X - xay, W UFFE] LPV R4 Z PRk

[*7]=5! Qa0 () [ (13)
y(t) ! u(t)
A(13) WA TR A
x(t)—ZZ Zw] G (D)o, (p, (1)) -
<%@:uw+8”iuw> (14)
A AE PR o, N R SR
vn,L’pn(l)-wn,i(pn(z)) e [0,1]
[ Iy (15)
V",P"(t):z,w",i(pn(l)) =1
m = (13) A (14) ATAS 2 T G5k S) 5 Ar
SRTOUASRE B B X R 6 &R, 20 (3) i 4 i R AL @
HR(13) TR ERE o WERERR
o o mo, (p (1)), (p,(1)) w,, (p, (1))

FE 15 22 FUVF B3 BBl PN B8 T80 A 2R 49 46 4 AT SR
fiff 1 R TO A R R AL AR B U, 3
G* 755@;% (16)
KU, BEH—AZESET NI E R o,
W2y AIRRH



b A F R
EEEE 1539

%7 Ak, % T 0 Y 45 (S LDV 4 R 8 B
y=(|s* -s®U,|,.)’ < Yo (17) £ BURERT ., — BRI, T TR A

530(3) U5 5 S B R LPV 2 I AR 1) 45
Fg2efel, 55 T HOSVD # 57 2 Ji A5 B 1) J7 32t 2
F T 1) 20 A A 31 8 A 22 MR Y, 7 1 X )
15T 22 M TOUROMN ™ o0 i R B SR O 5 . HERT
05 55 2 BB R LPV B R 36 OAE 280 B 4
B RIT I AR SO Y O 1 T AR T i Y
28, Wl A S 2 BB LA R, B RO
E W LB B — B0 B A S (B AR 2E A
VR Rl 2 78 T A 2, B e h a2 ] AR
o WA skt

£i b, 5T HOSVD J5ik i 2 g LPV Ti i &
SR BT R AR I 1 TR

[ £ S U 2 2 e

BT el

2k R RORIA

fetk | 1k

B S

; i
| ! :

HOSVD

BE

RS RS R1

2 I TOU R AL T PR

K1 J&F HOSVD iy LPV £l R G 1% i 2
Fig.1 Flowchart of polytopic LPV system design
based on HOSVD

e FR 2 Hr, i 1 TR, AT LA 2 3 T
HOSVD {5 i 3 K AT 4% LPV R4 2 5 fif 1
— AR

1) £FxF QAT AR AR MR AL, 25 5 A8 S 4 AR
0 2 ) O3 POAR B, TE RS AR B RAT R ZR N
HEAT PRI A B R R A 4

2) # RO R G E 54 Ak Al H T HOSVD
iR EKE G" B

3) Xt G" [ JH HOSVD J5 ik, 78 4 — # vh 45
FEHC/IN AT A DL B S 2 M I A S A
153 Z M TS R4

4) th HOSVD 15 2| (AL FE i U, 5% 4,
(i, =1,2,--, L) D) & u, fHHfiE 7% p, (1)
IR E R o, (p, (1)), BETIAS )N 23 ik REL

BRI 2E KNG LTI T0 5 A B0k R L,
TEREOR B 0 47 S 2500 8 22 159 B 0 T A A Sl

IR M ST [ IR e AR 42 ] B, AR A R G T A
BRI BRZE RN B FHEA BRAS LTI T RS

3 E&# LPV BisEHsRigit

3.1 ZiLPV ZZEHEREFIHFIEIT
ot TR AR RN B AR R R
PR AL @ H 30 ~ 40 km, S F % Ma
N3 ~5. TR KL R % (Bank-To-
Turn, BTT) #5175 20, MU B2 /0N, 08l 45 1 B
BE Tk A, 323 o SR B R, DR R H
Ma #l o fF20 LPV RGBSR XESHETT
Pk Al B 3l 23, AR 8 40 23 A 30 b R A 5 S
LRI L AL 2 B R0y 6.3.7 . AR
B C=1,D =0, 755 M5k B X G" =
(A" B" ], xF 43 21 (9 [ 4% 1L 1 5k &k G" <
RO HEAT w5 By A5 548 53 A, 45 20 9 HOSVD
ZERmME 1 PR
%1 HOSVD &R
Table 1 Results of HOSVD

