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Abstract; With the robot gradually used in many fields of production and life, safety has become one of

the important research directions of robot. According to different research objects for robot safety, research sta-

tus of robot safety at home and abroad is expounded from two parts, namely self-safety and interaction safety.

The role of mechanical structure design and control algorithms in improving robot safety is analyzed. On this

basis, the existing problems, such as too traditional structure design method, weak judgment of unexpected

situation and lack of control compliance under complicated conditions, are analyzed, which limit the populari-

zation and application of robots. The development trend of robot safety, such as rigid flexible hybrid mecha-

nism, accurate and fast environment judgment and good compliance control, is proposed.
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Maneuvering target tracking technology under speed
deception interference
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Abstract: When radar is used to track the maneuvering target under speed deception interference, there

are many problems such as many false trajectories, hard discrimination of true-false target, and real target

tracking instability. In view of these problems, this paper puts forward the speed interference identification

method based on velocity estimation radial projection and motion state count delay under multiple false target

deception interference. Firstly, the dual-channel maneuver detection method combining velocity measurement

and position measurement was used to ensure the accuracy and timeliness of model switching under speed de-

ception interference. Then, the method of motion state count delay was used to determine the time of tracking

stability after target model switching; Finally, the test statistics using velocity estimation radial projection

based on position information was used to identify the speed deception. The simulation results show that the al-

gorithm has good robustness.
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Exploration of engine VSV regulation law using support vector regression

CAO Huiling" ", KAN Yuxiang', XUE Peng’
(1. College of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China;
2. Engineering Technology Training Center, Civil Aviation University of China, Tianjin 300300, China)

Abstract: The engine variable stator vane ( VSV) regulation law is extremely complex, and through min-
ing quick access recorder (QAR) data, the VSV regulation law is studied. Firstly, the support vector regre-
ssion (SVR) model based on particle swarm optimization ( PSO) is established through the QAR data of
PW4077D engine health condition to explore the regulation law of VSV. Then, the PSO-SVR model is valida-
ted by the subsequent flight data, and the verification results are compared with the traditional PSO-BP neural
network model. Finally, the PSO-SVR model is applied to engine fault diagnosis. The results show that the re-
gression prediction accuracy of the PSO-SVR model is better than that of the PSO-BP neural network model,
and it can accurately reflect the VSV regulation rule. It can be used in the condition monitoring and fault dia-
gnosis of engine, and can also provide reference for the design of VSV control system.

Keywords: engine variable stator vane (VSV) ; regulation law; support vector regression (SVR) ; parti-

cle swarm optimization ( PSO) algorithm; quick access recorder( QAR) data; fault diagnosis
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Table 2 Values of multiple groups of control parameter

Z B W4l 2 ®3A Hadl sS4
a 0.8 0.8 1 1 1
Bo 0. 04 0.04 0.02 0.02 0.02
Po 7 9 9 9 9
o 5 7 7 7 7
® 0.8 0.8 0.8 0.8 1
y 0. 04 0. 04 0.04 0.04 0.02
p 7 7 7 9 9
q 5 5 5 7 7

®3 BHSHTERAR K/M BB
B NRERE
Table 3 Consumption of solid propellant microthruster

with different groups of parameter and different K/ M

K/m ST 2 3 Hi4d S5
0.2 230 226 203 208 197
0.4 164 156 148 154 130
0.5 158 148 134 146 126
0.6 168 158 166 154 134
0.8 248 238 224 224 212
1.0 308 322 310 326 296
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A high-precision attitude coordinated control method using
MEMS thruster for pico- and nano-satellite

YANG Bo™ , LI Jiaxing

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

Abstract: To achieve high precision attitude control for the pico-and nano-satellite at low cost, this paper
presents a coordinated control method of double actuators using flywheel and solid propellant microthruster
(SPM) array. The global fast terminal sliding mode controller is adopted to solve the rapid maneuvering of dis-
turbed pico-and nano-satellite, which is verified by the Lyapunov stability. Meantime, the energy optimal
switching strategy is derived, namely, the three sections of individual flywheel control, flywheel and SPM ar-
ray coordinated control and individual SPM array control. In this way, the dual effects of high attitude stability
precision and global minimum consumption of SPM array are realized. In this paper, the Monte Carlo method
is used to optimize the allocation matrix in order to arrange the ignition sequence reasonably and minimize the
consumption of the SPM array. The results of numerical simulation show that the coordinated control method of
double actuators enables the pico-and nano-satellite complete high precision attitude control tasks at low cost,
the attitude angle precision is 0.0457°, and the attitude angular rate precision is 0.0062 (°)/s.

