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Table 1 Comparison of statistical results for Problem 1
o Bk min max mean St. Dev CI AR/(")
Xiao-SPSO 1.2801 1.4231 1.3228 0.0286 [1.3181,1.3276] 1.53
Ai-SPSO 1.2822 1.4328 1.3246 0.0305 [1.3195,1.3296] 1.50
! GA 1.3248 1.8831 1.5378 0.1354 [1.5154,1.5603] 1.49
rlOA 1.2779 1.3773 1.3119 0.0197 [1.3087,1.3152] 0.63
Xiao-SPSO 12.8334 13.6188 13.1405 0.1761 [13.1113,13.1698] 1.50
Ai-SPSO 12.7545 14.0099 13.1604 0.2525 [13.1185,13.2023] 1.50
10 GA 12.8835 15.6060 13.8888 0.5893 [13.7909,13.9866] 1.49
rIOA 12.7817 13.5496 13.1112 0.1798 [13.0814,13.1411] 0.64
Xiao-SPSO 38.2739 41.8287 39.3196 0.6855 [39.2057,39.4334] 1.50
Ai-SPSO 38.2850 42.2749 39.4037 0.6615 [39.2938,39.5135] 1.50
30 GA 38.7437 45.7252 40.8307 1.3673 [40.6037,41.0577] 1.50
rIOA 38.4785 41.4351 39.4057 0.5536 [39.3137,39.4976 | 0.83
Xiao-SPSO 63.9150 70.8956 65.7319 1.1646 [65.5385,65.9253 ] 1.50
Ai-SPSO 63.7323 68.8238 65.5733 1.0758 [65.3947,65.7519] 1.50
30 GA 64.4766 74.9331 68.0004 2.27117 [67.6232,68.3776] 1.50
rIOA 63.8837 70.9927 66.4567 1.5170 [66.2048,66.7086 ] 1.15
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Fig.2 Comparison of average search curves for Problem 1
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Table 2 Comparison of statistical results for Problem 2
o GRS min max mean St. Dev CI AR/("")
Xiao-SPSO 1.2851 9.8346 3.6105 1.2958 [3.3953,3.8256] 1.72
Ai-SPSO 1.8176 12.6596 4.3297 1.5026 [4.0802,4.5792] 1.68
! GA 3.1003 889.2810 63.8383 152.8330 [38.4619,89.2147] 1.69
wIOA 1.2873 5.8731 2.4176 1.1022 [2.2346,2.6006 ] 0.75
Xiao-SPSO 12.8639 19.9343 15.7112 1.3376 [15.4891,15.9333] 1.70
Ai-SPSO 13.5369 23.5441 16.3701 1.6988 [16.0880,16.6521] 1.69
10 GA 15.4832 318.4540 36.8222 52.7167 [28.0691,45.5753 ] 1.68
wlOA 12.7572 17.8354 14.2995 1.2985 [14.0839,14.5151] 0.73
Xiao-SPSO 38.9066 45.7348 42.0969 1.4919 [41.8492,42.3447 ] 1.70
Ai-SPSO 38.3642 46.9011 42.8868 1.6699 [42.6096,43.1641 | 1.68
30 GA 40.0010 341.1660 65.544 4 47.4107 [57.6723,73.4165] 1.69
wIOA 39.0648 44.2828 41.0808 1.3623 [40.8546,41.3070] 0.73
Xiao-SPSO 64.4919 73.8818 68.3751 1.6926 [68.0940,68.6561 ] 1.69
Ai-SPSO 65.1396 75.6972 69.7722 2.1833 [69.4097,70.1348] 1.68
30 GA 68.2933 349.5100 98.9914 58.9567 [89.2023,108.7810] 1.68
rIOA 64.4929 74.2455 67.9433 1.9581 [67.6182,68.2684 ] 0.73
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Fig.3 Comparison of average search curves for Problem 2
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Table 3 Comparison of statistical results for Problem 3
o Bk min max mean St. Dev CI AR/ (')
Xiao-SPSO -0.8172 -0.0289 -0.7550 0.1228 [ -0.7753, -0.7346] 4.71
Ai-SPSO -0.8117 -0.0558 -0.7087 0.1835 [ -0.7391, -0.6782] 4.63
0.4 GA -0.8275 -0.7478 -0.8009 0.0153 [ -0.8034, -0.7983] 4.64
wlOA -0.8236 -0.7009 -0.7906 0.0208 [ -0.7941,-0.7871] 1.11
Xiao-SPSO 1.2124 2.1812 1.5186 0.2372 [1.4792,1.5580] 2.73
09 Ai-SPSO 1.2241 2.2047 1.5029 0.2160 [1.4670,1.5387] 2.71
' GA 1.1867 2.0596 1.3503 0.1920 [1.3185,1.3822] 2.71
wIOA 1.1877 1.5130 1.2800 0.0698 [1.2684,1.2916] 1.23
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Fig.4 Comparison of average search curves for Problem 3
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Table 4 Comparison of statistical results for Problem 4
a Bk min max mean St. Dev CI AR/("")
Xiao-SPSO 16506.8 17498.7 17292.9 257.4490 [17250.1,17335.6] 488.53
Ai-SPSO 14149.9 17430.8 16770.5 547.3600 [16679.6,16861.3] 507.26
0.4 GA 12357.1 17414.4 15954.0 832.8240 [15815.7,16092.2] 444 .24
wIOA 17231.9 17505.4 17436.5 52.5798 [17427.8,17445.2 ] 269.99
Xiao-SPSO 16010.2 17029.9 16752.5 289.5990 [16704.4,16800.6] 493.90
. Ai-SPSO 12148.8 16969.9 16324.8 703.6210 [16208.0, 16441.7] 534.86
' GA 13081.7 16857.9 15573.8 781.6600 [15444.0, 15703.6] 516.73
wlOA 16849.0 17212.5 17003.0 39.5284 [16996.4,17009.5] 271.18
1.8
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Fig.5 Comparison of average search curves for Problem 4
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Micro-immune optimization algorithm for
solving probabilistic optimization problems
ZHANG Zhuhong"* , ZHANG Renchong

(1. College of Big Data & Information Engineering, Guizhou University, Guiyang 550025, China;

2. Institute of System Science and Information Technology, College of Science, Guizhou University, Guiyang 550025, China)

Abstract: This paper investigates a micro-immune optimization algorithm for the problem of nonlinear
probabilistic optimization with unknown random variable distribution. In the design of algorithm, an implicit
parallel optimization structure is developed based on the danger theory, while individuals can be identified
through a proposed adaptive sampling method. Those danger regions and subpopulations can be decided dy-
namically through regulating danger radiuses, and meanwhile multiple kinds of mutation strategies are used to
guide individuals to move towards multiple directions. Such algorithm has the merits of small population, few
adjustable parameters, structural simplicity and so forth; the computational complexity depends on iteration
number, variable dimension and population size. Based on the theoretical test examples and a bus scheduling
problem, numerically comparative experiments show that the proposed algorithm possesses some advantages of
search efficiency and optimized effect, and has potential for solving complex probabilistic optimization prob-
lems.

Key words: single-objective P-model; immune optimization; danger theory; adaptive sampling;

micro population
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Table 1 Model material thermal property parameters

we R/ R/ LA/
w4 EE
(Wem™'-C") (kg:m?) (J-kg?'-C™")
[N 7 4450 678
=5 0.026 1.161 1007

x2 FETHKFESH

Table 2 Main variable simulation parameters

B2 pAEIEN
0.010,0.020,0.040,0.050,0. 080,
0.100,0.160,0.200,0.250,0.400,0. 500,
0.625,0.800,1.000
0.6,1.0,1.4,2.0

4 i B R/ Ha

5 W )R/ mm

R3 BREGEVBEEHSH

Table 3 Boundary and initial condition parameters

o hRESRARES  FRERARR ‘
24 S ST wemgsC
(Wem™'-Cc™')y (Wem''-C™")

HE 12.5 12.5 25

2.2 RELERSW

D7 BRI B0J5 41 HOBE A DX 5 T 6 DX IlO0] i
SCBARINAS 9 A i I IR BE D A, U A an el 3
JI7 , PR BRI I i B DA 55 B 3 T i B2 SR AR A

B3 RS S A

Fig.3 Distribution of temperature reference points
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correlation algorithm
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Detection of skin desoldering defect in Ti-alloy honeycomb structure using
lock-in infrared thermography test

ZHOU Zhenggan* , HE Pengfei, ZHAO Hanxue, FAN Jin

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

Abstract: Skin desoldering is the most common defect of Ti-alloy honeycomb sandwich during manufac-
turing and serving period. Due to low thermal conductivity of Ti-alloy material, as the skin of Ti-alloy honey-
comb sandwich becomes thicker, temperature signal difference of defect and non-defect becomes weaker, and
thus it is more difficult to test the defect by infrared thermography. Given the problem, the range of modulation
frequency in this structure with different skin thickness by lock-in infrared thermography was studied. The fi-
nite element simulation model was built to analyze the variation of surface temperature under the heat flow.
The extracted phase differences of defect and non-defect area based on correlation algorithm are available to
analyze the effect of modulation frequency and skin thickness on these phase differences. Experiments were
performed on the specimen with prefabricated defects of this structure using lock-in infrared detection system.
The relationship between the phase difference and the modulation frequency was given after extracting the
phase of defect and non-defect area. The research results show that the 0. 04 —0. 10 Hz modulation frequen-
cies applied to detect this structure of skin thickness within 0.6 —2.0 mm can get optimal results. Research
results provide a technical guidance for the practical detection of Ti-alloy honeycomb sandwich structure.

Key words: lock-in infrared thermography test; Ti-alloy honeycomb; skin desoldering; correlation algo-

rithm ; modulation frequency
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Enhanced switched-inductor quasi-Z-source inverter

LI Zhengming " , ZHANG Guosong, FANG Congcong

( College of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract: Switched-inductor quasi-Z-source inverter and its improved version in terms of boost ratio can-
not meet the stringent demands of new energy field, limiting the utilization of Z-source inverter in photovoltaic
inverter and micro-grid. This paper proposes an enhanced switched-inductor quasi-Z-source inverter topology
with a high voltage gain by changing the traditional switched-inductor quasi-Z-source inverter. On the basis of
one switched-inductor cell, a new switched-inductor cell is added in the new topology, which avoids that the
hardware structure is too complex and shoot-through duty ratio range is too narrow, and allows the boost ratio
to increase 5 —40 times; the continuous input current can be ensured. Moreover, both the capacitor voltage
stress and inductor current ripple are effectively reduced in LC network X-shape structure. In this paper, the
enhanced topology is theoretically analyzed in detail. On this basis, some simulations and experiments are car-
ried out to validate the feasibility and superiority of the proposed topology.

Key words: switched-inductor quasi-Z-source inverter; capacitor voltage stress; inductor current ripple;

boost factor; modulation factor
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Table 1  Aircraft parameters

28 A380-800 B747-400
R @ /KN 5600 3969
b 20 4 4
LR 4/6 4
F i 7 Rk A =i XU X%
F AL TR ] BE/m 5.26/12.46 3.84/11.00
EREREIE/m 1.53/1.35 1.12
VR LA 4 E R A 0.951 0.952
FAEIE AR T /KN 266. 00 236.15
4 1/ MPa 1.47 1.38
B BN AL/m? 0.177 0.157
ERKEE/m 0.582 0.548
A ERSEE/m 0.349 0.329
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% S B RCR R SOKS R A SOLID4S )\
A SR B TT N T TR Y R AT A B T R A R 4
)2 G ZFRE A% R SF R 0.15m x0. 15 m x
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R R Jr 1) (T BT CHLIE AT 7 1)) 2931
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SR H 5 ) YT A A R, A380-800 FiI
B747-400 36 V& AL ML 56 24 05 38 1] o0 0 R AR
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®2 GZHESH

Table 2  Structure layer parameters

ity )R JEEE/m SRR/ MPa AL %/ (kg mTY)

Tt )2 0.36 36 000 0.15 2400
HZE 0.20 1500 0.25 2000
R 0.30 200 0.30 1500
+ 5 10 80 0.35 1800

(a) A380-800

(b) B747-400
3 A380-800 Fl B747-400 A7 R JT 4 4
Fig.3 Finite element model of A380-800 and B747-400
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Fig.4  Additional stress curves of different number wheels
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Fig.5  Influencing depth curves of soil base of A380-800
and B747-400
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Fig. 6 Contours of bottom layer tensile stress of A380-800

and B747-400
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Fig.7 Deflection basin curves of A380-800
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Take-off and landing adaptability of A380-800 large aircraft on
existing pavement
ZHANG Xianmin"* " | LIU Xiaolan', DONG Qian'"’
(1. Airport College, Civil Aviation University of China, Tianjin 300300, China;
2. Civil Aviation College, Nanjing University of Acronautics and Astronautics, Nanjing 210016, China;
3. Civil Engineering College, Tianjin University, Tianjin 300072, China)

Abstract: In order to explore whether the existing rigid pavement can meet the normal take-off and land-
ing requirements of A380-800 aircraft, the elastic layered model of rigid pavement and the whole main landing
gear model of A380-800 are established, and numerical calculation is used to analyze the effect between A380-
800 and pavement on influencing depth, the maximum tensile stress on panel bottom and the maximum vertical
displacement on panel surface. The results are as follows: although the maximum take-off weight of A380-800
is 41.09% heavier than that of B747-400, more main landing gear tire number and larger main landing gear
spacing and wheel track are advantageous to stress diffusion enhancement and superposition effect reduction,
so the influencing depth of A380-800 is 4.29% more than that of B747-400; the locations of the maximum
tensile stresses on panel bottom of A380-800 and B747-400 are different because of the main landing gear ar-
rangement, and the maximum tensile stress on panel bottom of A380-800 is 1.09% less than that of B747-
400 ; the maximum vertical displacement on the surface of A380-800 appears in the center of the three-axis
double shaft section, while that of B747-400 appears in the back axle of the medial two-axis double cross sec-
tion, and the maximum vertical displacement on panel surface of A380-800 is 0.49% less than that of B747-
400 within the loading area. Therefore, the pavement structure layer which takes B747-400 as a design model
or adapts to B747-400 normal take-off and landing can adapt to the normal take-off and landing of A380-800
from the perspective of mechanical properties.

Key words: A380-800; main landing gear; influencing depth; maximum tensile stress; maximum verti-

cal displacement; take-off and landing adaptability
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Table 5 FFMECA of scatterable landmines in attack mission stage
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Table 6 Scoring criteria of various factors’ loss degree
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Comprehensive assessment method of mission reliability
based on FFMECA
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2. Beijing Electro-Mechanical Engineering Institute, Beijing 100074, China;
3. The First Engineers Scientific Research Institute of the General Armaments Department, Wuxi 214035, China;

4. China Research Institute of Radio Wave Propagation, Qingdao 266107, China)

Abstract: Mission reliability assessment is an important part of the process of weapon equipment develop-
ment and production, and the assessment of FMECA in the attack mission stage has been made mostly in the
qualitative aspect without consideration of the quantitative index of the degree of failure mode effect. In this
paper, based on the fuzzy mathematics, the probability of failure mode effect is defined and given in the FME-
CA, and FFMECA method is formed. Based on this, the failure modes that affect the success of the mission
are distinguished in the form of quantification, and the mission reliability is assessed with consideration of the
probability of failure mode effect. The scatterable landmine is analyzed qualitatively and quantitatively in the
attack mission stage. The results show that the method closely combines the early work of reliability, plans
weapon equipment reliability assessment process, and is significative to engineering application of reliability
assessment method.