A 58 B B — YRS YR =4 R
— 81.5175 81.5185 81.4868
1y 0.4546 0.2115 2.2289
=iy 0.0006 0.0795 0.4736
4 By 0.0003 0.1174
HE 0.000 1 0.0852
NH 0.00008 0.0151

ASCUEE R G WG BB 22N T 0. 1, M4
xR RESR B2 LR E 2.2.3 4
wF S A R 22 3 S (8) A5 B S BR i iR 22
0.028, i T ER o 708 A Tk U 72 o
U BEE B — 4 LR B ROR AT R AR, S B
TARSO R S8 H 8k B AR R, I E — 4>
12 AT M2 LPV RERA . BEKESHK
X IO ) AL bR KRl AN P 2 TR

P2 g il e A i T AR o BB A S RO S
I AE AR B0, B T 2 A T A A R KR
YRR B — o DR B A AT S (R RO X R

ARSCHEET ik HOSVD i #2453 2 A9 0 5 R 42
5N i F R, 0 A U Bl g . R B R R
JSRORTEE TS BUT , AR 4 T R G
TR N RGCRE A BB R X R 4
LR H, B P b IR A R R R
KA RGN ARG E HL i P B0 1 R 48 b A 2 161 4%
& T U7 Wk e A AT AR Y A
il R G, RGE AW 3 R, BSR4



1540

Jbom M= R R ¥ R

g7

TEL P S ] A8 S 500 I A EE pRBCK ff A5
B o3 fif Z 0, SR B A% TR S 4 T 2% BT oA,
AT A5 3 4 A 2 4 ol 8 o

H IR A R TR XE SE T ks R 58
1) P A 1 T A 22 5K 28 s 76 R o T B A9 in A R 4
AR SRR [ % TR B i 8 ) B g o] i
&3 PREC R w /s, 45 6 T I8 2 G0 1 BE 19 25K Xt [l
P HEAT AT R Y | 8 B 3 B TR A 7R B AL R
B 15 3 22 0 T00 0 Y B s 2% . R R
A7 =3 8 1R B SRR IR R R R B R

0&3+35)0&s+35)&&s+35“

s +0.0035 s +0.0035 " s +0.0035
W (s) = diag(0.005,0.005,0.005)

2 LPV ZR 48 19 T i #2510 #5 8 E LAJS , LPV 4%
il #% AT E TS ™ 4 A R AT, A 2 A il £% O =X
= (5) i, KAl A 2m S p () ELH
O YL E P E Y .

W,(s) =diag(

1.0
E 05}
0 , , . Sdes
30 32 34 36 38 40
1.0
g 05
0
3.
1.0 .
[ o .-
05 S e et
15 18 21 24 27 30
)

B2 A8 2B B bR R
Fig.2 Weighting functions of varying-parameter

825 I R 35
1

P H Ma o

Al

2y, 2 —PERESE AR ; Act— 1B s G— A XT 42
B3 TGRS RBUEH R EER R
Fig.3

Gain scheduling control system based on

robust mixed sensitivity

3.2 hESHH

TE AT L XN e — RS S H =35 km,
Ma =4 o 220°, 75 =@ BN A LB ERIE 255
AT O FLB IR, f5 LA SR N & 4 FOR .