Keywords: pico- and nano-satellite; high precision; attitude control; double actuators; coordinated con-

trol; solid propellant microthruster ( SPM)
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Blade design and aerodynamic performance numerical
simulation on ram air turbine
JI Fenzhu', ZHANG Mengjie' , WANG Rui', WANG Yan', DU Farong™ *

(1. Engineering Center of Beijing Clean Energy and High Efficient Power, School of Transportation Science and Engineering,
Beijing University of Aeronautics and Astronautics, Beijing 100083, China; 2. School of Energy and Power Engineering,
Beijing Universily of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Ram air turbine (RAT) is a part of the emergency energy system in plane. It can extract ener-
gy from airflow through rotating turbine. Design of turbine blade and study on aerodynamic performance are the
key for utilizing airflow energy efficiently. Aimed at the power needed by some type of emergency energy sys-
tem, we designed turbine blade based on the momentum-blade element theory. Then aerodynamic performance
of RAT is simulated by using computational fluid dynamics ( CFD) method. Besides, the method of multiple
rotation frame ( MRF) is used to simulate 3D mixed flow field of the RAT where the pitch angle is adjustable.
The performances of turbine power and rotor power coefficient are studied varying with airflow velocity and
flight altitude. Distribution of pressure and velocity on blade surface are analyzed. The results show that the
extracted power and rotor power coefficient of RAT vary with airflow velocity and pitch angle. RAT has differ-
ent dynamic performance at different flight altitudes in the flight envelope. Constant power could be obtained
by adjusting the pitch angle of RAT. Besides, flow state of the whole field is ideal, but there is still room to
improve.

Keywords: ram air turbine (RAT) ; blade design; numerical simulation; aerodynamic performance; ro-

tor power coefficient
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Acoustic emission source location for composite plate based on
empirical wavelet transform
YUAN Mei'?, SHANG Fukai', 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)

Abstract: Acoustic emission ( AE) technique is a non-destructive damage test method. It can be used to
monitor the dynamic defects of composite structures in aircraft. The complex components of AE signal and the
anisotropy of composite materials lead to the low positioning accuracy of the source. A method of time differ-
ence of arrival (TDOA ) based on empirical wavelet transform ( EWT) and generalized cross-correlation
(GCC) is proposed to improve the location accuracy of AE source. EWT is used to adaptively decompose and
reconstruct the AE signals observed by sensors. The dominant frequency modes are obtained and the correla-
tion coefficients between signals in each channel are effectively increased. The wave velocity is polynomial fit-
ted by the multidirectional wave velocity measurement experiment. Then the AE source is located by using
GCC method to estimate the time difference of each channel. Experiments are conducted on a T800 carbon fi-
ber composite plate with the signal of lead break as simulating source. The experimental results show the accu-
racy and practicability of the proposed algorithm.

Keywords : acoustic emission ( AE) ; source location; composite; empirical wavelet transform (EWT) ;

cross-correlation ; time difference of arrival (TDOA)
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Table 1 Descriptive statistics of subjects’ pupil

diameter before and after fatigue

Bk A 4L H A/ mm B 41 fiii L B 72/ mm
g 9% 55 il P55 5 P% 55 il P55 5

1 5.57(0.39) 4.90 (0.42) 5.58 (0.40) 5.06(0.40)
2 4.71(0.32) 4.00 (0.48) 4.74 (0.34) 4.30(0.37)
4 4.95(0.35) 4.32 (0.41) 4.70 (0.33) 4.46(0.38)
6 6.37(0.35) 5.85 (0.49) 6.00 (0.51) 5.72(0.42)
7 6.06(0.37) 5.94 (0.45) 5.93 (0.51) 5.81(0.43)
8 4.26(0.25) 4.05 (0.35) 4.27 (0.22) 4.17(0.22)
10 4.80(0.32) 4.17 (0.35) 4.69 (0.35) 4.62(0.30)
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Effectiveness analysis of pupil diameter detection for air
traffic controller’ s fatigue
JIN Huibin"*, YU Guihua®, LIU Haibo’