Key words: mission reliability assessment; failure effect probability; FFMECA analysis; scatterable

landmine ; quantitative and qualitative analyses
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Table 1 Database size under varied attitude ranges and

step sizes

AL o EE o R 0 EF 0, B K/ H AR, B
% (*) (*) (*) (°) % Tk

1 -10 ~10 1 -5~20 1 1 63244
2 -10 ~10 2 -5~20 1 2 16563
3 -10 ~10 1 -5~20 2 1 29189
4 -10 ~10 2 -5~20 2 2 7644
5 -10 ~ 10 1 -5~20 1 5 12648
= LT o B =

ID - High - Rol- Pi1- Volume - COM_X - COM_Y - COM_Z - ~
1 1254.7 -10 -5 .005127 429.588 -89.376 41.598
2 1262.7 -10 -5 14.793948 432.614 -82.435 42.265
3 1270.7 -10 -5 103. 62744 435.787 -75.052 42.947
4 1273.9 -10 -5 174.35229 437.031 -72.184 43.215
5 1277.0 -10 -5 268. 47767 438.098 -69.867 43. 463
6 1280.2 -10 -5 3B6.2679 438.984 -68.116 43.688
7 1284.3 -10 -5 571.25886 439.919 -66.49 43.952
8 1288.6 -10 -5 BO7. 66304 440.742 -65.279 44.210
9 1293.0 -10 -5 1098. 1753 441.480 -64. 379 44. 464
10 1297.8 -10 -5 1464. 0586 442.196 —63. 671 44.725~
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Fig. 6  Established fuel quality characteristic data table
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Table 2  Comparison of fuel volume calculation results of databases established by fixed step size method and ASCM
/(%) 0:/(%) LBR A AR FE /mm Vigey/mL Vi /mL Viear/ mL 8,/% 8,/ %

0.1 0.8 50 12028. 174 12065.088 11986.413 0.348 0.656
_4.5 1.2 256 140427.305  140442.978  140309.224 0.084 0.095
-3.5 7.5 352 233737.431 233736.667 233736.759 0 0

3.8 9.5 80 24 174.475 24247.769 24082.984 0.379 0.684

4.3 -4.8 396 384 802.945 384782.014 38490.331 -0.040 -0.046

1.2 -2.5 115 62961.593 62976.260 62886.712 0.119 0.142

0.8 -3.7 415 373111.768 373066.872 373213.633 -0.027 -0.039
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Table 3 Fuel volume calculation results and errors ( with one effective sensor output)
5 b e R 28 I/ (m - s7%)
S/ o) e/ 6/() 6/(°)  V/mlo Vo/ml Aml 8%
o B/ mm a, a, a,
0.5 0.9 0 186 0 0 0 0.50 0.90 115389.827 115356.421 33.406 0.028
0.5 0.9 0.7 186 0.20 0.50 0. -0.66 3.69 96663.112  96583.399 79.713 0.082
-3.2 2.5 0 105 -1.30 0.70 -2. 6.73 7.86 73396.991 73378.403 18.588 0.025
-3.2 2.5 0 105 0.18 0.45 0 -4.25 5.14 22203.572 22180.008 23.564 0.106
-5.4 7.5 2.4 395 0.05 0.07 -0. -5.73 7.92 255516.355 255525.229 -8.874 -0.003
-5.4 7.5 2.4 395 0.50 -0.80 -0. -8.24 2.41 245702.772 245706.574 -3.802 -0.001
6.2 -1.2 -3.5 55 1.50 0.90 2. -0.54 3.41 9273.160 9247.597 25.563 0.276
6.2 -1.2 -3.5 55 -0.50 -0.30 0 9.00 -3.15 73827.507 73822.986 4.521 0.006
x4 BMMERBELRRRE(FRERBAEHRLTFIAN)
Table 4 Fuel volume calculation results and errors ( with no less than 3 effective sensor outputs)
SR AL SR 1 4 R/ mm SERNAL IR
o b/(°) 6/C)  Vo/ml Vos/ml o A/ml 5%
H, H, H, H, H, H,  FEE/mm
116.16  60.31 ToR 48.96 84.36 T3 550.41 -0.21 0.10 29127.099 29114.114 12.985 0.044
93.10 TR TRk 12.91 62.62 T 550.01 -1.20 3.40 11404.992 11363.969 41.023 0.361
127.65 13.51 Tk 35.83 93.90 ToL 669. 44 -2.49 4.20 21022.790  20996.628 26.162 0.124
391.34 338.14 152.86 320.24 356.61 237.87 879.85 -0.80 -0.50 289627.017 289627.151 -0.134 0
TR ToRk 253.42 407.04 TR 332.45 899.89 0.01 -0.51 381764.949 281848.827 -83.878 -0.021
Tk Tk 234.77 399.03 423.57 334.89 899.94 0.30 -2.80 374524.608 374288.522 236.086 0.063
TR ok 223.58 405.03 Tk 334.76 976.63 -0.49 -3.31 372817.688 372982.336 -164.648 -0.044
413.61 ToRL 275.81 386.74 389.79 TR 600.00 3.99 -4.30 379878.429 379929.163 -50.734 -0.013
223.29 118.81 TR 132.84 188.24 21.48 779.98 -2.50 3.30 85886.274 85811.914 74.360 0.086
40.21 28.29  Txk % 5.46 T 479.95 0.50 -3.60 6368.148  6340.292  27.856  0.439
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Aircraft fuel volume calculation technique in state of variable
velocity and attitude
YUAN Mei"> ", HE Yiqiang"’, NIU Ben'’, DONG Shaopeng'

(1. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Collaborative Innovation Center for Advanced Aero-Engine, Beijing 100083, China;

3. Aviation Science and Technology National Laboratory( Preparation) , Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; To accurately measure remaining fuel in irregular tank, the adaptive step size cutting method
(ASCM) which is used to build fuel quantity database is presented based on traditional look-up table and in-
terpolation method. With the help of equivalent sensor, the method has integrated outputs of multi-sensor un-
der different attitude. The method adjusts step size depending on the change rate of cross-sectional area to
minimize interpolation error in fuel volume calculation. With multi-sensor’ s outputs to fit fuel surface by least
mean square ( LMS) method. When valid output is less, equivalent surface attitude angles are taken to fit fuel
surface. It eliminates influence on fuel surface caused by acceleration. Three-dimensional look-up table inter-
polation method is improved to minimize deviation caused by attitude angle. Fuel volume calculation software
is programmed with UG development kits. A number of CAD simulations with actual tank model are done. The
results suggest that the method has compressed database size, accelerated calculation speed, corrected devia-
tion resulting from acceleration and attitude, and reduced interpolation error. Thus, fuel measurement accura-
cy is improved.

Key words: aircraft fuel measurement; fuel quality database establishing; adaptive step size method;

look-up table and interpolation; fuel volume calculation
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Fig.3 Direct current component amplitude error curves of

cascading decimation scheme
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changing curves(L =151)
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sliding filter scheme with variational lengths
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Simulation and analysis of data frequency mixing errors in
IMU based on FOG

PAN Xiong® , HUANG Yugiong, ZHANG Shaobo, WANG Xiaxiao, SONG Ningfang

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

Abstract: The asynchronous resampling of fiber optic gyroscope (FOG) output data by navigation com-
puter can cause frequency mixing errors. Based on the characteristics of FOG signal detection, a simulation
model was established using the update rate of FOG closed-loop output and the resampling frequency of inertial
measurement unit (IMU) as parameters, the sinusoidal noise frequency of vehicle as a variable, and the de-
crease of signal direct current ( DC) amplitude error received by navigation computer as the target. The fre-
quency mixing errors and delay characteristics of interpolation and decimation scheme and sliding filter scheme
were analyzed. A variable sliding window length scheme was proposed and the sensitivity of error response
spectrum to sliding window length was suppressed. The simulation results show that the maximum error of the
variable sliding window length scheme is reduced from 0.056 85 to 0.009 737 compared with the sliding filter
scheme with sliding window length’ s deviation from the optimal value of 4% . Besides, the proposed scheme
can better accommodate the engineering requirement of timing pulse frequency dithering or switch.

Key words ; fiber optic gyroscope (FOG) ; navigation; asynchronous communication; multirate sampling

rate; digital filter
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A, 8., F1F .

5) HFE A A 8, /8 R/ E R
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P HET A, 3 U0 T EE 28 BOR A T g
SR REIER

*®1 HE&ZR
Table 1 Simulation results
Ay =0.4 A, =4
’ i R\ B\t ; Ry B\t
ik ik \ ik ih \"i, ik e i Tik ih ik
i e I EOT A o el RLCESL ~ fry Yo i
T /\1,11 Si,h Tih Al,’l 61,!;
0.5 1.000 0 0.400 1 0.400 1 1.000 0 4.000 2 4.000 1
1.0 1.000 1 0.400 0 0.400 0 1.000 0 4.000 0 4.000 0
2.0 1.000 0 0.400 2 0.400 0 1.000 0 3.999 9 4.000 0
4.2 WIEAXFIRAIBEEREF % At ;) o

AT 7 R R AR R TE AR R )R R
3 AN R )R P AR AR AR EHE | 4 i AR R e
ZHMBENL Z 80 Inverse Gaussian i 72 X5 i # iR
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PR R (o) 1F Sy b q
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(Ay, ., At ) BERE ARAS AT SEBE s AL R (1) o
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Fig. 1 Reliability curves
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Accelerated degradation modeling method based on
Inverse Gaussian processes with random parameters

WANG Haowei', TENG Kenan™" , XI Wenjun'

(1. Department of Ordnance Science and Technology, Naval Aeronautical and Astronautical University, Yantai 264001, China;

2. Department of Command, Naval Aeronautical and Astronautical University, Yantai 264001, China)

Abstract: In order to apply degradation models with random parameters to accelerated degradation tests to
improve the accuracy of reliability evaluation, an accelerated degradation modeling method based on degrada-
tion models with random parameters was studied with Inverse Gaussian processes taken as examples. First, ac-
celeration coefficient constant principle was used to deduce the relationships that the parameters of Inverse
Gaussian process should satisfy under different stresses. Then, the acceleration models of parameters were
constructed and acceleration coefficients were computed. So accelerated degradation data was extrapolated from
accelerated stress levels to normal stress level. The conjugate prior distributions of random parameters were
used and maximization expectation algorithm was utilized to estimate hyper-parameters. Simulation tests vali-
date the feasibility and effectiveness of the proposed method, and a case study demonstrates that the proposed
method has good engineering application value.

Key words: reliability; accelerated degradation test; random parameter; Inverse Gaussian; acceleration

coefficient
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Cooperative guidance law based on MPSC and CPN guidance method
LI Xinsan', WANG Lixin""*, WANG Mingjian’, YAN Xunliang', LIU Guohui’, DING Bangping’

(1. Department of Control Engineering, Rocket Military Engineering University, Xi’an 710025, China;

2. Petty Officer Academy, Rocket Military Engineering University, Qingzhou 262500, China)

Abstract. Cooperative guidance of multiple missiles satisfying terminal impact angle constraints is consid-
ered. A suboptimal guidance law is presented using the recently proposed model predictive spread control
(MPSC) method and cooperative proportional navigation ( CPN) guidance law. The basic principle of the
MPSC method is given and the MPSC guidance law is designed on the assumption that the control is considered
to be a function of quadratic formulation. The MPSC method requires a control history to begin the algorithmic
sequence. Guess control history is computed using the CPN technique, subject to constraint on impact time. A
stationary target is attacked by two missiles in the simulation. It is observed from the simulation that the impact
time error and terminal impact angle error are within the specified convergence tolerance. The terminal impact
angle constraint is well satisfied in salvo attack scenario.

Key words: guidance; cooperative guidance; model predictive spread control ( MPSC) ; impact angle

constraint; impact time constraint
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Attitude control method within finite time globally for hypersonic vehicles
LIU Haidong"?>, BAO Weimin'?, LI Huifeng"* , GONG Chunye”’, LIAO Yuxin'

(1. School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Science and Technology on Space Physics Laboratory, Beijng 100076, China;
3. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Taking six degrees of freedom model of a generic hypersonic vehicle as the research object,
this paper proposes a terminal sliding mode attitude control method which can converge to the equilibrium point
within finite time globally. In the design of the controller, dynamic inversion is applied to deal with strong
couplings among pitch angle, yaw angle and roll angle. In the case of considering the model uncertainties and
external disturbances, the terminal sliding mode variable structure control method is used to guarantee the ro-
bustness of the system. In addition, by improving the traditional exponential approach law, the control com-
mand can be tracked within finite time globally. Based on the Lyapunov stability theory, it is proved that the
finite time convergence in both reaching and sliding phases can be achieved. Finally, simulation results dem-
onstrate that the proposed attitude control method is efficient.

Key words: hypersonic; dynamic inversion; terminal sliding mode; global finite time; attitude control
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X B R ARE — o XA P R A BN
e Ry AT, B I, BB AR AT R R a3 DX R
Sk A Wk IS J2E i LA K Wik B T T o

M AADL v A] LA 31— SR | R YOG S
SRR 3 iR, F) 6 5 000 000 AT LK 3 2 241
ZME] ECPN b g4 X 1 S HOk UL, 7 A 2
B4 (0,0) [ token FR/RFE O B 210955 — RIA .
F I [R] PR A FT1 = [2,4 ] i B4R bR A2 1 b, H
e R PAT IS ), AR H B () R B, 7 O R AR N
E =10 -FT1,~F LeREE N s <9, X 2 5k
/] B A] 45, i 49 3] () AADL 3] ECPN i % & 40
Kl 4 s

(a) AADLEJEAN R

process partition|

features

process]_data  in data port,
process2_data : out data port
[MaxMessageSize=>9];
end partition];

process partition2

features

process]_data : out data port
[MaxMessageSize=>12};
process2_data : in data port;
end partition2;

virtual processor  partl

properties

period == 10;

execution duration =>2...4;
start time ==0,

end processor  partl,
virtual processor  part2

properties

period == 15;
execution duration ==3.,_5;
start time =>4,

end processor  part2;

scheduling protocol =={(ROUND_ROBIN):

system implementation module. impl
subcomponents

cpu processor powerpe.impl;

memory: memory main memory.impl;
partition]: process partitionl.impl;
partition2: process partition2.impl;
connections

DC1: pon partition] process2_data->
Partition2 process2_data;

DC2: port partition] process!_data ->
Partition2 processl_data;

Properties

Actual_processor_Binding=>

(reference (cpu.partl}) applies to partition];
Actual_processor_Binding=>

(reference (cpu.part2)) applies to partition2;
Actual_memory_bindling=>

(reference (memory.part] memory)) applies
to partition|;

Actual_memory_bindhing=>

(reference (memory.part2 memory)) applies

to partition2;

scheduling protocol ==(ROUND _ROBIN), | ......

(b) AADLICAA (3RS )
K3 AADL S5l
Fig.3 AADL model of example
Kl 4 s ECPN A 7 A BT (6 A8 T, #5480 i)
S o B Ll O o T B PR S g i
DXCER IS TR B, A TR i 3R T o XL (S AT o
Yy BT IR LA R F AT R 2 AT SR <1 T RR RS fn 3
ARIE R, XA ECPN 38 T AADL B R A 4 3 1Y
S [1) 5 J50FN ) BB IR, 9 4 portsize, fELAS TE RLAY
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J&, 2R CPU MPEFT N A ECPN IR 4G 56 43 X
R EE R . R XA ECPN, 0] LR R 48 19 3l

#3 AADL HEMXESH
Table 3 Key parameters in AADL model

AT R IEATAT EL 3T, Y6 E BE U 23 BC 19 TE A A Feature or property Value
&2 AADL A% ECPN T EHIBE &R Partition]
Table 2 Mapping from AADL components to Port size 9
ECPN elements period 10
execution duration 2--+4
AADL model component ECPN element
start time 0
Processor CPU Place with colored token .
Partition2
virtual processor partl , .
. Place with colored token Port size 12
virtual processor part2
Partitionl , partition2 Place period 15
Communication behavior Instantaneous transition execution duration 3:-5
partition scheduling Non-instantaneous transition start time 4
G+D)@+H10-FT1)
1'0@0
IntTimed
@+FT1
CPU
-~
1" (true.i)
Stite (p,ch12.s.i PXCH
1" (true.i y
(true.?) (p.ch.s.i)

1'CPU @G

1" (true.i)

N

1" (true.i)

(A 1)@+(15-FT2)

®

State

(i)

invocate 2

[ch=ch2] andalso

[ch=ch12 andalso !
s<=Port2Size]

s<=Portl Size]

(p.ch.s.i)

PXCH

@+FT2
]