2016 4
1.5
B2 i
& o.s/
q 1,
-05 : .
0 2 4 6 8 10
s
~ 1.5
=
iE. 0.5
® 05 i
0 2 4 6 8 10
s
o~ 1.5
g of |
ﬁ-o.s 1 1
0 2 4 6 8 10
t's

- M

— WS

A4 =3I B BRAE 4w p

Fig.4 Three channels’ step order response curves

5 BLA5 R R WY, A8 A 25 08 AN i 1 Pk 19 1 O
1 A BERT B R AR O T R TR B A B BR
MY, HEESMEEGTE 2s Z NIRER IS
AT T, Wi O ACPR, BB A A [R aT
A T BT 04 4 52 G 2 6] R A A R e L
AN BEEME 2 R R RSN
AR BN I G SRR A A RS W E R, X A
ARG AT 100 R SHE R 205 51, B 45 R
KIS Frs o

®2 THMEH
Table 2 Uncertainty
ANy 5 1k 3 AN 9
REZIVIEY -20% ~ +20%
SR -20% ~ +20%
o -30% ~ +30%
L7 -5% ~ +5%
ik -3% ~ +3%
1.5
& 05 J
=]
-0.5 . .
0 2 4 6 8 10
s
= 15
= 05
® s : :
2 4 6 8 10
tls
=~ 15
g o5l |
& 05 ,
ﬁ _,05 i i i
0 2 4 6 8 10
tls
—HEET —WIRES

F5 100 RSHFF 2 5 14
Fig.5 Results of 100 Monte-Carlo simulation



57

PV, 55 5 T 8 B 75 5 (EL 20 A B9 LPV 44 o 2 1 5 0

JL A 4R
1541

A7 ELE5 AT LU 6 SR S i A P TR
2R T, 100 Y545 2 0 B0 4 1l 45 B2 1R
RE S ARPR G O T AH T, A 0 A2 1 X 425 ) 4% 19 3l
ASPEBER W BN, Ul W AR SOOI R LPV AR 1Y 43
2 ) 0 AN AR G B A R A R A fE N
B

RRIEAT K CHLE AT 98 4, 7 R XN
(UL 6) Xt & g8 2 47 O B, 10w J7 40 B 7
Js

K7 i s HA R R R A AT Lk g
5K B I 28 254 4, B R 1 A o % Y 1 £ O R
AEJT . P8 rp iyl £ % BT 12 A 22 M T A o
O3 fifp ZR R, AR IR TR A T AR A R L G R P A%

40

38

36

5 km

M4t

32‘__'““\‘
oy

—_—

30 . . -
3.0 35 4.0 45 5.0

el

El6 ATfk
Fig. 6  Flight envelope

30
— RS Ry
28 — WA

26

)

24

22

20 i 3 . - 7 4
0 10 20 30 40 50 60 70
tls
K7 A s A BRI

Fig.7 Angle of attack command tracking simulation

08

06}

04}

PR

02

8 (Wil R R KA

Fig.8 Results of onvex parameter decomposition simulation

T T o S AR 2 R A AR, DA B T 42 ¥ 0 P
oh A 4 A ) A

4 & i

ASCEE IR KL A B R AT G4 T
— 3L T M kg Ak gk B & HOSVD (1) LPV £ Jifd A5 A
BEIE IR T LPV & HE AR, 07 Bk
LI

1) 5T ML sk & 1) HOSVD J7 12 BE % 58 A
LPV Z Jf A5 Y (%) S A, 7 PR E A K B2 A w48
P TS B R4 iR 22 IR

2) FHER FAG G R AT Uk T A koK it
K HOSVD J7 ¥k fig % B AR X 52 A 51 48 36 1 4R
g, MR B v A AR Y B Sh AR AR T AR
1

3) BTl O B R OT E R IR A R
JE 2 ) 2% B A% S O A 21 45 08 B, OF oA AR AF
BEE,

S #k (References)

[ 1] AJRARS, B3, 55, = T B8 22 10 45 48 20 0L I 2% /Y

RLV S iR A S H [J]. g K2 (B AR %
i) ,2013,7(1) :58-62.
BAI C, REN Z, FAN Y, et al. Dynamic inversion control for
RLV reentry attitude based on fuzzy-neural disturbance observer
[J]. Journal of Central South University ( Natural Scicence) ,
2013,7(1) :58-62(in Chinese).