(1. General Aviation College, Civil Aviation University of China, Tianjin 300300, China;
2. Flight Technology College, Civil Aviation University of China, Tianjin 300300, China)

Abstract. Air traffic controllers’ fatigue has become a major hazard to affect civil aviation safety, and ac-
curate detection of fatigue is an important means for fatigue warning and fatigue risk reduction. In order to
study whether the pupil diameter can detect air traffic controllers’ fatigue effectively, an experimental platform
was constructed by using tower control simulation software and eye tracker, and the pupil data and subjective
fatigue degree were collected. By analyzing the significance test of difference and change tendency of pupil di-
ameter before and after fatigue at different flight flow rates, the effectiveness of pupil diameter index in detec-
ting fatigue state was discussed. The study results show that when working time increases, the passive fatigue
increases, and the pupil diameter decreases; when the flight flow increases, the active fatigue increases, and
the pupil diameter increases. Both the factors restrict the change of pupil diameter. The receiver operating
characteristic (ROC) curve analysis results show that the area under curve (AUC) values of the pupil diame-
ter at 0. 47 flight sorties per minute and 0.9 flight sorties per minute were 0. 714 and 0. 653 respectively, so
pupil diameter can be an index for detecting air traffic controllers’ fatigue.

Keywords: pupil; eye movement; air traffic control; fatigue; receiver operating characteristic

(ROC) curve
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Table 1 Variation of some performance parameters

with flight height

WATEEE BIERE ARREE RBRfE/

ki M CHIATE) /% m

0 0.750 8.8 0.025
5 0.750 9.6 0.04
10 0.749 10.4 0.065
15 0.743 11.2 0.12
20 0.733 12.0 0.24
23 0.725 13.6 0.35
26 0.718 15.2 0.55
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Fig. 11  Variation of pressure coefficient and skin friction

resistance coefficient with free stream turbulence intensity
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Table 2 Variation of some performance parameters

with free stream turbulence intensity

R i it 3 JEE/ % BRRE R B FE R/ m
0.5 0.705 0.7
1.0 0.703 0.55
1.5 0.700 0.35
1.75 0.699 0.25
2.5 0.697 0.1
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Table 3 Variation of some performance parameters

with free stream Mach number

KL b £ SEVIR/EE S B AR 1/ m
4.2 0.721 0.18
4.5 0.729 0.26
5.0 0.741 0.34
5.5 0.746 0.64
6.0 0.704 0.64
6.5 0.617 0.64
7.0 0.523 0.64
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Hypersonic air inlet performance based on engineering transition model
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2. Collaborative Innovation Center for Advanced Aero-Engine, Beijing 100083, China;
3. AVIC Shenyang Aircraft Design Research Instiute, Shenyang 110035, China;
4. Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, China)

Abstract; In order to study the variation of the performance parameters of a hypersonic air inlet with the
flight height, free stream turbulence intensity and free stream Mach number, and the influence of the boundary
layer transition on the compression surface on air inlet performance, a series of numerical simulations were
conducted by using the y-Re, transition model developed in a in-house HGFS and the flow phenomena and
mechanisms were analyzed. Firstly, the improved y-Re, transition model implemented in the HGFS code was
verified using a simplified model of an air inlet compression surface. Secondly, a hypersonic air inlet with
isentropic compression surface was studied the effect of flight height and Mach number on parameters such as
the transition location. Main conclusions are as follows; with the increase of the flight height, transition loca-
tion of the boundary layer moves downstream on the compression surface, and the total pressure recovery coef-
ficient decreases. Compared with the ground surface state, at the design flight height, the transition location
moves downstream for about 0. 525 m, the boundary layer thickness increases by about 73% , and the total
pressure recovery coefficient decreases by 3.2% . About 0.5% magnitude change of the inflow turbulence in-
tensity will contribute to 0.2 m movement of the transition location. However, the influence of turbulence in-
tensity on the total pressure recovery coefficient is quite small.