IntTimed

K4 IMA 43 X224 ECPN
Fig.4 ECPN for IMA partitioning architecture

4 £

1) FIH AADL #4250 K Ml ARINC 653 B4,
X IMA R 48 19 43 X B8 kg B U5 43 IC 1E AT RS
jeig

2) &l T AT IMA RERY AADL £ A F|
ECPN A5 70 1) 5% 45 0 0], 6 7 Jf 3o 2 v, G g )
BT FR B 4k 7K 7E ECPN

3) BT AL 0 Jy , XF IMA RS AE

BEMFRIET , RENEIT NS5 5AE,

4) ECPN 5 CPN {jj EL#8 %%, K ot vl LA H
AT CPN T H 4705 B4 17 o

H W, ik 9% 45 R 5 4 1 7 5 © & x4y X
P KB EAT N IERESEAT TR, T
— W TAE =R — 49 8 ECPN 22 & X,
1A AADL B Z A5 5C W R 4 B i R BT R
M A ECPN X £ 48 9% 5 #F 17 05 42 T 25 5
19 43 BT o
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Model transformation method from AADL2ECPN and
its application in IMA
LIU Chang', GU Tao', ZHOU Qing" ", WANG Shihai’, LI Zelin’
(1. Key Laboratory of Synthetic Technology of Avionics, China National Aeronautical Radio Electronics Research Institute, Shanghai 200241, China;
2. School of Reliability and Systems Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Resource allocation modeling and safety analysis of integrated modular avionics (IMA) are es-
sential in the process of IMA application integration. According to model transformation method, a set of trans-
formation rules from the architecture analysis and design language ( AADL) to the extended colored Petri net
(ECPN) is proposed. Using the model transformation rules, the AADL model is transformed into the ECPN
for subsequent safety analysis, and any of critical resource elements will not be lost in the model transformation
process. Finally, a simple example is employed to show how to apply the model transformation method.
Through the experimental results, the feasibility of the proposed method in IMA safety analysis is confirmed.
Key words: architecture analysis and design language ( AADL); colored Petri net (CPN); resource

allocation ; integrated modular avionics (IMA) ; model transformation
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roo=r, 40 (4)
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Fig.3  Collaborative filtering method for prediction in

existing research
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Fig.6 Transformation of slices of time-specific matrices

with users and services into a temporal tensor
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Table 2 MAE of response time prediction with

different tensor densities

W) 57 FF ] T ) MAE

Bk
5% 10% 15% 20% 25%
UMean 0.8156 0.7247 0.7161 0.6758 0.6361
IMean 0.5708 0.4919 0.4988 0.4158 0.4083
IPCC 0.6861 0.7972 0.5146 0.6014 0.4073
UPCC 0.5965 0.6627 0.6625 0.6014 0.5435
WSRec 0.5135 0.5252 0.5268 0.3947 0.3717
MF 0.9162 0.8375 0.8168 0.8088 0.7800
NNCP 0.4838 0.3589 0.3254 0.3178 0.3148

®3 AEKEFTETEMLERNA MAE
Table 3 MAE of throughput prediction with

different tensor densities

A k= O ) MAE

ik
5% 10% 15% 20% 25%
UMean 8.3696 8.4262 8.0827 7.7713 7.7113
IMean 6.7947 7.0433 6.4606 5.7356 5.2033
IPCC 8.2521 8.6508 8.1413 8.8179 8.3416
UPCC 8.0533 7.7259 7.1103 7.3437 7.0486
WSRec 6.3139 6.2608 5.9656 5.9222 4.7879
MF 9.6429 8.9885 7.5998 5.6261 5.1030
NNCP 6.0007 5.4889 4.9859 4.5001 4.0385

*4 FEKREZE T 0GR E B RMSE
Table 4 RMSE of response time prediction with

different tensor densities

Wi 57 FF 1] 5900 F) RMSE

5% 10% 15% 20% 25%
UMean 2.3807 1.9589 1.9937 1.6229 1.4217
IMean 2.3344 2.0264 2.4146 2.0878 1.7216
IPCC 3.8511 3.8336 3.3770 2.5129 1.9188
UpCC 2.3424 1.8843 1.9331 1.5129 1.2671
WSRec 2.1838 2.0207 2.1533 1.7144 1.2975
MF 6.6970 5.2284 3.8099 4.9581 3.6419

NNCP 1.1470 1.0685 1.0502 1.0434

—

.0399

R5 FAEAKEFTETELEHNA RMSE
Table 5 RMSE of throughput prediction with

different tensor densities

A nl A FU ) RMSE

Rk
5% 10% 15% 20% 25%

UMean  32.7424 35.3732 32.8413 44.4918 40.9749
IMean 33.5447 34.5250 25.6687 22.7903 19.3721
IpCC 41.4411 40.9693 37.4096 48.9877 42.6471
upCC 31.8687 32.9089 29.6238 29.2614 25.1004
WSRec  23.0171 24.6223 22.4384 22.3709 17.9580
MF 23.5928 25.4172 20.3695 19.7478 19.9420
NNCP 10.8098 10.1738 9.57085 8.98722 8.43047
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Dynamic Web service recommendation based on tensor factorization
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(School of Computer Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: In the area of Web service computing, in order to select a suitable service for users in a large
number of Web services and API with the identical function,the issue of Web service recommendation is be-
coming more and more critical. At present, in the quality of service ( QoS) based service recommendation sys-
tems, the hypothesis of the system model is a two-dimensional static model which is composed of dyadic rela-
tionship between users and service interaction. However, in view of the practical application, the QoS value is
affected by many factors, and a tensor model is proposed to describe the factors which affect the QoS. Then,
we propose a method to discover the latent factors that govern the associations among these multi-type objects of
QoS. A new recommendation approach based on tensor factorization is proposed to address the issue of Web
service QoS value prediction with considering Web service invocation time. The experimental results show that
compared with six related algorithms, the mean absolute error (MAE) of the proposed tensor factorization al-
gorithm is reduced by 20% -50% , and our model can be used to describe more factors and to dynamically
recommend Web service.
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New approach for dynamics modeling of dual-arm
cooperating manipulators
LIU Jia, LIU Rong”

(Robotics Institute, School of Mechanical Engineering and Automation, Beijing University of Aeronautics and
Astronautics, Beijing 100083, China)

Abstract: High nonlinearity and coupling were shown from the dynamic characteristics of dual-arm coop-
erating manipulators because of the constrained relationship brought by desired task. Therefore, it was difficult
to establish dynamical equation with traditional Lagrange equation. Aimed at the dynamics modeling of dual-
arm cooperating planar manipulators, a generalized dynamical equation of multi-link planar manipulators was
established and proved with traditional Lagrange equation. Then the additional torque and dynamical equation
of dual-arm cooperating planar manipulators subject to some desired trajectory were acquired based on the fa-
mous Udwadia-Kalaba equation in analytical mechanics field and the above-mentioned generalized dynamical
equation of multi-link planar manipulators. The new approach overcomes the disadvantage of obtaining dynam-
ical equation from traditional Lagrange equation by Lagrange multiplier. The stimulation results of the varying
law of the joint angles and the motion path of the bar prove that the dynamical equation established by this
method conforms to the matter of fact.

Key words: n-link planar manipulators; dual-arm cooperating manipulators; constraints; dynamics mod-

eling; Udwadia-Kalaba equation
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d(xki’xkj) = ‘xki - xkj‘

i,j=1,2,,nHj#i;k=1,2,--,N (16)

BB|I IFRITE x A T HAL TR AT
¥R R s D
=
Jki:n_lj_zld(xki’xkj) (17)
BB, THRICER x TE/FEA TR A AUE
= (18)
1
u;(ﬂ)
WBS IR EAREARN KA THE
x, = i W%y (19)
BB6 PUKCOEGE o MHECH 1 07155

kAR A Y IR 8 8 A5 X ]
[xl X ] :[afk—(l_a)(Mkl +Mk2)
JUERIT o

’

af, + (1 —a)(M,, + M)

o

A My, = £ | max (v) - %,

(20)

;MkZ:(l _f) :

‘mjin(xk/.) -%| 6

PB®T EHE AL, ARG (N+1)4
(IR FEA) FEARB (N + 1) DK E A X
] 8 2% DX TH] SR 32 48, D /R AR X B 3 e A
FE o 1R85 {5 X (8]
[xg,%5) = [20,x5 ] N [a,x5] N N

[xl(wn)o ’x‘;;\'+1)o] (21)
3 FESH
FE1 BRI A X =110.6,10.8,

9.9,10.3,10.4,11.0,9.7,11.2,11.4,10.5,9. 3,
9.6,10.6,10.2,10.9,9.6} , 4k 16 %H .

1) LG MR Ge 1T Iy oK B AR X ]

i B E5 e ik D TE 285 4541, WTRE AR X 1) 34 (8
J7 2557 51 R

16

x= ;xi=10.375
(22)

1 16 B
s = (x, —x)”=0.3847
16 —1; i
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WEAFE 95%, W K508 EXE A 100

[10.0711,10.6789],
2) AR SCT5 5RO €5 8 45 X ]
FIH Bootstrap J7 ik X FEA X R & A, 48

T 4 LHARDIREA QDT

X, =110.0938,10.1938,10.2500,10. 1625,
10.2188,10.4000,10.3000,10.4813,
10.1000,10.6062,10.1500,10. 1937,
10.3938,10.4250,10.4750,10.212 5/

X, =110.2812,10.4250,10.4125,10.387 5,
10.3688,10.5000,10.4125,10.3063,
10.4688,10.3750,10.4813,10.6000,
10.6375,10.3187,10.3813,10.187 5/

X, =110.4125,10.2625,10.4625,10. 1250,
10.5437,9.9812,10.4187,10.3625,
10.2063,10.4938,10.2312,10. 1375,
10.2188,10.2250,10.4937,10.0750/

X, =110.3937,10.3813,10.2375,10.662 5,
10.4438,10.3500,10.1438,10.4750,
10.3375,10.4688,10.4125,10.418 38,
10.3937,10.4438,10.2062,10.493 8|
2.2 5 Ry 2B 3R UK (5 8 A5 95% , U

TS B IR FE A (4 A il R AR A 1Y B A5 DX TR) B

A E AR X R R 1R,

*1 EEANKBEEREXE

Table 1 Grey confidence interval of each sample

FEA TR A 8 A7 XA X A] %
X [10.0055,10.6055 ] 0.6000
X, [10.0433,10.6015] 0.5582
X, [10.1321,10.6920] 0.5599
X, [9.9935,10.5484] 0.5549
X, [10.1110,10.6722] 0.5612
A ] [10.1321,10.5484] 0.4163
XPH R 1 i e A0 K B S X ] 5 4 5

AR GETT I 1SR A AR XA, i) W — FH AR
A UL FERE A R ORI L T, A STk S
FEGEAE AR GE T J7 15 7 SR E AR DX 1] )1 O 45 2%
o I WIEN] T ARSI A A 2. B 1 4
T A G A A il 2R S AR SO R R 8 B AR X
[F1) T £ B9 X LE

P 1 ) A GERE R O3 A1 2 I A AR 2% F
F4ABE R 4 R B R A — AR B S NI 1 ]
L AR 7 3 1) AR S RS (EL G R 9 0 A i 3
S AR TR, B 8 di KA )RR AS BO(EL th B AR —
HE— 2R T AR SO VR I A5 B

Hesh, % T igs il T R R R HE AR X B
PESRAT B K (B AR X ][ 10. 0055 , 10.6055 ], 55

80

EAERE%

60

402 4 6 8 |l0 |3 ]J4 llf: 18 20
HE4X HUE
— KOERXMBMER - (FEBEEs Ak
Bl L ABGERER oA i 4R 5 K € B A5 DX 1) i 20 1
Fig. 1 Comparison between traditional probability distribution

curve and grey confidence interval curve

M E G XM [10. 1321, 10. 548 4 | M Lb, i &
XIS 258 . MM K EFEET, 5H
DU B ook A
HE2 HBUNEARKYE X' =110.4,9.7,
11.2,9.3}, i FRA RS, NHER L 5%
R 7 a4 XA 3, AR SR AR SO K
XAk 3+ 77 s o Bootstrap 77 5 £ i 4 241 AH 21
IINFEAR 53 551
X!=19.9750,9.9750,10.3500,10.3500]
={10.2500,9.9500,10.4500,10.4500 |
X!=19.8750,10.4000,10.2500,10.3250]
={10.2500,10.0750,9.9500,9.8750]
BUIR A8 B A5 B 95% , W 5345 31 7 46 #E A
4 AR R AR B B A X)L e 24 0 A X TE) A
2R
2 BIEANKEBERE

Table 2 Grey confidence interval of each small sample

A A5 X ] X [ B J&
X' [9.7650,10.3545 ] 0.5895
X! [9.9651,10.5099] 0.5448
X} [10.0554,10.6054 ] 0.5500
X; [9.9995,10.5469 ] 0.5474
X, [9.7049,10.2444] 0.5395
i 2K ] [10.0554,10.2444 ] 0.1890

M2 Rl I, Rl RS , AR EAFIX
] 5 FE U/ A 0. 189 0, X [i] B A% | A Xif G B 0 —
P . A/ INFEA R A8 AR DX ) il 2% b an ] 2
Ji s o

MNIEL 2 Ha] UL /N A 1 R 8 A X ) A
R4 I8 T ORE A B 7 2URT AR AT B R R A Y
A DCIR], HEBR AL 15 25 55 PR 3R X 435 SR A 52 )

T [F]FE B /NE A B 25 40, I SCHR[10 ]
RS O s, AR B B K R AE X R Y
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oM R, F B TR IR R G0 VA O ik
0 7 SR B ] 19 06 € 2 £ FE B, U046 6 5
4 e FAEX W 4 FiR .
] L SRR 2
3k [ S~y #4 FABEETHEERE
g é’ FEAX Table 4 Confidence interval of different confidence levels
F 7
§ / A/ % A7 X ] X ] 5 )i
60 75 [1.7946,2.8807] 1.086 1
80 [1.8236,2.8633] 1.0397
920 [1.8720,2.8343] 0.9623
4 . . L . "
00 s =3 e 50 95 [1.8923,2.8220] 0.9297
FEAHLE

2 R A EAF DX £k Xk ke
Fig.2 Comparison of grey confidence interval curves
[9.9793,10.568 8 ] , #H It T3 2 iy & X W],
AN D) BTG, PR, HOR W R A 22 — 2. 55
Ab, ISCHR L 10 ] w8 07 i 3 SR AR 59 K 5 Al TH(E
g 10.274.0, 1 F) A SCH Y 75 3k 5 K (A
THEJy 10. 1499, X L WIS K oAl T T 75 3,
RS B A T A AR 0 3R T A 1) IX
— 28 i IR T 2 B R
TR AR ST i 5 SCHER [ 10 ] HR i O 3 sOE
Z 07 T B X FE UL, 230 H 3T P RR D7 I AR A
B R R EAS XA, sk 3 Fn .
x3 TREEEMAMAEILL
Table 3 Comparison of two methods at different

confidence levels

BIEE/ % ARSI L EAE KA SCEk[ 10 ] 95 vk B AE XA
75 [9.9660,10.5986 ] [8.4074,12.1407]
80 [10.0451,10.5195 ] [8.8740,11.6740]
90 [10.1768,10.3877] [9.6518,10.8963]

WA 3T, 5 R 1 A X W) i 8
it 5 0 K T B 4 2 T AR A T A L [ 7 4 —
A B AKCE T A S5 7815 51 0 8 A Xl
A T SCHR[10] 77 3 T H 5075 B A 8 45 DX ) o,
YRS 17 R SC T 3 A D v R e —

E3 WAELHUSHRB RS D, kT
SRR R IAFAE S TS RN R S
R {EL 5 A G — ()4 Y B S O — o 5 780 T
5, i B S5 e 05 EU AT A 45 AR B T 435 7
S Ao 5 B4 4% 5 RAR ) ) A U 7 K —
ZIBAT 1) 45 AR R Bl 45 ol 13,2, 2.6,
1.3, 1.8, 291, 43X 5 AN 8O0 18 b /e A
BB, SR AR SCIR 7 B AT AR

MR AR T VB 90% B, AR YR 2.2 W, 3t
A5 B 10 KA B AE X R [y, v ] = [2. 0155,
2.808 6. F1IL I, 5 5 A48 £ B % IR
Kb TF B3R DX I R R A 45 R 1 A
90% , T 1] 45 155 TR0 B4y KTk ] 45 18 90%

i 4 WL, BE A BSR4 v, A DX )
TR )N 3k 5 AL e ME AR GE T 45 R OE ALY
BeAh AR A SO 5 1, AT A B UG R A o
FATCRMAE I, IR S Pis .
xRS BENHHAERWUEE
Table 5 Credibility of each output result

4t {E 3.2 2.6 1.3 1.8 2.9

{5 B/ % 53 98 43 69 75

HIE2 5 AT, 50 2 A5 SRS A 5 AT e v 1 mT
5 B8, 28 3 A S gAsE 0 Y o] {5 B e ik X R ik
7 BB xS A A R T A B T W B
fli o FEBE LR L AT AR 95 3K 50 B L TR 4 0 S X
SRRV — 2D B TEA

i bk 3 O E A SCER I R T A
1) /N A X TR T 07 75 B8 % 38 B /B AR X R] A 3
1 H 8 SR GRS TR R RS A
S TR ) 4 B GIE B TAR SO R Y A B
A ROHE

4 £ it

1) B0 TR rh i ZNREAS B 50 B8 /s 5 B
TR BT $ T T R Y N R AR
RG] GE BEIKOITEAL T

2) FE/NFEA X [ Ah 1T 7 vk i 3k SR
Bootstrap i FE LG, 77 A Z AL INEA 5
W A /INEEA I IR 8 A X B) SR SS 4, WD 3R A5 R
RO N T DT = Y 1 R 7 e A
ESGEIRREE SN

3) it 545 G AR R G 7 ki 15 LR E O
4G T OB IR O L UE B T AR SO R A ok
A HM: 7 TR REITAG IR L — 218 5.
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Approach of credibility evaluation for testing system with small samples
WU Yunjie"* ", WANG Jianmin>", YANG Wenguang”*

(1. State Key Laboratory of Virtual Reality Technology and Systems, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
3. Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences, Beijing 100094, China;

4. Science and Technology on Aircraft Control Laboratory, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Aimed at the problem that the small sample test data are lack of information and it is difficult
to use probability statistic method for interval estimation, a novel approach of credibility evaluation for small
sample testing system is proposed by integrating the repeated sampling method and the small sample interval
estimation method. Many similar small samples with the same sample size are obtained using the theory of re-
peated sampling. According to the grey system theory, an improved definition and calculation method for grey
confidence level and grey confidence interval is proposed. On this basis, the common area of the grey confi-
dence intervals of many small samples is calculated, which is the grey confidence interval for the original small
sample data. Under the same confidence level, the above confidence interval has narrower interval width and
higher precision. The rationality and validity of the above method is verified through example simulation,
which provides certain method guidance for small sample data system evaluation in engineering test.