[ 2] HALL C E,SHTESSEL Y B. Sliding mode disturbance observ-
er-based control for a reusable launch vehicle[ J ]. Journal of
Guidance Control and Dynamics,2006,29(6) :1315-1328.

[ 3] LIND R. Linear parameter-varying modeling and control of
structural dynamics with aerothermoelastic effects[ J]. Journal
of Guidance Control and Dynamics,2002,25(4) :733-739.

[ 4] YUSUKE Y, TAKASHI S. Attitude control of spacecraft with
VSCMGs using LPV modeling technique [ C ] // SICE Annual
Conference. Tokyo: Waseda University,2011:2678-2683.

[ 5] KUMAR A. Convex modeling techniques for aircraft control[ D].
Virginia: Virginia Polytechnic Institute and State University,
2000:1-5.

[ 6 ] PETRES Z. Polytopic decomposition of linear parameter-varying
models by tensor-product model transformation[ D ]. Budapest:
Budapest University of Technology and Economics, 2006 :
25-89.

[ 7] ZARAE, ksl , MW, 5. 5 85 3 RAT 88 19 LPV & 4
Bamrm (V] R LRSS 78R, 2011,33 (6):
1327-1331.

QIN W W,ZHENG Z Q,LIU G,et al. Robust variable gain con-
trol for hypersonic vehicles based on LPV [ ]J]. Systems Engi-
neering and Electronics, 2011, 33 (6 ) : 1327-1331 (in Chi-

nese) .



1542

Jbom M= R R ¥ R

2016 4F

[8]

[10]

[11]

[12]

[13]

EWSR XA ke, AT SR 2 LPY R
fil s vt ()], 25 W R 5 R ,2013,39(1) :15-22.
WANG M H,LIU G,YANG S H. Polytopic-LPV-system-based
control design for hypersonic vehicle [ J ]. Aerospace Control
and Application,2013,39(1) :15-22(in Chinese).

HE C F,YANG L Y,WANG Z C,et al. Linear parameter-var-
ying attitude controller design for a reusable launch vehicle dur-
ing reentry [ C ] // Proceedings of 2014 IEEE Chinese Guid-
ance, Navigation and Control Conference. Piscataway,NJ:IEEE
Press,2014:2723-2728.

RAJWADE A, RANGARAJAN A, BANERJEE A. Image de-
noising using the higher order singular value decomposition
[J]. IEEE Transactions on Pattern Analysis and Machine Intel-
ligence,2013,35(4) :849-862.

OHARA A, YAMAGUCHI Y, MORITO T. LPV modeling and
gain scheduled control of reentry vehicle in approach and land-
ing phase[ C] // AIAA Guidance, Navigation, Control and Con-
ference and Exhibit. Reston; AIAA,2001 ;1-11.

Aerodynamic design data book, Volume 1M Orbiter vehicle STS-
1: SD72-SH-0060 [ R].[S.1. ]:Rockwell International ,1980.
EARE, Tk A, SF T ) K (D 2k 5 90 Y 5 [l i LPV
g ERAR B[] Iz 154§ ,2015,1(2) :14-20.

WANG Z C,YANG L Y,ZHANG ], et al. Loop separate LPV

[14]

[15]

attitude controller design for large envelope missile[ J]. Aero
Weaponry,2015,1(2) :14-20(in Chinese).
BCHs s, O, GE R T H IR A RAUE S B4R
MBItk [T B T ,2009,17(11) :4345.
XIA W Y,GAO S,WANG J, et al. Decoupling based on the H_
mixed sensitivity controller for missile design method[ J]. Elec-
tronic and Engineering,2009,17(11) :43-45(in Chinese) .
R S5 RS0, X B 3 T [l % SO (1) 45 e 40 2% 3 8 95
a1 5 B 500 ,2005,34(2) :152-156.

FU C F,TAN W, LIU J Z. Robust gain scheduling controller
based on loop shaping[ J]. Information and Control, 2005 ,34
(2):152-156 (in Chinese).