Keywords: hypersonic air inlet; transition model; flight height; turbulence intensity ; numerical simula-

tion
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Failure effect analysis of uncommand oscillation signals in
electromechanical actuation system
SUN Xiaozhe * , YANG Zhenshu, YANG Jianzhong, WANG Libao

(Tianjin Key Laboratory of Civil Aircraft Airworthiness and Maintenance, Civil Aviation University of China, Tianjin 300300, China)

Abstract: Moving towards the development of more electric aircraft, advanced electromechanical actua-
tion system (EMA) is developed for aircraft control surface as one of new technologies. The failure mode and
failure effect of EMA are the focus of airworthiness review. In order to solve the problem of uncertain failure
mode and failure effect caused by uncommand oscillation signal in EMA, this paper analyzes the generation
mechanism, the generation position and the expression form of the oscillation signal. At the same time, the
fault propagation and influence of oscillation signal with variable frequency and amplitude in EMA were
researched. The results show that the system architecture will change the waveform of the oscillation signal,
and the oscillation signal of the sensor makes the greatest fault influence on the system; the control surface
deflection angle output of the system has the same frequency as the oscillation signal, and the oscillation signal
with frequency between 0.2 — 3 Hz and 8 — 10 Hz will cause unacceptable oscillation of the electromagnetic
torque and the deflection angle of surface. Finally, the amplitude of the oscillation signal affects the response
speed of the system.

Keywords: electromechanical actuation system ( EMA ) ; uncommand oscillation; failure mode; failure

effect; power by wire

Received: 2017-08-21; Accepted: 2017-10-20; Published online: 2017-12-06 08 .58

URL : kns. cnki. net/kems/detail/11.2625. V.20171204. 1854. 003. html

Foundation items: Research Foundation of Civil Aviation University of China (2011QDI15X) ; the Major Project of Large Aircraft
% Corresponding author. E-mail: sxz_2002@ 163. com



2018 4 7 H
F445 T

LR MR KL ER o
Journal of Beijing University of Aeronautics and Astronautics M l5a] Vol.44 No.7

Ab AT 4R

July 2018

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0566

jbuaa@ buaa. edu. cn

EXFRHME R RN ERE

nE&EE

AP, A

(1. sz AR oy BRIR S 30 TR Be Mz Zhpl s E R P i S92, Jbat 100083 ;

£F s
A3
-S‘ 2. Sei i R AHLEERIHT G, bt 1000835 3. dbntfiE AR K @RS TR SR, dbat 100083)

i B ABREAEHARBAANMERETFR, BRET —HZ KA MAHR
Rt tF REA , B A R A £ R K FE i 5B ot 80 B B9 B AL IR 8 R o Lot A A4
MR FETRANZEANERGERAN AT ETRA, EX5HTENANE
FTRAMBEXE, ZNTHERBE AN R B G RN AEN, NBEBZREHE
WREANAXNZALTHERA AT AL RFRANAB LB MR MAE, R
HZREHMBRRAANEGRESE A ERD O, FRSERBEZRHELES
HHENETERR, ROINE TR T HRGLARTNNEAFEEEZR, RGBT

BWIELEASH R mAL,

X 8 A AR AWk MEER, TEFR; TELR

hE SRS V228.3
N akFRINAG . A

FETF LA R G (MEMS) T 20 1 22 K 2 i 7
A A Bl — PO BRI de s I . Bfy
A A M D R R R A I A A P OR TE KL
Tl /IR0 B TR AT 8 R o R R 0 A1 B R A B
PR A T AR B AN (B, I AR T E A
SMIFFE LR I 3k S 1 R, B AT G
48 A2 SIAIL A FE AT 78 A BT HOAR A7 A B 19 45
TG R R U T FE P AR G B 9T A
W RIS 22, ke =2 AH OC B SRRt R 2256