Key words: small sample; repeated sampling; interval estimation; grey system; confidence level; confi-

dence interval
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A3
Iﬁ (st z i R K% 758 TR, dbat 100083)

1 B HABEXUUERAGW S ENLFER A EZBAERE TP 2RALE
7% fixed-priority and Earliest Deadline First by Virtual Deadline (fpEDF-VD ) & 7 i & 4 2 47 4]
Fi, fpEDF-VD £ &4 B B A A XA g YA M EA T @RI HE SR AR, R 5T HE R
RTREHFETATWENA LM E LSS, £ REIATHEE T ERIMNKAREKE R
BELBHERE T RARMHAERARTHEE, SRET M RINAZE T E, 2T EETHE
G (A BAEXM)ESREHEE EDF W H EF R 24 KL G, AR @B EELNFRTE
KREMEZANNAETAEREFR, tERE EA N AR ENR EHAES BN AT EE,
AL AMBEERATHET ZNUR, RIETZ T ENERREGRE, FE LI,
ETHNERESENGELRERX RSN T EZEAERBO T HEMR BB £

REEHENTHEEZELE,

X B W LWARSG; Rex#l; SAEE; 2RAE; REALHEMGKL; THEE

A
HES %S, TP316.2
XERERIRES: A

B {7 BRI R R R L 5 SR 1 AN B
P, AR A 252 I 22 58 F 7K 28 ) BE i L ASE AN
SEORTE R B A, N TIEN H AR HE
e ARG RE T oK, [A) Il A2 ik A =X S IR R 48 %
AR E R st H AR (Size, Weight and Power,
SWaP) 45 2 Jy 1 (1 BR 1, 7E 498 — i L= 58 P &
EREZRORE RGEUIREC £ iR A S
RGN K T 2 A% Ak B A R Y
A e HOR UK e, TR A% RRE BE 42 TH Ak B % M RE I
() IR, A Ay 52 6 2R 8 1) 25 5 B Ak e i B ik 1
F & 3

SR, AN [F) Ty BE I FH X 5% 48 1) i SR — A
AR Hby DA AIE T K A A X0, L G 22 4 5C B v H
T35 28 5 B g A IE AL # ( Certification Authorities ,
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MHAT I (8] ( Worst Case Execution Time, WCET)
5], CA 15t () WCET £ 114 v] g iz iz K T 1%
S IE R OLT B PRATIFTA] o XoF 733 o AN [] O B 4
TR iy “ IR & LM RS (Mixed-Criticality
System, MCS) , S 9 JB 1 Al {5 1 DA GIE 45 ) i 5
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Vestal ™ 5 JE #8278 A& DG HEE R 48 rh i 52
I AT 55 9 B2 )l , AR5 B AT 55 B 24 TR
DLBRAT I E] I 51 T IR & SC B PEA RAT 55 B8
ZJa, REWMPSE TAEHR A RNR G P R 580
JE ) v, O ELIR B T AR 22 B4 BRAR AT 55 e
Sk JLrR Baruah %67 A B R 1L
1E A 5 (Earliest Deadline First by Virtual Dead-
line, EDF-VD) 53 & 4 it EDF 3/ 1R & O it
PEZR 8 v 3 NPT, LA R n] i Xk R B
BEIRA) AR B TH 3R R AT AT 55 nl e HE M A
) 52 2% LAY, A T S AR 2R o7

B 22 b R A% 7 & i TR A OC B M O 1)
5, Mollison 45" 31 W T 56 56 Sk 334 1 5 %
I3 BC I 43 2 8 B B v, i BRAT: 55 1) G B M 20
R BIAE 3 X, SCHR [ 12 18P 58 1 2k 7 [
SE DI 5 9 VA 3 R0 B R o3 98 B T R, X B A T
AN TFAT: 55 400 J 9 W 0F 8] 2 1R BE A4 52 I T SR
CI3JAIESE 1 ik T 8l 25 000 5 90 ) 5 5300 9 ) 2
JEETR) 8, Fu v 2R 8 78 O B M A5 =X D7) 46 1) Xof 5 AT
5 SEIEATE BRI 4 o Pathan' AL G (IR A D
B ) 1Y 4 R [ E OGS RO R T R BN A D
SRR G D B T T AR IR 0 ] A AT
P47 97 5. Li A0 Baruah' ™' 4 FF 5Y T AT iR
EDF-VD Bk 7E 2 4 BLAS V- & iy 97 &, 43 5l $2
2L T EDF-VD ) 42 J&y 9 B2 55 12 F0 &) 43 o
78

(EAFEE R, SCER L 1S ] iR &5 Rt 2 )R
] B SRS T AL PR TR G O Bk A 5 O
[t EDF-VD 553 R A% 45 (AR TR 4 DG ) 1T 55 4
J7) V8 B B ¢k fixed-priority and Earliest Deadline
First ( fpEDF )" gE A o T8 F Rk K i
4 fpEDF-VD, FIJ{ fpEDF 553 3 F 9% YA il R
6 AT 3 B8 M 4%, Li Al Baruah'™ 45 T fpEDF-
VD S50 0% W b oR] E R R E J7 vE . SR, BIF SR
RIIZTT A RE A R A 5E & ge ] P, BSC
TR L 1S ] v o2 56 25 SR A7 A2 22 5 o B0 3 b ol B &%
Jrs RV, A SC3E 2o R AR 0 1 B0 5 AN ) G B
GO FR G U B oK, TE I BE R b B — b
FEORE B A R T 0 DR A 3 A ] o R A E Tk
IR S EA TR T T B .

1 RFERBEEN

AT 25 IR A S B PE SE I AT 55 R G A Y B
ARE SC, I A AH 5C 1) FE AR AR B R 2
1.1 BEXEERS%

BOE Z A IR ER T 6 Hom A FAT E S Y W] AL

IO e K I = {m 1 <i<m]| ., BE KM
PEAT 55 R G0 5 Oh H — 41 BRECR: LA B S7 /Y
RA ML TSR ES T =7,
I<sisnl, Hrp BT 5 #08% 7= A AT BT BB ROT
14 G BR A VR A DG B MR VR 3 5 o (R AT S5 B AT
e Lk 3, T e AT

TR G OGS R A 8 AT 55 B R S A5 S il R AT 55
B — e b &, AL S5« — oo 4
(T, D, &,C)Hik, & u R 1 H k& X
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1) T, e N" /R AT B W4 3% 52 B AR M 18] 1)
S5/ IN i 8] i) B, B FR AT 55 JE 30

2) D, e N" NATS5 XTI IIBR e D, =T,

3) & e 1,2, K| FIRAT 55 1 BE e O
G, e & B R AT 55 10 5 5 M g )l i, 3L
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GLOBAL-MINMAX :
Input: Mixed-criticality task system /" to be scheduled
on m processors by fpEDF-VD
Output: Schedulability decision
Step I:
If the regular task system U {(Ci(&), T} is deemed schedulable
on the m processors by fpEDF according to Theorem |
Return schedulable
Step 2:
Locate positions of points 4.8.C;
If line segment ABC intersects XYZW

Find the intersection P of ABC and XYZIW ;
Determine x, from P;
Else
Return unschedulable
Step 3:
If line segment DE intersects XYZW
Find the intersection 0 of DE and XYZW,
Determine x> from O,
Else
Return unschedulable
Step 4
If X =X,
Return schedulable
Else
Return unschedulable

P4 TpEDF-VD 5 o T I b 7ok
Fig.4 Schedulability testing approach for fpEDF-VD algorithm
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Table 1 An example of mixed-criticality task set (m =2)

1% T, =D, & C. (L) C,(H)
7 100 L 17 17
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T 100 H 6 45
s 100 H 9 42
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TaskGen : //Let w{a.b) return a number uniformly drawn from [a,b]
Input: Generation control parameters: U, P .U, U,, R, R,
Output: Random task sets
i=0;
§,=0.// Current value of U
§,=0:// Current value of (I/"+U})
Repeat
i=itl;
u =u(lU, 1)
u=u fu(R , R,)
¢=Hwith probability P
If(¢=H)
u(Hy=min(u, . U_-S, )
8, =S, Fu(H):
u(Ly=min(u, U =S, , u,(H)),
S, =8 +u (L),
Else
u(LyFEmin(u .U =S, ).
§,=8,+u(L):

Until (max(S, , S,)=U,,)

L~ H
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Fig.5 Random task sets generation method



1924 G| A T N N R 4

e R

2016 4F

R,] E¥15) 534 o
4.2 HEREHSH

6 45 T 6 R[] 4b B 2% F 5 BT 55 4 S
BIECE T, Bk 4 FhowT I8 B2 v R O ik 0 BEAILAE:
BT L R EL g R o B A R R R
WACAE S5 SR AT A Up/m, YU 4 32 A 3R 7R 2D
A BE AT 55 S A0S A U BT S A B A
oo X5 TSR] 09 4T 55 4 ) T 56K, 18 v 44> 2
P S AR I F 10 000 A~ BE AL A= BAT 55 4 19 G2 1T
45

M6 Rl LR B, AR SC Y RO B R
EJ7 ¥ GLOBAL-MINMAX ) ] ¥ B 1 €k T ¢
BRL IS e iy 7 v 16 ) Ak B 25 °F & BOAS Rl 4T 55
RSB E T W BEAA SRR, flan, 7E

12
5
L
H
0 I L I 1 ﬂ":-i'l'-;-:-._-_-_'-‘:_... -
0.30 036 042 048 054 060 066 072
e RGEFI
(a) P=0.3,U;=0.05,U,=0.75,R =1,R,=8,m=4
1.2
&
X
k-
0 .j’ﬂ.".;‘-.‘i--_-.--......
025 031 037 043 049 055 0.61
5 e RGEFI R
(b) P=0.3,U,=0.05,U,=0.75.R =1 R =8, m=8
1.2
4
oo
]

0 B ‘-":-'Té:"- Ry

0.30 0.42 0.54 0.66 0.78
H--fLRGFI S

(€) P=03,U=0.05,U=0.5,R =1 R,=4 m=4

-= GLOBAL-MINMAX J5 i ~ GLOBAL Ji ik
~+ GLOBAL-PRAGMATIC Ji i -+ REGULAR-EDF Ji ik

F 6 ANREMESEERSET 4 Bk k2 R I
Fig.6 Acceptance ratio comparison of four approaches with

different parameters of task set generation

K6(c)h, BAEFHEMME Uy/m =0.5 wf, Lk
4 Ffal 3 B2 ) S O 5 B 3 32 RO R B R 0 i)
4:0.526.0.431.0.360 F10.274,

BEAh , I 6 (e ) hal LUB 7 - A7 28 26
'~ GLOBAL-PRAGMATIC Jy 3% iy nl i J& 1 RE A T
GLOBAL J5 ik, WA LE15 B0 T WSS RAM . X5
BT IAT B B8 7 AT 4518 — B, H 4 ad 5 3CHk[15]
VR SEU , UESE HE S 9 20 B AN 08 4 T, 23 Hh A et
45 R AL T RS R A9 BT 4R BB, R GLOBAL-PRAG-
MATIC J5 i 74 LF GLOBAL J5i% .

5 & it

A S5 2 Ab PR AR V- 3 1R & B 1 42 SRy 1A JEE
51 fpEDF-VD Y n] 8 B 4 70 A7 7] B2, 75 73 B 2K
A AT JEE A ) R T ik I R B B S R B SR A L
SEML T LAR AR

1) R ok B8 1 A5 o0 T 412 8 e a2 0 T 9] 32 )
E ¥ GLOBAL-MINMAX

2) 3@ S oy B AR LE S UE T % 05 7 B9 1E
A A R

3) SEHRAER S HIE T — B, R P GLOBAL-
MINMAX E A7 50 ) ] 34 B2 VR fE

2% ik (References)

[ 1] BARHORST J,BELOTE T,BINNS P, et al. White paper: A re-
search agenda for mixed-criticality systems:88 ABW-2009-1383
[R]. San Francisco; Cyber-Physical Systems Week,2009.

[ 2] BARUAH S K,LI H,STOUGIE L. Towards the design of certi-
fiable mixed-criticality systems[ C] // Real-Time and Embedded
Technology and Applications Symposium. Piscataway , NJ: IEEE
Press,2010:13-22.

[ 3] VESTAL S. Preemptive scheduling of multi-criticality systems
with varying degrees of execution time assurance [ C] // Real-
Time Systems Symposium. Piscataway, NJ; IEEE Press, 2007 ;
239-243.

[ 4] BARUAH S K, BURNS A, DAVIS R. Response-time analysis
for mixed criticality systems[ C] // Real-Time Systems Symposi-
um. Piscataway ,NJ:IEEE Press,2011:33-43.

[ 5] BARUAH S K,BONIFACI V,D’ ANGELO G, et al. Mixed-critical-
ity scheduling of sporadic task systems[ C] //European Symposium
on Algorithms. Heidelberg :Springer Verlag,2011:555-566.

[ 6] BARUAH S K, FOHLER G. Certification-cognizant time-trig-
gered scheduling of mixed-criticality systems[ C] // Real-Time
Systems Symposium. Piscataway, NJ:IEEE Press,2011:3-12.

[ 7] GUAN N,EKBERG P,STIGGE M, et al. Effective and efficient
scheduling of certifiable mixed-criticality sporadic task systems
[C] // Real-Time Systems Symposium. Piscataway, NJ: IEEE
Press,2011:13-23.

[ 8 ] BARUAH S K,BONIFACI V, D’ ANGELO G, et al. The pre-

emptive uniprocessor scheduling of mixed-criticality implicit-



£

9 ]

WREE: , 45 - DOt Y 2 b B TR O R 2 2R 00 W R R A 0 A

e R

1925

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

deadline sporadic task systems[ C] // Proceedings of Euromicro
Conference on Real-Time Systems. Piscataway, NJ; IEEE Press,
2012 :145-154.

PONTUS E, WANG Y. Bounding and shaping the demand of
mixed-criticality sporadic tasks[ C] // Proceedings of Euromicro
Conference on Real-Time Systems. Piscataway, NJ; IEEE Press,
2012.:135-144.

PONTUS E, WANG Y. Bounding and shaping the demand of
generalized mixed-criticality sporadic task systems[ J]. Real-
Time Systems,2014,50(1) :48-86.

MOLLISON M S, ERICKSON J P, ANDERSON J H, et al.
Mixed-criticality real-time scheduling for multicore systems
[ C] // International Conference on Computer and Information
Technology. Piscataway, NJ: IEEE Press,2010:1864-1871.
KELLY O R,AYDIN H,ZHAO B. On partitioned scheduling of
fixed-priority mixed-criticality task sets[ C] // International Con-
ference on Trust Security and Privacy in Computing and Commu-
nications. Piscataway ,NJ: IEEE Press,2011:1051-1059.
BAEA M, TE%, % ZAMEBREGCBERETH
053 R BE S [T ] R4 41,2014 ,25(2) :284-297.

GU C C,GUAN N,YU J M, et al. Partitioned scheduling poli-
cies on multi-processor mixed-criticality systems[ J] Journal of
Software ,2014 ,25(2) :284-297 (in Chinese) .

PATHAN R. Schedulability analysis of mixed-criticality systems
on multiprocessors| C] // Proceedings of Euromicro Conference on
Real-Time Systems. Piscataway ,NJ:TEEE Press,2012:309-320.

LI H,BARUAH S K. Global mixed-criticality scheduling on mul-
tiprocessors| C ] // Proceedings of Euromicro Conference on Real-
Time Systems. Piscataway ,NJ :IEEE Press,2012:166-175.
BARUAH S K,CHATTOPADHYAY B,LI H,et al. Mixed-criti-

cality scheduling on multiprocessors [ J ]. Real-Time Systems,

2014,50(1) :142-177.