EEEN:

v LWL B  EEWRSET ) - Se it AT AR A .
E-mail: sun1990bin@ qq. com

Tel. : 010-82316873

BiEF

PN R L € - 70 Rd tR [ P -3 0 el L b

TRAT RS AR, S A R L R T ik
E-mail; yanglingyu@ buaa. edu. cn

Tel. : 010-82316873

Robust LPV control design based on HOSVD
SUN Bin, YANG Lingyu" , ZHANG Jing

(School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. Considering the trade-off between the accuracy and complexity of the linear parameter varying

(LPV) modeling of hypersonic vehicles, a novel polytopic LPV modelling technique based on grid tensors and

higher-order singular value decomposition ( HOSVD) was developed. Firstly, through Jacobian linearization,

the grid tensor description of a hypersonic vehicle with large flight envelopes was introduced, and a polytopic

LPV model was constructed using HOSVD. The resulting model was described by a linear combination of verti-

ces of linear time invariant ( LTI) models and corresponding weighting functions. The discarded singular val-

ues were treated as a modeling error index. A robust variable gain controller which combines a robust control-

ler and gain scheduling technique was then designed for the 6 degree-of-freedom nonlinear model of the hyper-

sonic vehicle. Simulation results demonstrate that the proposed method not only reduces the computational

complexity, but also guarantees the modeling accuracy. Furthermore, under the proposed controller, the

closed loop system can track the attitude commands rapidly, and good stability and robustness are achieved.

Key words: hypersonic vehicle; flight envelope; polytopic linear parameter varying

(LPV) system;

robust variable gain control; higher-order singular value decomposition (HOSVD)
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Mimetism electric potential energy motion planning algorithm for aircraft
HE Renke, WEI Ruixuan" , ZHANG Qirui, XU Zhuofan

(Institute of Aeronautics and Astronautics Engineering, Air Force Engineering University, Xi’ an 710038, China)

Abstract; Path planning can ensure that the unmanned aerial vehicle (UAV) flies safely and completes
mission successfully. In the complex threat environment and high-dimensional space, traditional path planning
methods have some limitations in the aspects of the calculation speed, path security and applicability. In order
to solve these problems, the electric potential field distribution characteristics and the law of mechanical work
driven by electric field force were studied. The mimetism electric potential energy path planning method was
proposed , and the environment model based on the electric potential field distribution and path node probabili-
ty choice mechanism were established. The relationship between threat intensity and distance was described by
using electric potential. Combined with electric potential, the path safety evaluation standard was proposed.
On this basis, the potential field based sampling-based random path planning method was proposed. The re-
sults show that, compared with traditional methods, the method mentioned above can generate optimal path in
consideration of non-holonomic differential constraints, significantly shorten the path length and computational
time, and improve the path security, which is of great value for application of path planning.

Key words: unmanned aerial vehicle (UAV) ; path planning; mimetism electric potential energy; prob-

ability choice; path security
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Fig.4 Example of yaw due to collective coupling
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slung-load mass
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Heavy helicopter-slung-load coupling system flying qualities in
closed-loop state
ZHU Xiaoyu, CAO Yihua“, CAO Long

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Flying qualities of a heavy helicopter augmented with an automatic flight control system (AFCS)
and flying with externally slung loads are investigated using the mathematical model of the CH-53A/D helicop-
ter. A nonlinear dynamical model of helicopter-slung-load in closed-loop state was built based on single mass-
point hypothesis and a control system model. Under this hypothesis, extra degrees of freedom and constraints
were brought in by the consideration of the slung-load, which made the set of equations of motion increased to
a 13-order one. The coupling system in closed-loop state was linearized under small-perturbed conditions. Af-
ter this, the slung-load flight control response characteristics in both time and frequency domain were ana-
lyzed. The effect of slung-load mass, slung-load rope length and helicopter velocity on coupling system’ s flight
quality was analyzed according to the handling qualities requirements for military rotorcraft indicated by ADS-
33E. The final results show that the slung-load mass, slung-load rope length and helicopter velocity have var-
ying degrees of impact on the time domain features and handling qualities of the coupling system.
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