T ORI B R S LR SE A Bl AR TR
VBRI A R 3 X AL T AR R 7 A A HE
MR T R S ML T T BB A
24 TR 1 B IR 58 & S WL Bl O BLAE R T O ok
HERAASL AR 8 5 A S LAY AR e ok, B 2 m] REAE
TR 8 2 s HIL 5 S8 BT A BE 23 Mt v 4 B Al
PRI AE R o R, 7 7% BB AR 7R A B A%

XEHS: 1001-5965(2018)07-1430-08

AL ) R e e e AL RE D7 HBE Y, S I J it
T i e AL HEOR BT T A ZE T 2

7 SO O AR 8 B A gl WL T A D B ) g3
W, 4 1 25 P AT 7 A A R A% TR ) T
R A s R AR DT /R OF R R ik 25
TRBEEE S T R i 8 e Sh LA K17 f) 24 0 2% AL A
FET I X RERTE R T O AR, S T
R e S HL AR R R AL 2R B S B4,
B 7 ROR IR B e s AL LR g 9 A e S R AR AL
B, WRFEAE AT R RN B ORI e s L T A
JECHR, T A SCEE R AT 58 A RS %

1 HENHRREUSH
X BLRBE 9 % 3 B, TR SCHLR R 4 (A

fih Dy 3, A PRASONE 3E H AT DL Z20m O ELTE R 2

WS B HA . 2017-09-08; A HHI: 2018-01-26; 4% H kAt iE . 2018-03-09 1338
P 2% H R 3k . kns. enki. net/kems/detail /11.2625. V. 20180309. 1301. 001. html

+ @5 {E#&. E-mail: liuchuankai@ buaa. edu. cn

SIBtE: M, F#h ZRAMBERRLAN MR GEBZ[T]. HTAEME A FFW, 2018, 44 (7) : 1430- 1437.
LIU C K, LI Y R. Performance simulation model of millimeter-scale micro turbine engine [J ]. Journal of Beijing University of Aero-

nautics and Astronautics , 2018 , 44 (7 ) : 1430- 1437 (in Chinese ).


Administrator
新建图章

kns.cnki.net/kcms/detail/11.2625.V.20180309.1301.001.html

557 3]

XUALHL 45 22K GO I 8 S B AL RE (7 AR 1Y

EloF e E
1431

NN IR NS R 7 E R A S 4
HURUE it A A AR AR 75 AT by AR B A% S RITAH B3 £
2 A2 B — B E o

TORE I A8 A R — B R AR 220 et g — 2
B0 R EEA L 0.2 ~ 0.4 mm IR 5 U BOR
A% B8N B 52 i AR S SCRR (8 ] 2R T AN
1) AR, 2 B3 7 O I R A 1

1 /T

m:f(Win*m,n,Re,geometry,q*)

] P‘“ Ti:

J (1)
JT:

%:f(win *m ’ " ’ ’ ’ *)

[ P A/Ti:

K em Mo 43 5 5 ROR R G H (58 R

tlﬁ) sWo To A1 P4 5 R O & SR

n K% Re SR SR E i 2L geometry R
mILﬁ?FEUiSﬁ,q WG RARL S B, Ryt
A ¥ PP 5 T 48 6 TR 0 A

Sk TR T ORI B K Sh ML BE AT 7E AR IE
F R A S B AR S H M Y LR L, ST A
AL S A B AT AR 3

1) AR R0 4 it 20 i) L ) A X 52 i) AR AR L R
BB & sh ALK AR 22 E 2 (1) B2 A 46 %of A5 Ak
BEC/NF 10 pm 850 5 & /N Tk & (Y
200 ~400 wm) , 42 [ B AR £k X S B 1 RE Y 5
M) 378 AN A% SRR B 3 I R R 7E T AE R
TH 8K RE DR JL AR AE AL 25 4