[17] BARUAH S K. Optimal utilization bounds for the fixed-priority
scheduling of periodic task systems on identical multiprocessors
[J].IEEE Transactions on Computers,2004,53(6) :781-784.

[18] GOOSSENS J,FUNK S,BARUAH S K. Priority-driven schedu-
ling of periodic task systems on multiprocessors[ J]. Real-time
Systems,2003,25(2-3) :187-205.

[19] BAKER T P,BARUAH S K. Sustainable multiprocessor sched-
uling of sporadic task systems[ C] // Proceedings of Euromicro
Conference on Real-Time Systems. Piscataway ,NJ:IEEE Press,

2009:141-150.

fEER N
BREE B W LWiRA . EEOR I SR T RGN
EIEED

Tel. : 010-82338712

E-mail: chenyao_kevin@ 163. com

==l R L S T s 30 O A IS Rl A A N S R
R INE e
Tel. : 010-82338894

E-mail : qiaolibuaa@ 163. com

&% B WLRA. EEIRITW SR T RE LRI
HHLM %

E-mail : lujun217@ 163. com

RRAES UMb B R SN B RS Tr AE

TEEG RO S AR R A R S AR
Tel. : 010-82317202

E-mail : hgxiong@ buaa. edu. cn



1926 Jbom M= R R ¥ R 2016 4

Improved schedulability analysis for multiprocessor mixed-criticality systems
CHEN Yao, LI Qiao” , LU Jun, XIONG Huagang

(School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: For mixed-criticality systems implemented upon multiprocessor platforms and scheduled by the
popular global scheduling algorithm named fixed-priority and earliest deadline first by virtual deadline (fpEDF-
VD), the issue how to determine their schedulability is studied, addressing the concern of multiple certifica-
tion requirements. According to f{pEDF-VD, the task’s priority is determined by the combination of task utili-
zation and virtual deadline, and the schedulability of the system depends on the existence of valid scaling fac-
tor for virtual deadline tuning. Considering that current approaches only verify finite scaling factor candidates,
an improved schedulability analysis is proposed, which is capable of determining the feasible region of the
scaling factor accurately. This approach investigates schedulability requirements at different criticality levels by
exploiting the function graph of the schedulability condition derived for the regular ( non mixed-criticality )
fpEDF algorithm, and on this basis provides the accurate range of the parameter for tuning virtual deadlines.
An illustrative example is presented to demonstrate its validity and efficiency. In accordance with theoretical
analysis, extensive simulation experiments with randomly-generated task sets show the dominance of the pro-
posed schedulability analysis over the existing ones in terms of acceptance ratio.

Key words: real-time system; mixed-criticality; multiprocessor; global scheduling; earliest deadline

first; schedulability analysis
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Table 3 Planetary carrier plate fatigue crack

propagation life

S/ N/ n./

B F%5 o/mm D/ %
(10°Pa) (10° ) (10* )

1 0 1.100 6.938 390.2 56.23

2 8.50 1.378 4.948 52.65 10. 64

3 17.00 1.656 3.756 26.79 7.13

4 25.50 1.933 2.976 16.42 5.52

5 34.00 2.211 2.433 11.10 4.56

1 6 42.50 2.489 2.037 7.988 3.92

7 51.00 2.767 1.738 6.010 3.46

8 59.50 3.045 1.505 4.674 3.10

9 68.00 3.323 1.321 3.733 2.83

10 76.50 3.601 1.171 3.043 2.60

/Nt 522.6 100. 00

11 85.00 3.876
12 88.00 6.435
13 91.00 8.994

.049 22.03 21.01
.4901  10.03 20.47
.2966  5.925 19.98
I 14 94.00 11.55 .2037  3.973 19.50
15 97.00 14.11 1509  2.877 19.06
/N 44.84  100.00

© o o o =

16 100.00 16.67
17 111.25 17.48
18 122.50 18.28

0.117 5 3.261 27.75
0.1095 2.816 25.72
0.1023 2.456 24.00

i 19 133.75 19.09 0.09593 2.161 22.53
20 145.00
/it 19.71 100. 00
At 587.1
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Fig.9 Comparison between calculated and simulated
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Life prediction of helicopter planetary carrier plate fatigue crack propagation
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Abstract: Planetary carrier plate (referred to as the carrier) is one of the most important components of
a helicopter transmission system, and its reliability is critical for the helicopter flight safety. Subjected to a va-
riety of factors, the development of the carrier fatigue crack fault is difficult to be diagnosed or prognosed. In
order to predict the fatigue crack life of the carrier, crack fault mechanism is studied and a log-linear method
is developed in this paper. The crack propagation process is discretized by combining the Paris law with Miner
rule, then the fatigue crack damage is accumulated. And the value of the cracked carrier remaining service life
corresponding to different crack length is obtained. Calculated numerical results are compared with simulation
data using the commercial finite element software ANSYS Workbench fatigue life calculation module, which
validates good accuracy and effectiveness of the developed method in predicting the remaining life of a cracked
carrier.

Key words: helicopter planetary carrier plate; fatigue crack propagation; remaining life prediction; log-

linear; Miner rule; cumulative damage; Paris law
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Table 2 CTOA_ estimated from quasi-static tensile test

s CTOA,/(°)
AL-02 3.00
AL-03 2.84
AL-04 3.08
AL-05 2.99
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Table 3 CTOA, estimated from CTOD-5; method

gy CTOA,/(°)
AL-02 2.89
AL-03 3.06
AL-04 3.02
AL-05 2.81
AL-06 3.11
AL-07 2.93
AL-08 3.00
AL-09 2.97
AL-10 2.95
S ¥ { 2.97
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Critical CTOA measurement based on quasi-static tensile test

LU Longkun', WANG Shengnan'*, WANG Zhao', SONG Enpeng’

(1. School of Aeronautics, Northwestern Polytechnical University, Xi’ an 710072, China;

2. AVIC Shenyang Aircraft Design Institute, Shenyang 110035, China)

Abstract: In order to find a more simple and accurate measurement critical crack tip opening angle
(CTOA,) method and promote CTOA criterion’ s application, measurement methods of material CTOA, were
studied. The relationship between two different crack tip opening displacement ( CTOD) definitions has been
derived from CTOA’ s properties and CTOA, estimation method proposed by Goteborgs Kungliga Segel Séllskap
(GKSS). Upon the relationship, a CTOA_, measurement method based on quasi-static tensile test was pro-
posed, which is equivalent to but simpler than GKSS estimation method. In order to verify the validity of the
proposed method, static tensile tests on 7B04 M(T) specimens were performed, and the 7B04’ s CTOA_ val-
ues were estimated by the two methods above. The results show that only 1% discrepancies have been ob-
served between the two CTOA  values. In addition, plane strain core model and plane stress model on speci-
mens were generated in elastic plastic finite element, and the simulation results have coincided with test re-
sults.

Key words: critical crack tip opening angle (CTOA ) ; crack tip opening displacement (CTOD) ; qua-

si-static tensile tests; plane strain core model; elastic plastic finite element simulation
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Composite control for electric dynamic loading system based on
fractional order iterative learning

LYU Shuaishuai, LIN Hui"

(School of Automation, Northwestern Polytechnical University, Xi’ an 710129, China)

Abstract: To solve the problem of surplus torque, a composite torque controller is proposed for electric
dynamic loading system where the position and torque closed-loops are applied for feedback control and the it-
erative learning control is applied for feedforward compensation. To improve the dynamic response and reduce
the complexity of the system model, direct torque control is used for the permanent magnet synchronous mo-
tors. The mathematical model of the electric dynamic loading system is established in frequency domain. The
traditional PID and iterative learning control are replaced by fractional order PI'D* for position and torque
closed-loops. Fractional order iterative learning control is used for feedforward compensation. The dynamic re-
sponse and robusiness of the controller are enhanced owing to the information memory characteristics of frac-
tional order calculus. The convergence conditions of the fractional order PD-type iterative learning control are
presented through theoretical analysis. Experiments on the loading torque with sinusoidal and trapezoidal wave
torque and testing of the surplus torque suppression were performed. The experimental results prove that the
controllers are effective in achieving a better torque tracking and restraining the surplus torque for the electric
dynamic loading system.

Key words; electric dynamic loading system; fractional order PI*D*; fractional order iterative learning

control ; surplus torque; high precision torque servo
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Bio-inspired navigation method based on constraint strategy under
geomagnetic abnormal disturbance

LIU Kun, LIU Mingyong”“ , YANG Panpan, LI Hong, PENG Xingguang

(School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: The abnormity of geomagnetic field will form an extreme value region in the navigation space and
disturb the magnetotaxis behavior. Such abnormity will cause the searching based bio-inspired geomagnetic
navigation to fall into local minimum, and make the vehicle lose its navigation direction and fail to get out of
the abnormal region, which leads to the failure of navigation behavior. In this paper, a navigation method
based on behavior constraint strategy is proposed by expanding the exploration scope of vehicle under the con-
strained searching behavior, and the vehicle is then forced to get rid of the disturbance of abnormal region and
get into the normal geomagnetic field. The statistic characteristics of magnetotaxis and convergence state of
multi-objective functions are utilized to construct the trigger and termination conditions of behavioral con-
straints, and better historical data of magnetotaxis are taken as the constraint behavior. The evolution popula-
tion is updated with the movement of vehicle and finally leads the vehicle to get to the target position. Simula-
tion results show that this method can effectively overcome the abnormal disturbance to the bio-inspired geo-
magnetic navigation and enhance the success rate of autonomous long range navigation.

Key words: geomagnetic abnormal field; bio-inspired navigation; multi-objective optimization; evolu-

tionary strategy; magnetotaxis

Received : 2015-09-02; Accepted: 2015-11-13; Published online: 2016-01-05 11.16

URL : www. cnki. net/kems/detail/11.2625. V.20160105.1116.004. html

Foundation items: National Natural Science Foundation of China (51379176, 51179156, 61473233)
* Corresponding author. Tel. . 029-88493006 E-mail: liumingyong@ nwpu. edu. cn



2016 4 9 H
$424 49

tEMEMRKEFR

Journal of Beijing University of Aeronautics and Astronautics

September 2016
Vol.42 No.9

http: // bhxb. buaa. edu. ¢n
DOI. 10.13700/j. bh. 1001-5965.2015. 0583

jbuaa@ buaa. edu. cn

MEEZNNSTETEmERFZITRAE

EH, FRRC, B, TR

(L. PEde Tk R B ) SReIRBe, Pi% 7100725 2. Wit Tolk PY 22 it s 3l Ji 4= d R A PR R, 7522 700077)

i B AHMEAGNAEETIETH SR ERE G ERM BRI FEA, &8 T —
HRANAERERE(UTERKQEXR) AT THELA. 846, HATLZEEKQE
EHESNREESRAEE ATMALIANN LR AL E BHELEHAFURENES SR L
PATT KQ #H Bt e kit sy KQ B4l &, 54 TREMTIAFMRAT R E LMo
MR AT I KQBHERSEARANRE, EEAH TN MK A RE ., THRWH &
N ERBEFHNH GARREDSNEBREAEMRAXANAEER 21 FEF M,
HRASNEHER, XA AL AL R ERE B R KQBHERITURRAHE Y E W0
Rt m KQERBHITELBRIALA BB A Iy £ X & KQ R a ®Hl BT %,
H#THERE, FAEREN, AT ALAGT, URBEREMHEERSERANI NN KE
T EBES SN EERE, B EAH BT Is, Ba®m/AT 6%, ¥ & KQ # 4 &
HEEMERGERTRASFHT ARAEE T ER2 TN KQ R G &L AR g, i
BLAZARBRA AN 2L EERNEREK,

x & A
%-F hE4SESE. V221°.3; TB553

MERARIRED: A

Bl R S AL KRB LA Tk Yy
TS & J 4 i Bh 24 A 78 TR M T T o B e
o N 28 M A T i R R AR 2 A Z ik 5]
G WA 2 skt B, Y HF
ZENNEETZITRT 2 REMHIR" .
T I Ji 1) 22 b 22 A8 1t 43 ) 0y 10k 1) 3 ] 4 02 41
HE B A 2% 2 68 ) fif e A 2 4 il 1) 2L, (H
R 1 B i R BB T AR T IR T RN B
P (AR 4 B AR &, Tk S BRI
AT 2 K ML 4k T 19 2 A48 45 1 Oy VR 5T
50 A

20 4 60 4R35 [F 2% % Rosenbrock 45 {5
R T 28T RGEEE 5 R Z R 12
T X AR S R T B S H AR

WER A R EES; KQ ®mH H ik

o R B

XE4HS: 1001-5965(2016)09-1958-11

AWSE I T R 5 3 2 KT R Z
AR R R, 0 Ang 50X PID S HEAT T
LSRR R BT 5, 32 1 T PID %48 4% o 40 1k
I TR . Meng %80 25 T L7 B P ) &
G2 X4 2% S B0t A B — Bl 11 17 R4 B
¢ . Ding F1 Yang'™ Bt XF 28 1 8 # R 48 F 2 b
WIEAT TRFSE. I N2 S S HEAT T A G B
55,0 e % S L NSGA B % sl M i ik 47 T
LQ/H, &4 T Z A/ EH it R, &%
B OV g T — S L ART T R A o R % 3
DL s B bl B, s B s S 05 R
SIMLZ AR A A R, 2 T A P A R 4 ) A
BT %5 . el UL, 3T 47 R 14 £ 24 DO T
A EE X Z2 A8 i 45 I R S Pl A e s ) In) @k AT

WFs HHEF. 2015-09-08; A EHHI: 2015-10-19; M4 H ARATE] . 2015-10-22 1940
M 4& H R b4k : www. enki. net/kems/detail /11.2625. V.20151022. 1940. 003. html

= BWAEE : Tel. ;. 15934885210 E-mail: lihuacong@ nwpu. edu. cn

SRR 2%, FEE, RIF, F MZAXINEEEERGZEHNERITRGE]]. MEMEAKX A FFM, 2016,42(9) : 1958-
1968. LIJ, LI H C, XU X, et al. Multi-variable variable gain controller design and simulation based on aero engine [J ]. Journal
of Beijing University of Aeronautics and Astronautics , 2016 , 42 (9 ) : 1958- 1968 (in Chinese ).


Administrator
新建图章

http://www.cnki.net/kcms/detail/11.2625.V.20151022.1940.003.html

559 1

AL R

THESE 3 M, IR B T — 8 By R . A XA
KL KQ #fl, HAh2 4 Liit " fl Boje' ! 4
YE T RS, W AH L E A8, B N BBE A LT 15
TR AR X A, e Tk Ry R B X KQ
P A S B AT T 3 M, DA R R kBl AL
RS S T RS, OF B R — S AT
TR AR OB, T S — 20 R R A T AR,
KQ 53k 5 HoAth 77 1% 40 Eb , BB 65 A R0 R AIC 2 1 45
Bk, HAR TR 22 24 10 H ad I 3Rk 55 1R T 1
S LIRS T ECE | E = ;- (IR D2
P B 4R R Kk B ML AT R IR M BRI I AR R
AR B AR SCHEAT T A U T U 3 TR
HHER R B & B HL £ 48 i KQ 78 3 25 4% 1l
it 5 N A .

1 KQ ZEEEFHITTIE

1.1 KQ EARFEE

BT LR AL B KRB G 2 [ xm
e A LA R AR R mo A AR R R R AR
B PRECIE K Sy omox L 4, WS BR 2R 480 I BR A%
bR B Sy
T=GK(I + GK) ' (1)
SV LY BSR: N iviEl 12

IR AL 3k SR B S T, , AR, T T, W 2
SEES N QAT L

T =GK,(I +GK,)"' (2)
BV BT 300 B A 1 4% K, N R
GK,=T (I -T,)" (3)

WAR K AT KW T 5 T, Z A7 75 25
E S 7% bR BCA

E=T -T (4)
WA K, A1 K Z 8]0 22 5, A XESE S
E=(I-T)(GK, -GK)(I - T, (5)

WA E WIS E | R85/, B0 K fE 45 b 1
WK, (S) i TR T, R, 143
E=(I-T)(GK, -GK)(I-T,) +o(|E|*) =

(I-T)(GK, -GK)(I -T,) (6)

MR8 28 (6) i ] 31 4% 46 SR BL K, 3
K3 (6) Bk
E~B(s)G(s)K,(s)B(s) ~B(s)G(s)K(s)B(s)~
N(s)
d(s)
W(s) —A(s)N(s)B(s) (7)
fie E i) R BB /MBS B ARTE E i

W(s) - B(s)G(s) -

*B(s)=

2, % B2 i 0 R 0 1959
—WAEHY
|E2 = [wlE"(- o) E(jo) ldo (8)

-

WHAE o H - o £ + o I AE /B Nk
$E I 2 SR TP 8 A A S 3KORE T 5 7 R
2 [R) RRP SRy A 2P fR /N e )
1.2 KQ &%

W2 (7) Ay Fe/ D AR AR =X, B
n(s) =X(s)v + &(s) (9)
APy (s) HE I & X (s) HE R ;v AR
M HE e (s) I 22 ) i,

(7)) i, W(s) (N(s) HLE(s) #JE m 4>51
w5 2H B P O
W(s) =[w, (s),w,(s),-,w,(s)]
N(s) =[n,(s),n,(s),,n,(s)] (10)
E(s) =le (5),e,(s),,e,(s)]
Krfeow, (s)on, (s) M oe, (s) 73 5 0 #g RHE B
W(s) N(s)HE(s) 5[] 4

5| A Kronecker f2 77 ¥, J§ ® {83 Kronecker
KBz HE, K (8) W& AS w40 B L T
HEZ Bk Ry bR ifE =

Horr, Kronecker B 1 & SC: X T W 4> JH P
P=(p,),., M Q="(q;),,.,P F Qi Kronecker
B

mllQ rnQ - p,0Q |

Ll

PRQ-= gzlg p2z.Q pzth g
] : : . O

gplQ P,;zQ P,,qQ L

R $E Kronecker 158 X Fl Kronecker F5 [ 4 /&
fif ke KQ 2 il 25 19 S B AR AL W 7] 8, & vec (n) hy
BRI n BH) P, vee R NPT HE T

Ijllj
ve n :% ]
C ? 1

h=(7) 13
W(s)=A(s)N(s)B(s) + E(s) (12)
B hr B iz 5 AT 1
vec(W(s))=vec(A(s)N(s)B(s)) +vec(E(s))



e

1960 dboBOM A K K ¥ R 2016 4
il o S’Hs +ops’T e 5
% ¢ )@vecw IN()B(5)) + E( )Dm) B 1 "+ o™+ + 00 5

: O O
El o (D O L H B + ol 4+,
@va BB %(s)%g:g%’” 0
XA R |:|2. %D.EDO 1 1 )E
: ,, O %mzs’ +u,s" + + 0,
vec(A(s)N(s)B(s)) = =| Ho" o O
I__'LI(S)DD ot tl
vee(A(s)N(5)b,(5) , A(IN(5)b,(s) oo, o og, ] =
|f]( )N(s)bID %F.US O s oS + + vy, 0
(5)N(s)b, 5 H Hg 5
AGHN()B,(5)) -% . as = TR =
=
[&)N(m EX3(s) N
A(S)N(s)b =A(s)N(s)b, +A(s)N(s)b, + -+  2(s) =
A(s)N(s)b, = Ifly s 1 O
| V. p-1 [l
Iﬁ”l:l 0 s s 1 0
O] O O
A(s) - e %Wﬁ (] O
(s) + (nm,n,, a”z)D: 0 O O lI:I
O O
0y O ]
A(s)n, + b, +A(s)n, by, + - + . (s) O
O, O
o O mﬁﬂgzuw
% O Cl. Ll
A(s)n, + b, =(b.A,byA,- bA) 3 H H
I:ll U |gz(s) L
O O
U s
(b,A,b,,A -~ ,b,A) - vec(N(s)) v=[v?1 ”:1 v’,)m]T
[ & A 1t
ﬂnA b, A b,A W(s) =[B"(s) @ A(s)]3(s)
I:I T T T T
Vec<A<s>N<s>B<s>>=§fA S [nm S CHORHORSRTION
%:A b:A b:AE E(s) =[e/(s),e,(s), e/ (5)]
" . ! M (15) 4k =0 (9) bR s =X
vec(N(s)) =(B (s) ® A) - vec(N(s)) Bszjw,,i=1,2, 0 0 A p(s) X (s)
Hi b AT (s (9) & ) IR (17) 3T ],

l( ) 1(3) 1(5)

2 E% o E% . E% HsHZ=|\EH§2¢§1£¢(-jwi)£(jwi) (17)
%() B 8 A 105 25

O O: OO: O Hor 20 (17 ) 09 b i fie /N — e i oy

O O° Ogd° O L .
E%,(S)EJ Lh,(s) L4, (s) X (-jo,)

(15) !?:[[XT(—jwl),"',XT(—jwﬂ)]%v : % X

e X'( - jw,)
n;(s) :v?js” + v:].s”’l +oee (16) I__TVT( - jo,)
Kofap WIER R, H o 210 ny, (s) 1908, B [X"‘<—jwl>,---,X"‘<—jwu>]E : %
ny, (s) BUCBOR TR o 3X A BB A 234 ok BR 1, P L' (- jw,)

Hoog(x=1,2, P)EALAE,
AR g (16) AT 15

N ARSI SHUE, SIA AR EN Im [V} =
0, i



AL R

-1

ﬁT(_jwl)
1?:{Re[[XT(—jwl)""’XT(_jwﬂ)]E : %} X
I:‘l’vr(—ja)u)

(- jo,)
Re{[Xw(—jah),'“rXT(—jw#)]Eg : E%
Ly (- jw,)
(18)
AT L L85 36 0 A5 AR A E O T 280
kv B E |, SR s — %, 7T L
$o ik B R ROR AR 1D
(I-T)(GK, - GK)(I - T,) =
(I -T,))(GK, - GK)(I -T,) +o(|E|")
(19)
430 (19) Frig Ml 8 0 K, I e 5 —
e
K. =K, + (AK), (20)
SR TS 7 4 ) 28 0 DY B 5 60 BI040
ET AT, %

E =T +T, (21)
Wy H (5 ) AT :

(I -T)G(K, -K)(I-T,) =E, (22)

(I-T,)G(AK) (I -T,) =E,_, (23)
BE T, =T, PR LI (22) A (23 ) AH I

IEIEES

(I-T,)G(AK),(I -T,)=E, - E,, (24)

K (24)HBR T (AK), F1 E,., W35 4h, H Al
AR R T M. 8 (AK),, DL fE
VE., |l, Jft/No 3 FE 18 IE 2 il 50k 5 125 1
ARCESE ol E(24) MO8 B EE T AR T B
kAR
1.3 ANEAE RBUEE

BEXTZ N n i A n il R G, B &R
GeAl b RBUEBE N n HEHFE . R T 52 B0 P14
TG54 AR A0 0T A A% 35 bR 0 S S )
B P IR 3of R RSO o O 3 B O X A B L [N B
P A A2 328 bR BB R 1 B — JT 3R 0, 45 K 00 RS ] g 1
B[R] B 2 R ) R e PR e SR e IR RLAE s
ST R A N S A — e PR gLl R 4y
T, B AT 356 5 P A 40 B A% 34 pR

HR A8 28 G0 2k P HU02F BERL 1Y) TC 95 & 0 A
PR SHHE T ) N R SR P A R e LA R A I AR
fiE BB R GE M Fase i ()2 1 s, AT A 32 9 4
R B TR ER Y P A R e 45 B 58 A A ik
XFAITCRABE O, ARG R b & T, (il o
R v, CRBIHLE R L) 4R A, 26 B 36 R 48

25 A A R AL 22 7 AR 1 A R 1961
14 301 B2 1 338 R B
a3 O
T(s) =0 ’ S (25)
O 3 O

0
L s +3H

1.4 =HISFEREE

KQ J7 75 0 4 il #3% 245 ¥4 110 35k 45 4 o At 7
A —E ML, T Lok A PLLPID 5 3% 5 B 45 il
i, FLREAE 7 bR PP T A5 B .

HR A5 22 50 (1) P 34 A% 38 1R B0 [, = (2) i
N, AR B R g0 B Y B AR A, =X (26)
K=G'(T.'-I)" (26)

it = (26) Al E K, H)

kll klz
K(s) :[ ] (27)

21 k22
1.5 EHFZSHMAK
DEALF i 2% 2 BmE, Ry 7l 92 1 2% A E
HAE v, =0 (P v, R 42 45 0 R B0 o il i
AN Sk AT 2 S A AL, DA A S R ] 2
A1 23 ) 1 S R 7 S R 4 A P

2 REMWIESHFRESN

FR Ak DL b 23 b, 1) P BR RS 1R ), DS Y
Wk &AL N H 5, TR & BRI H (o =
0.01 ~35) NAE R Gt i Nyquist £, X (28) 5
K (29) sr o EEfl AR T A (1,1) 5 (2,2) &b
38 BRAL, 45 I Ab R GE 4 A Gershgorin 47 [ 3
Nyquist Z5 R WE 1 frs , Horboxk f oo R sy 38k K
&l 2 frw
~ 2.1775° + 10s + 1. 44

s* +7.405s° + 13.52s + 1.722
- 0.2748s’ —2.227s> - 4.258s — 0. 547
s' +7.405s> + 13.52s + 1.722

&1 (28)

8n =

(29)
LR 2 ATLLE o A H #8805 1 R &
B X FICER I Gershgorin A KR 4 75 J5 A, i 42
HilJE B9 R G X b AR R G, FEHRA R R G R
P ER R 1Y o
A, S T 56 UE 2 48 % 45 4 R | 1 TR A I
P TR BE T A A A A B A Y R AR
PERE, 45 th 1 3% KQ $5 il % 09 M 1A% 32 ok 2007 57
LR T 966 A% 3ot o 4001 2 S LRI 2 A0 4% 328 R
B2 SR, A Bl an i 3 4 i S B
3 Ry A% 3 R B GK (I + GK) ™' [ & 57
B2k, B a] U, R 58 H A X e 4R dE A 3
FIUE =Rz



e R

i
1962 N N TR i 2016 4
4 20
3k
s 7
s
| -60} . , : :
0"0 2I5 ZIU Il‘i ]'0 UIS 0 0.5 = - L &
=30 -25 -20 -15 -1.0 -0. 5 g
S H# (rads™)
(a) FH AR A, ) Eg]?, l}f[%,fgi%%ﬁGK(l_FGK)—lﬁ%ﬁ
* Fig.3  Singular value of closed-loop
I transfer function GK(I + GK) ™'
3+
s ’f
1F
0 L 1 1 L 1
-30 -25 -20 -15 -10 -05 O 0.5
Fiih
(b) FEifilaviii i (2.2) i : " i " ;
3 -1 1] 1 3
B 1 IMAFERIERE RGEAFH Gershgorin 47 (1335 Nyquist [£] 10 10 1010t 1t 10

SN (rad s”!)
4 [l 14 B G (1) 7 S

Fig.4  Singular value of closed-loop transfer function GK

Fig. 1 Inverse Nyquist band diagrams with

Gershgorin bands when controller is added

°r 20
S B F
S 4t
# 3 3
| &
i
I .
0 L 1 L L 1
=3 -2 -1 0 1 2 3
i 3 ~100 . 2 " i "
p = 11”0 ’ 10 102 10 100 100 10 10°
a) feflariei (1) i (rads™)
o S S 5 BT+ GK) A S
or Fig.5 Singular value of sensitivity transfer
T2 i function (I + GK) ™
B 4T
# 51 4 25 7 i A% 32 R A GK A7 S 4k,
A R LU ), B T /N a5 518 o (GK) 7E IR T 1)
I F AR EOR (FEXT T IR(E S5 T 1 3¢ 0 dB) B 3
g+ 1L+ 1 e TR 35 5 LA S 4 B 40

N0 F1 5 AT R A S T 301 2 2 R I Ok A A
B EERA2.2) o (GK) 15 ZE MR AR R T 1 8% 0 dB %/, [ it

Bl 2 ARG RGHA Gershgorin iy N B
z E“ . @FEHE’:‘: | &L 2 i e ,j|§
IR L1 1508 0 A
& R e Pk

Fig.2 Diagonal elements’ enlarged inverse Nyquist

band diagrams with Gershgorin bands when &5 Sy R AL % R BUEFE (1 + GK) B ibEEy
controller is added %‘{EH:H%% , ?%jﬁﬁ%‘ﬁ o(I +GK) 71%4\ A



AL R

559 1 B, A R B HL 2 A AR i 1 A T Ml 2 1963
1M 22 G XA e S LR AR R 22 AN BURK s =0.8, B E 278 P il v 25 AR 08
£ b BTt KQ 2l a4 i R e AT B oo VSt v ii=1.
B 4 BRER THI0 I 1 RE 3 | A% S Mg A By il 7 os(s +0.8) o

e A A ) 28 ) B P AR R AR UK Sl AL A
TRZEAN AR RE , BRI 2 s pL fhl ) 25K

3 RERRERZHIES R

3.1 BAETERE

] AR g ] DUEIR A AR Bl T DU S
AT DR T B TN S B IR A
VA S HCEL R R TAERAS W A8 4, DT T LA 38 2o
PR S BT 2% o0 R G TR R

DA AR UG~ ORUiH T TR A HER TR B R sh AL
VERBFFERT G, LR LA CAT S5 % H =11 km,
L% Ma = 1.2 LR+ A 53 L% n, =96% Ky
5 BB AT wot AR AR . Kb R s
T S ShALAR X T S v R AR R

(n‘“)=A(n”) + B(mr

n, n, Aq
T Ny m;

) o
Ty n, Ay

b ] S ARG A A m R A O
R Ay B S HCh m RS R EE T, fk
BN IELL m, = Po/Pyo BT 5 R 5 F 5638 ny,
nym Ag Ts oy B AT &A% (H Ma) Rl n, (178
oo RATRAA n JGE T R SIHLAPIR S, HL4E i
Ja 5 SIAIL I AR R R R ) 3 4 D DU T
& H Ma Fl ny VBRI AR, =X (32) .
T,=T,(6) =T,(H,Ma,n,)

{7TT=7TT(0) =a,(H,Ma,n,)

T RGBAIE H Ma Fl n, 224012 4K, 8K
el K nlRos K
Kz[k“(H,Ma,nL) k,(H,Ma,n,) (33)

ky(H,Ma,n, ) ky,(H,Ma,n)

X B R 3k,

S vy

(30)

(32)

ij—s(s+alﬁ)) (34)

A
Vo =vi].0(H,Ma,nL)
i :viﬂ(H,Ma,nL)
a, =a,(H,Ma,n,)

3 A TSR P 25 0 1 — R S A% R oK B
B, A58 K R A0 Bode &1, FiI ] Bode 3T
(RN W QO (B W N DA R &~
EL,IXR G B & — DA s =0, 55—

v

3.2 it EEHERE

I AR A ) BE RS T B AT R
il e BT A W A S BOH A, LR R G
FE ARG A5, DATHT S5 30 3% 2 s Bl & B LA 8 () 22 AR
it KQ A5 1 25 98 B 44, E 0 40 A3 KQ 2 il 25 ¢
AL R L & LT R R

FEZ LW B & S HLE RAT R o S LB, ik
BT AR TAESAE IR TAE S, BT WA
Xt % sh ML AR AR 5w AR X A /0N, PR A R ) AR
H=3,7,11,15,18 km % 5 B, H P % H =0 km
B 4 S 80E . AT RS 1 X0 43 AR A [ f
TR . BN T H =11 km, €47 78 B
4R Ma=0.9,1.2,1.5,1.7, i % F H =3 km
W% 43 R Ma =0,0.3,0.5,0. 7, H At 55 Bt 447
TR R 53 5 T & S MUK R 5 5 0 & B
HILECFA5E R 52 W A X A K, e AT e 2 - % 3K
K145 9 AR, B ny =96% ,94% ,92% ,90%
88% ,86% ,84% ,82% ,80% . LIt S E T, M4
ZA8a KQ 53k, B it s H g8 . LTI
PLRATZAE N H=11km Ma =1.2.n, =96% B} )
Ui BRI AT O AR A B I SR /MR
T R X 8 B SR B Ry

(ﬂﬂ):(-l.zss -0.222) nH)+
i, 1.706 - 1.540/\ n,
0.408 0.568)\(m,

(0.399 0.948)(A8)
(Ts)_(—0.487 0.092)(%)+
T 0.033 0.480/\ n,

(0.523 0.321)(m‘,)
- 1.247/\ 4,

0. 195
W TN, T AR R P AR SR
Wi 1 PSR B KQ AR BT
®1 RUBHEHSY

Table 1 Optimized control parameters
PE 1 Pl 2

o

#

Vin V121 V1o Yo Va1 U221 Y210 U220

BUE 7.2311.7545.842 1.661 -1.022 -2.926 3.093 -3.200

3.3 dRigit mEIER IR

8 8 i 4 o e T A B AR A B U
WMSHOTR Y Hoh A RO A 2 S
BUE TR AR B U 2 2 8

M T KQ 22748 B 42 1l 5 AN RE7E 2k it , I L



1964 G| A T N N R 4

2016 4F

TCIEAR I M E S H(LPV) RGA5 2 25 1 19 & 8)
HLERHEROE BT | SR 5 HR 0 2 50 5 7 7 28 1%
A myE e . R, BT KQ & il #5819 2 £k
% (G A BB K AL by oy ey oy, 15—
A ey XALEE vy v B agy, , RIVRE— 45 1 25 75 20
9 ASSH) 2 Y il LG, T 2 A2 S5
BT WS B A . 3 o 24 =k B R &40
GG S ORI, KQ #4245 9 S 8 & 1R 2
B, VAR il 25 2 800 B KR 22 0 RO, Hode /i
LKFNT. 9% i LG 2 7 8

SR T AR ) R SR R A Y ik R AT 4
WS Rt BAREE R R e
FEE AT E A S 2 T AL T 00 R AT 4 1 408
(B4 TSR & 0 AH <2k AMa <
0.2), U 1M MR 45 & 2l ML 224 1 AR s &% 7 3 o o 4%
Tl 4e 2 BUE . A S 00K R 7% 7% 3o it i 4k
i, 00 n, =96% ,94% ,92% ,90% , 88% , 86% ,
84% ,82% ,80% 4 , WK 1% 11 i 45 il 2% = 4 1H
KR B 7 5 R AR BT A, A0 X A R
il 95% , MR YT AT 45 4 G, I A
Hng =96% 1 n, =94% ¥ il 45 S 40H , FH— 4 4
PEIE(E TT 153 n, =95% BRI g S50,

4 M=EEHNGE
ek LB AT S, 4 H T 5
T MR £ HE I B K LI A g B

1275

1270 |

1265

1 260 . .
0 6 8
tls

(8
g =

1272

1269

. 1266 |

1263

1260 |-

ts

LAERCABAL 7 BT 6 1Y KQ A28 45 45 ] &% 1L
Mo XHPEFT R G055, DIRETERE

N TR RSP AR T B e 45 96 B2
AR PERE , L4 B E s DL R A 2 N AL 1B Y
AR TE ST B AR, R E: it H =
11km Ma =1.2.n, =96% ;BT A H =4 km,
Ma =0.3,n, =95% ;4EiXit4H H=13km Ma =1.3,
n, =93% %5 1816 ~ [ 8 sl 45 th T A ik TAE A
LT BYER 1% (7, BYER 1% ), 477 EL0m 25 2R

M 6 ~ & 8 Al LIFE H, Ts B EK 1% B, 4%
Tl #VE A 7, , B A 5 52 0 /0N, R 58 1Y) B KR
BREWNT 6% , Ts K, B4 Z50m AR, 14
TIFE/NT s, T 3504 H B8 8 5 AIE 6 (b) 1]
VLB, BT ER 1% B #E g AR L 75 i H &
MR, R G B KA G N T 2% , T Fl
7y WA S O AR, P I TN T 1 s 5 AR
PEFBAF GBCF BT B A5 T LR 1, 36 F KQ
1) Z2 A8 R4 48 AR X BT AU R G M RR AT,
RE A% Tt 2 0 23 2 s L4 ) R e BT 20K .

K7 A 8 o3 il e ih T BEML I I H =
4km Ma=0.3.n, =95% LA N H =13 km Ma =
1.3.n, =93% FAE BT SRy Oy AR, /T LLA
BT P M BE BT, &R G T BN fs
2B 00 e 57 B TRDAR R, R 5 e L A, 4% A B A
e bl 1 K o R R AL T B LA
2 BRI FH 47 {8 5 ¥ 45 31 19 KQZAZ 1Y 25 455 i % 2 4L

323
0

@ T,, Brik1%

tls

(b) 7, %1%

6 H=11km Ma=1.2.n, =96% i} Ty Fl 7, {0 )
Fig. 6 Responses of T and 7, when H=11km, Ma= 1.2, n, =96%



e R

M 5]

59 3] B 5 A R B WL 2 A A 4 AR B Rl B 1965
{ELRE 9% AR 4 3tb 52 32 2L i B K sl L 4 A0 R 45 Xof X E A By ) 9 5 RE T, EAT T R SRR

A YHAT B PR, 6
g;‘ko

B8 T A A 4T A 1 fiE

P RE 28 G873 3 AR P 2 2 e R AR s i s 2 3k
BRI S 59 05 AR o aniEl 9 ~ &1 11 B, 4y

IO, 1 % 8 AR5 TR MR R e g i TR RAT & T R TIA T a5 K
R R Z B S BRSSO AL S RS 4
1236 3.28
3.27
1230
o & 326
1224
325 IN__—
1218 L 3.24 '
0 2 4 6 8 0 2 4 6 8
tls ts
(@) T, Wrik1%
3.26
1165 F
325 F
= 1160 w324
323 N
1155
1 322 L L L
0 2 4 6 8 0 2 4 6 8
tls tis
(b) x, Brik1%
#7 H=4km Ma=0.3.n, =95% 5t T, Fl 7, B0
Fig.7 Responses of T and 7, when H = 4km, Ma=0.3, n, =95%
1244 2.943
1240 t 2934 |
e 1236 W 2925 |
S | 96 e "
1228 2907 — P P
0 2 4 6 8 0 2 4 6 8
tfs tls
(a) T, BiER1%
1244 2.947
s 2940 |
2933
=" 1236 K
2926
LB2F 2919 |
1228 : — P ——
0 2 4 6 8 2902 0 2 4 6 8

tls

K8 H=13km . Ma=1.

ils
(b) =, Brik1%
, =93% It T 2, (R0 R

Fig.8 Responses of T and 77, when H =13 km, Ma=1.3, n, =93%



1966 b OM MR K ¥ % R 2016 4F
1.2 1.2
2
=
L
-02 T
0 1 3 0 1 2 3
tls ts
(@) B, FREMBTHAT, B R Gon, PRt () R AFAEWBRT-Hhs K R o, BRI
Lk 12 :
1.0
I, 1.0 =
0.8 08 #
= 06 £ 06
=7 o
a0t < 04
0.2 02
n hy
0 0k~
-02 % . L . . 02 . . . a
0 | 2 3 1 2 3
s tls
(0) Ry FECERRRET 2R FL AT, BT RCR Y (b) R, Fr AEBBRT-ARES e GET BB
/19 H=3km.Ma=0.2, REFIATFH AT 19 {5 L1558 1L H = 13km Ma =0.3, RGN AF AR 107 1045

Fig.9 Simulation results when system is introduced

(H=3km, Ma=0.2)

o 1 2 3
tls
(@) R, FFAEBTER T-J0T 33 3 S, Bk o

o 1 . & A&
tfs
(b) Rfs FECERBT B TR, 5t REET I R 1

10 H=10km Ma=1.1, ZRGE5] AT HL0S {5 H 45

Fig. 10 Simulation results when system is introduced

(H=10km,Ma=1.1)

Fig. 11 Simulation results when system is introduced

(H=13km,Ma=0.3)

P Bt U BT, 5 R G Bl 51 A K S ALK R
Il 7 ORGS0 4 Hh 1 UL BE B BR AR B )5, B
195 JEE | S KOS A I 45 ) 25 S8 ) O 24 A7 AE — R
INEAE RIS AS R AE T R EE T R G R E N,
WA R G SN T Y0 B A ARG & e

5 & i

DAE R SUG 5~ XU 3 TR 5 HE U T B & 3l
LW 5, b AT T 224 i KQ 28 1 45 I8 & 45 il %
st SO EELNEON

1) BB T KQ 5 fi 4 2 A B B0 A5 3 I
T KQ Pl A i B A Rl ad KQ il 4
JUY B BRI 2 0 B T A A E LA A T A 2
UAHEAT T KQ il 4t it

2) Xty 2 AR B KQ R A8 HEAT T AR
TE PRI M AL AF SR AR o A, 4R R 1% KQ i 4
REAZ i 15 R GE A IR ERE HLRA il 2 nO ARt 6 4 B

LA BE T A A M R A e R

S
v

€

o3

58 20y 25 B0 5 R A M DA U sl WL A AR 22 AN B
3) FET RO 1 OB E TR A HE R B

S BAL B FRAF G AR L VA B il o 4 AR e

.
g‘l

gl



559 1

25k, A5 A R L2 7R B I A 4 AR B R D B

Ab A 4R

g5 1967

B R A8 BT LRI BT s 4 2 BT AT

TH

LAL T L8 KQ 28l 5l #8153+ 5

D5 BB o 3 2 3 T R AIL 8 3B A R
FAE SR i KQ A8 34 25 45 il 4% 76 & 11
FOMEEBOT S HA R s 850, 2 R R
PR RE R, RE 5 S X AL R S ML 2L 2 T 1Y
Pl oK

i A R, 248 i KQ J5 3k B 1l

G AT B B AR AN BRER RE T

(1]

[3]

[5]

[6]

[8]

(9]

[10]

2%k (References)

BERSE. s R S HLRE I M. 70 %2 75 b ol R AL
2008 :179-183.

FAN S Q. Engine control[ M]. Xi” an: Northwestern Polytechni-
cal University Press,2008:179-183 (in Chinese).

JASEA . B RRAUEIE R Tl [ M. P % = TR R
1997:110-115.

ZHOU Z C. Aircraft propulsion system control of a certain type
[M].Xi”an: Air Force Engineering University,1997:110-115
(in Chinese) .

JAW L C,MATTINGLY J D. Aircraft engine control: Design,
system analysis, and health monitoring [ M ]. Reston: AIAA,
2012:58-63.

WA A5, B R, A e R EE (M. P2 P L T
b R R, 1994 :153-158.

QUE Z H,LUO J,ZHOU F Q, et al. The linear system theory
[M]. Xi’” an:Northwestern Polytechnical University Press,1994 .
153-158 (in Chinese).

ANG K H,CHONG G, LI Y. PID control system analysis, de-
sign,and technology [ J]. IEEE Transactions on Control Sys-
tems Technology,2005,13(4) :559-576.

MENG A B,YE L Q,YIN H,et al. Application of genetic algo-
rithm in adaptive governor with variable PID parameters [ J].
Control Theory & Applications,2004,21(3) :398-404.

DING D W,YANG G H. Static output feedback control for dis-
crete-time piecewise linear systems: An LMI approach[ J]. Acta
Automatica Sinica,2009,35(4) :337-344.
EIC,ZERRLL, B AR B T NSCGA Mt s K sipl LQ/
H, #EfE B[] s 8 1% 4% ,2015,30(4) :985-991.
WANG Y,LI Q H,HUANG X H. LQ/H_ controller design for
aero-engine based on improved NSGA[ J]. Journal of Aerospace
Power,2015,30(4) :985-991 (in Chinese).

TR A Rk, SRR e, AE. TL AR AT R AR v R B L £
S P S OEgY [T i BEBCOR, 2013,34 (12):
1690-1695.

NIE L. C,PIAO S Z,WU Z F, et al. Study on multi-variable
control system for variable geometry liquid ramjet engine[ J].
Journal of Propulsion Technology, 2013,34 (12) :1690-1695
(in Chinese) .

SRR, EERE, £ H%, % —FAE RS L AR [
B m AR B[] HE gt AR ,2012,33(1) :78-83.
ZHANG H B,WANG J K,WANG R X, et al. Design of an ac-

[11]

[12]

[14]

[15]

[17]

[19]

[20]

tive disturbance rejection decoupling multivariable control
scheme for aero-engine[ J]. Journal of Propulsion Technology,
2012,33(1) :78-83(in Chinese).

LII A S,BROWN H. Control of jet engines[ J]. Control Engi-
neering Practice,1999,7(9) :1043-1059.

BOJE E,OSITA D I. Quantitative multivariable feedback design
for turbofan engine with forward path decoupling[ J]. Internation-
al Journal of Robust Nonlinear Control 1999 ,9(12) :857-882.
REM,T7 PAE. FE T KQ B2 Kk Sl £ A8 5 4 ) vk OF
5[ T]. M4 A ,2011,30(10) :70-76.

ZHU Y B,FANG Z X. Multivariable control algorithm research
based on KQ for aeroengine [ J]. Journal of Test Technology,
2011,30(10) :70-76 (in Chinese).

BEESE A R R G I [ M . P2 P L Tl K2 AR
11,1995 :30-34.

FAN S Q. Aerospace propulsion system control [ M ]. Xi” an:
Northwestern Polytechnical University Press, 1995:30-34 ( in
Chinese) .

Rk 2, S0 , B /N R DL v ST s R S LR S R
AR T]. fias sh f 4k ,2011,26(5) :1172-1177.

LU J,GUO Y Q,CHEN X L. Establishment of aero-engine state
variable model based on linear fitting method [ J]. Journal of
Aerospace Power,2011,26(5) :1172-1177 (in Chinese).
IV, 2 RRLL B N, A5 LS R R R S LI [ M ]
b b SE R AL, 20147883,

SUN J G,LI Q H,YANG G,et al. Aviation gas turbine engine
control[ M |. Shanghai: Shanghai Jiao Tong University Press,
2014:78-83 (in Chinese).

Rl AR B0 R R S A S N IR A W AL
WAL B J7 ik ], it 2= 8 ) 2 4, 2011, 26 (5):
1178-1184.

SHE Y F,HUANG J Q,LU F. Gaussian weighted sum cluste-
ring method of adaptive hybrid diagnostic method for turbo-shaft
engine[ J]. Journal of Aerospace Power,2011,26(5):1178-
1184 (in Chinese)

LAU K W, WU Q H. Local prediction of non-linear time series
using support vectors regression[ J]. Pattern Recognition,2008 ,
41(5) :1539-1547.

JAW L C, MATTINGLY J D. Aircraft engine control: Design,
system analysis, and health monitoring [ M ]. Reston: AIAA,
2009 :33-36.

PISANO A D, RUFLETH B. The CEDAR project-commercial
engine damage assessment and reconfiguration: AIAA-2007-

2809 R]. Reston: AIAA,2007.

EER N
FE B MLAcl. EEBTON P LS PR R %
Bt R

Tel. : 18066591366
E-mail ; 1ijia89626@ 163. com

FAER B WL B AR, BRI K
PR RGBT
Tel. ;: 15934885210

E-mail: lihuacong@ nwpu. edu. cn



1968 Jbom M= R R ¥ R 2016 4

Multi-variable variable gain controller design and simulation
based on aero engine

LI Jia', LI Huacongl’* , XU Xuan®, WANG Shuhong2

(1. School of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China;
2. China AVIC Xi’ an Aero-engine Controls Technology Co. ,Ltd. , Xi’an 700077, China)

Abstract: Aimed at multi-variable variable gain controller design of aero engine in full envelope work, an
improved KQ algorithm and its simulation applications are presented. First, we clarified the control theory and
optimization algorithm of multi-variable KQ algorithms, and designed KQ controller via closed-loop desired
function selection, controller structure selection and controller parameter optimization. Then we gave the sta-
bility proof and singular value analysis based on the designed KQ controller. Analysis shows that the designed
KQ controller can make the system closed-loop stability, and has satisfactory low frequency instruction track,
interference suppression, sensor noise suppression, high frequency unmodeled dynamic robust stability and
non-sensitive low frequency engine modeling error, which can meet the control requirements of engine. Then,
we designed a turbofan engine multi-variable KQ gain scheduling controller through scheduling variable selec-
tion, designed-point’ s KQ controller design and undersigned-points’ KQ controller design by interpolation,
and carried out a simulation to verify it. The results show that at the designed point, the controlled parameters
have a fast response, the rise time is less than 1s, and the coupling effect is less than 6% when the turbine
temperatures and pressure ratios are step reference input signals. The KQ variable gain controller by interpola-
tion method has better performance at the undersigned-points, and can achieve the turbofan engine full enve-
lope control performance requirements.

Key words: turbofan engine; multi-variable control; KQ control algorithm; variable gain scheduling;

controller
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Fillet modeling method in analysis of structural dynamic characteristics
DENG Hao, CHENG Wei"

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

Abstract. In view of the large number of rounded corners in thin-walled structures, the equivalent model-
ing method is presented based on the combination of beam element and shell element. Through the analysis of
the contribution of the fillet to the stiffness of the thin-walled structure, the contribution was divided into in-
plane stiffness contribution and out-of-plane stiffness contribution. The contribution effect of the fillet to the
out-of-plane stiffness is equivalent to the beam. The section parameters of the equivalent beam element were
derived by using the theory of torsion. For the in-plane effects of the fillet, the equivalent model was estab-
lished by using shell element. The three-dimensional structure was simplified to a two-dimensional structure by
using the plane strain state assumption. In plane, the equivalent thickness and elastic modulus of shell ele-
ment were calculated by the equivalent stiffness principle. The correctness and accuracy of the modeling meth-
od are verified by two examples.

Key words: fillet equivalent modeling; structural dynamic characteristics; torsional rigidity ; plane strain

state ; stiffness equivalent
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Structure design of piezoelectric fans and research on influence of parameters
KONG Yue, LI Min* , XIN Qingli

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

Abstract: A piezoelectric fan mainly consists of vibrating plate and actuator made by piezoelectric materi-
al. Vibrating plates are driven by actuators to cause fluid motion, which is a new kind of device for removal of
heat. The purpose of this research is to investigate the influence of several parameters on the performance of
piezoelectric fans and give advice to the design of piezoelectric fans. The method of computational fluid dynam-
ics is used in this research to simulate the development of piezoelectric fan’ s flow field. Three parameters are
studied including flexural modes of vibrating plates, double-plate orientation and phase difference between two
plates. The results are as follows: the frequency of actuator should be equal to the fundamental resonance fre-
quency of vibrating plate; for the models with two vibrating plates, the best phase difference is 7 (plates ori-
ented in vertical direction) and 0.8 ( plates oriented in horizontal direction). The cause of parameter influ-
ence is presented through analyzing the development of the flow field.

Key words: piezoelectric fan; wind velocity; numerical simulation; moving-grid; influence of parame-

ters
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Abstract: In order to efficiently perform reliability analysis for imperfect coverage system which contains
standby units that make the dynamic fault tree analysis very complicated, a quantitative reliability analysis
method applied to warm spare gate is proposed. The step function and impulse function are introduced to de-
scribe the dynamic failure characteristics of standby units. Then, considering the dynamic system with imper-
fect coverage, the paper deduces the formulas for calculating the reliability of warm spare gate. Finally, an
airborne electronic device as an example illustrates the feasibility of the method by establishing system dynamic
fault tree. Compared to the existing method without consideration of imperfect coverage, combined with system
sensitivity analysis, the computational result of the proposed method is more rational and provides a novel
foundation for further research on reliability quantitative analysis.
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A pedestrian flow model at primary school gate after school
SHAO Yixiao, TANG Tieqiao*, CHEN Liang

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

Abstract; Based on the pedestrian flow patterns of primary students, this paper investigates the features
of pedestrian flow under the rules of the certain scenario. During the primary students’ evacuation process
after school, various pedestrian behavior takes place, including pedestrian uneven distribution, pedestrian’ s
input and output according to certain rules, paired phenomena and congestion phenomena. This paper uses the
cellular automaton model and the static floor field to propose a pedestrian flow model and design an algorithm
to calculate distance earnings of next move. This method is applied to simulate the evacuation behavior of
pedestrians at the gate of Affiliated Primary School to Beihang University after school. The simulation results
indicate that the input rate and the number of pedestrians at the initial stage have significant impacts on the
evacuation efficiency and that there is a negative correlation between the average evacuation time and the initial
number of pedestrians.

Key words: pedestrian flow; cellular automaton; modeling; simulation; static floor field
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BMREE YR R4S 10 mm x 10 mm x 2.5 mm 1)
TR F, I R i 2 T AL AR I 6 2 BT 1w AR Dy 4
s R A

2 XWiIiE

7R 3L Hp g B o S 56 7 PG 1 0 BR E S B 4
Ber TR IR & EMS-60 |45 %id & &
T A A ) BT b 5 B T, DA% R B A
FRA (TS BB 55 PE R 4. EMS-60 it A — A~ e K
RN 60 kW [ L T4, Hol TR ELAS R 5 x
10 ™" Pa; [A I B 45 1 2 Fi2 Wi 45, 40 38 13 )
R GEALIE LT A AR AN 5 A/ L€ i SR L A
HLAE, LU & — & HL % #8 5 JC 7 ( Charge-Coupled
Device, CCD) AHHL, I 3k W5 0 240 25 25 79 3 119 4% 4>
SCR AR, AR SE R E IR R HEAT, B B ik e
iR S ms, E AR T AT AL S H 4 mm x
4mm K 2T T G ARG
P=(UIA) /S (1)
AP U N TR R T TR R AN
FHREA LT 0 W R B Wl R R A it &
YRR i B 2 52 HL TR A S L T R Y LA
MG, o FA A4 A~0.47"" stk 72
I LR U E 120 KV, 3 3 A TR

CERV T 7 S v B S NP 5 1 R el S I UN
90,120,150 K 180 mA , fir X N ) il i P 4351 A
0.2.0.3.0.4.0.5f10.6GW/m",

P D SR IS R i Y 2H 21 254 7 AL 1 B
FHOt2 B B ( Optical Microscope, OM) | 47 4 Hy,
4% (Scanning Electron Microscope, SEM ) DA & fig i
{ ( Energy Dispersive Spectroscopy, EDS) & 347 4>
BrRAE o AN FI 40 K T IR AR & 44 i A ]
YyAR i S G R R (A E AT I, B R8T ol
500 mN, 2 S A5 & 2 0. 01 nm, gkt ] 15 s, H 7%
AR W B R PR AF 100s, 78 H AR I A DX 32 ¢
5 A AT, 45 R O 41 .

3 ZLWHERKEITR

3.1 HP REBAAEBTEREMARBE
# 1 9 HP BELSHY A [A) P & 70 B L5 4
BUREERIXT L. AT RLAE ) HP B4 8 B & 6 i
B EHRAL TR KT, 5 CIP + g 45 il 4 14 AH [
AL R I A L NN
(3% ~4% ). BeAb, BB i By 860 & 4 2
BEHEA BTG, 35 Arshad S50 2 0 7
ezt (Spark Plasma Sintering, SPS) J7 ¥ il £ A9 43
G RIS R — 2
®1 HPREARARESHEBAAESBTETLL
Table 1 Comparison of relative density of HP sintering

W-V alloys with different mass fraction of V

A% LI 5 ek o K % BUR B/ %
W-1V 1 93.97
W5V 5 96. 81
W-10V 10 98.12

Kl 1 4 HP B84 W-5V 441 SEM ff i 4
MBLE EDS sr i . B 1(a) h, R h s
552 1R P A S g SR AR, 2 B AR A 4 2w UM
/B SRR B e A N U S A 5 4 [ I I B
Ko FE 224 3 Fh HP Begb 4500 & 4k 5 il 2% 1
(i) SEM HR R, 3 T 1 W4 A4 1L, nl on 3 Fh &
G v T I 0 B0 B AR A R WA10V A
G, Bt 5 U R A B B, & LA (SEM B 5
SERE AR M) B EE ), B LR S R S
IR 45 A -1 B LI B D 20 Bt
NESHLG 4 BB B K . Arshad" ! I Zhao '
SEHH SPS Ty ik il A A AL A A v, A A T 5%
TR ) KR ST BHLABURE Tk 53 A3 78 8 S A v AR
WLEEE BT (a) K 2 H TR 19 & BLAH . BP SPS
gk MR G & AL B B WA T HP RS 25 61 kL,
X5 R 4h O R T R U 6 Ll
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(a) HPLEEEW-5V & 4 USEMBEJ

(b) WHSEDS /M7 45

(c) VAYEDS S brsh

Bl 1 HP Be%% W-5V 4410 SEM MR A & 8 MBI EDS 43 Hr 4%
Fig. 1 SEM photograph of HP sintering W-5V alloy and EDS results of W and V

() W-1V

(b) W-5V

() W-10V

2 3 HP BR&G 8 PLA e M O R T B9 SEM ] )5
Fig.2 SEM photographs of three kinds of HP sintering W-V alloys
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PR BE 5, R A 0 i LR R 58 — AR T
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3.2 fIRESBWEYALKREARRELE
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Ze i b M G e G 2 T HH BUR [7) F
BB , SR 5 4 4 B I 3 T B B 5 O, T 8 T
0 ~ 4 FoR P i J5 85 B A 4 32 1/ A () 9 451 40
JiE .0 FR R, 1 FRIFRL,2 FR B3 ok
JESL + HEBE, 4 FoRIF L + K AUE AL, o
JE LA S R TS 3 B, i 5
L FR T WA LT S B B, A 4 i T 24
9 785 Al A B i 28 AR (9 A (R 2 fof 0
7 14 5 4 7 A 7 T A 5405 5 D 1) R 4k 7 4% il
B AR E R, TR, BLR R
KO R B, 6 75 PR 434 K, 4 4 9 1T 4 50 9% 2 A
i B 6 W A L AL TR 5 T TR, 7 2 B

A 3 R LA S b R 3R T S R AU A
T A [ 38 G ff M R, B L A BT
B & 5 TP 2 AR AR A R S W

WAL 3 40 AT R LA 4 T2
I3 (R AL B, an &l 4 7 (Al Bt feg AR D
LA FE ARG R B A BT R A ) o 45 SR
NN HP BEgs 8 904 4 U = o0 B i x4 4
FER TR VE R B9 BT 28 R 0 fh 1 RE R S R
(o AL T AR 2 XS 4 00 A LS540 53 BT 45
AT LUE Y HP B85S LG & B2 A 3L ik L 4L
AHLA K /b B SRR PUB0RE 3 AN AHZE R, i T LA 1
A(1902°C ) AR T 485 1 (3 410°C) , B 2t 43 B3
KEBA PGSRBS 2 i & &0 Y
Ak, B AL B f [ A% . Makhankov 287 ) B 5%
5 HAH LT 264, 85 #8 2¢ La, 05 Hil CeO, 5HiF
BARAES I A & R AR N T 8 W%
BT A S REE S, Kt — s
LT B AL BRARAES A T A o i X B0
RO BV LG T 5 A G K AE3. 3T
sk — B BHERE
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Fig.3 Surface damage morphologies of W-V alloys after thermal shock testing and changing rule of

absorbed power density with increase of V’s mass fraction

F2 HMhHFMNXEBASENREEIRYLEESIT 0.7 0.7
Table 2  Statistics of main surface crack width of 06 -~ TR 06
W-V alloys after thermal shock testing 5; % - AL &
z i 05 B
& =
N s » = o
P/ (GW - m~?) FE R FERETEE/ um E 04 0.4 E
W1V 0 % 03 A 03 ¥
)
0.2 W-5V 0 (S \ &
02 0.2
W-10V 2.5
0.1 L 0.1
W-1V 0 1 5 10
0.3 W-5V 2.2 BUAY B3 B0 %
WAV 28 4 HP e 40 4 4 1 T 20 B0 A5 1L B i
W-1v 0 i IR 43 5K T A b R A
0.4 W-5V 3.1 Fig.4 Changing rule of cracking threshold and melting
W-10v 3.0 threshold of HP sintering W-V alloys with increase of
W-1V 0 V’ s mass fraction
0.5 W5V 3.4 I .
W-10V 3.5 3.3 REHERBELTERITAH
. L ELMs 4 Bk, 16 FH I 5, 5085 bR

0.6 W-5V 4.2 T I T b T/ R, DT P AR iR BB BN T B
W-10v 4.7 LA B RE AR T R R 3 TR,
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SRS, K S i, 780.3 GW/m” #
WEE, WAV &4 R0 HA A R RUSSE (L
KIS (a)) S BEHR 4 A 4 v oK 5 10 1 i 1 B
R, AR AR (1902°C) , 5 I il s W-5V & 4 K
MRS HIE SIS 2 (WK 5(b)) , RE M op
dr OB A RO 2 S0 GE i W-10V G 4 3
T 24 S0 G, LG B9 L R (LB 5 () ), E
U A T bl s BCIRAT A A T A IS,
ARAE A K ) S E A

Ta!

« I 5
(c) W-10V
B5 0.3CW/m’ #GEBIEMT,3 f HP b4
BPLE SRR TE A
Fig.5 Surface damage morphologies of three kinds of
HP sintering W-V alloys under heat flux of 0.3 GW/m’
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@ WA 4 Sk - A AR AU R 2 SR 2 B
18 B 45 R 0 BEL R, S e 2x b B (T 1 6 P bR
HEALE IR, BV SRR A & AR a8y
1) BELRS B it o 3 i 40 oKk R AU W-5V & 42
PR DX 4 2R A 3 45 SR 36 WY, P A 2 [R) A
FEAH 25 5 B K 5 B4k (875, 1 HV) | & Bl AH
(708.7HV) , i (K & i & 4h 98 1 A2 B Bt
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AE s I 24 0 75, MARER TR, B
G MR T T 44T Ry i 37 B Al DR W R A
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H(4.5x107° K™, x tfnfl 7 4 4 kR oF
AT SRS Sk (9] P BT R S 0 L R R 4
BRI KA T4 = SPS RS G Ax MU RE
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Fig. 6 Crack extension rule in W-V alloys
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Fig. 7  Fracture morphology of W-10V alloy under heat
flux of 0.3 GW/m’
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Fig.8 Surface temperature variation curves of samples

under heat flux of 0.6 GW/m’
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Fig.9 Surface melting behavior of W-1V alloy under thermal

shock of 0.6 GW/m’
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Surface cracking and melting behavior of tungsten-vanadium alloys
under thermal shock
DING Dan'?, ZHANG Ying'?, YUAN Yue"> ", LYU Guanghong"?, LIU Xiang’, ZHOU Zhangjian®

(1. School of Physics and Nuclear Energy Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Beijing Key Laboratory of Advanced Nuclear Materials and Physics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
3. Southwestern Institute of Physics, Chengdu 610041, China;

4. School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: Surface cracking and melting behavior of tungsten-vanadium ( W-V) alloys prepared by me-
chanical alloying + hot pressing ( HP) sintering under thermal shock has been investigated in this paper.
Mass fraction of V in the alloy is taken as a variable to explore the effect of mass fraction of V (1% -10% )
on thermal shock resistance of W-V alloys. A variety of test methods such as optical microscope, scanning e-
lectron microscope, energy disperse spectrometer, and nano indentation are used to analyze the structure char-
acteristics of W-V alloys produced by HP sintering, and the characteristics of surface cracking and melting be-
havior of W-V alloys under thermal shock. Results show that under the conditions of 1 800°C and 20 MPa,and
with heat preservation for 2 h, W-V alloys with high density and high alloying degree can be produced. Moreo-
ver, with the increase of vanadium content, the density of W-V alloys increases. In the alloys, the hardness of
tungsten matrix is bigger than vanadium rich phase, and therefore, tungsten matrix’s ability of preventing the
crack growth is obviously greater than vanadium rich phase, when exposed to thermal shock in international
thermonuclear experimental reactor (ITER) edge localized modes ( ELMs) which are simulated by high energy
electron beam; with the increase of vanadium content, the cracking threshold and melting threshold both de-
crease. The underlying mechanism is discussed detailed in this paper.

Key words: hot pressing (HP) sintering; tungsten-vanadium alloys; thermal shock; cracking; melting
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Fig.1 Schematic diagram of principle of wind tunnel test
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Table 1 Geometric parameters of model design
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Table 2 Parameters of three control laws

il A K, K, K, K, Ky
etk 0 0 0.04 1 0.06
1 0.3 0 -0.02 1 0.06
2 0.3 0.3 -0.04 1 0.06
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Wind tunnel test of rolling maneuver load alleviation
QIN Hangyuan, WU Zhigang” , YANG Chao, DAI Yuting, MA Chengji

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

Abstract: It has been documented that maneuver load alleviation possesses a strong potency for reducing
structure weight which would improve flight performance in the field of aircraft design. In view of this situa-
tion, a wind tunnel test was designed and conducted in this study to evaluate the control method of rolling ma-
neuver load alleviation (RMLA) with multiple control surfaces. According to the demands for test, a series of
models and procedures were designed, including the test aircraft model with a normal layout and a small aspect
ratio, rolling and limiting device, measurement and control system based on test model, zero-degree keeping
circuit, and RMLA control systems. The test was conducted using two control laws with different combinations
of control surfaces to evaluate the effects on load alleviation. It was found that, compared with baseline control
law, the additional maneuver load generated during the process of rolling maneuver was effectively alleviated
using the method of simultaneously deflecting multiple control surfaces. The control law 1 with the simultane-
ous deflection of wing and trailing-edge outboard (TEQ) control surface alleviated the bending and torsion mo-
ments of wing by 30.1% and 38.0% , respectively, and the bending and torsion moments of empennage by
57.9% and 12.5% , respectively. The control law 2 with the simultaneous deflection of wing, TEO, and trai-
ling-edge inboard (TEI) control surfaces alleviated the bending and torsion moments of wing by 33.0% and
35.5% , respectively, and the bending and torsion moments of empennage by 45.7% and 54. 8% , respec-
tively.

Key words: rolling maneuver; load alleviation; simultaneously deflecting multiple control surfaces;

model design; active control; wind tunnel test
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