2) g R AR U oK ), BRR R
NG R I A DN T 25 N T g R A RS AU
i NI i VNS kvl e AT

3) H AR TS R AL (] Y 4 RO
B REPE R AR X N R R S BT IR
TR A0 A 5 ), 2 PR T iR AR S e T
HIL I 38 FAHE A Ay 0 30 R 4 B0 ) — 3B 43, e T
G5 H 1) B 0 2 B R R e T DL

BT Bk, JE KRR R 1%%5(%115%%/1\%&%
SE SL, WS AR AR P 0] e om

%:4 «/ n P;; T)

]

7 /( : = (2)
O T T T

[

1 /( A/ n P; T,)
ﬁW:%ﬁELTﬁfWE’Jé’E ,éﬁz%EUi‘éSLigiﬁi
AU S B R S 8 R T BOR B S BRI

FE L Hor T Sy A8 10 ST T 243

TEC AR S 2 DR S H P, T, MW,
AT OLT , ORI R A W IR L %Hﬁmdﬁé?ﬁ
POt Q nILUE PR R N

L4 =f(n’7T’TW)
[L = f(n,m,Ty) (3)
Q =f(n»7T’TW)

HF bR AR ) A e 5, TR
RIS Bl CFD J7 3645 2 SO 5% 5 B R, O i
i e A Sl HIL A A BE S R (AR i

2 WHERTHRREE

2.1 BTERERFHR
TR T03 0 D Sl HIL A 0 A e e A ) R X
IINET TR AR ST - 5 K RN 45 B A A BT
H AN 2 AR S BAORINT A A 2 R OB
T 5 A Zh LI LAY Z5 40 Q] 1 R %
TR R B O TR AL 1m0 e e K T R T A
G, R A AR SCHE . WA R T LI AR
TN — R A B, IR = AR
MR o B TR T A R R TR S AR O
FEAPRE T MEMS il T T 25 1 36 1 85 498 ) i
CEIERT U TE IRy
e g AR s 2 Fros , i T SOHL AR
& 22 1) g S DAY RS, R IAE 45 A IR 2 A0 A AL 4 A X A
ZIN TRT 1He 228 W% B~ Tl 1) 2 A ) RN
BIREE AT 5 32 R Sy B 2R QFTO(I%
B S 2 UR R BB PG Q5 TR
fhbeE im e S0l 4% imEEt MY
\\ — i‘!—l_\—‘l‘*——-—4'1‘i—‘1: ke
N i

“ 2mm| 7 sl

=l
| ]
— 1 LI, 11
IE==£FI= \
{ T 1 RS
SRHETE RSN ESR  E fll[h S
— KL A0 == SE Rk

Bl fORL i 4 e sh ML L B 45 4 7 B K

Fig.1 Schematic of typical structure of micro turbine engine

F2 Hriimaess

Fig.2 Schematic of heat transfer routes of rotor



1432 b m = R KR

e

2018 4F

PLEL G 5 25 U R U Y 3 RGN Qe TR
BLEE 5 3 WA e ARG Qo BEIRFE AL
[i) 5% 14 1) 3 AR Q5 B Jib 1) e ML b
3 AR Qe o M TR B 48 A4 5
KAEA

dT.

Qsc = Opc = Qpc =mc ds (4)
(lTWT

Qe = Qpr — Qs = mye dr (5)

A Ty T Ty 43 500 Ry FE ML AT I 56 1Y) S 4 B
ek sme B my 53000 R H AL R 56 1 0T 6 5 ¢ Ol
TR BT L FAEE o Qe AT Qe th 25 AR Y
e

% L8 BN L T o i N TR AOHLRNIR A
(0T B, -l A IS T 28 o EARHL R AR S 5
Ttz 18] i S AR A T B 2 (6) U5
(Tyy = Tye)
Q§=Q§=Aﬁs———z——f (6)
KPdg WEEFHN SIREGA I
B L A E TR R
2.2 WBEBRFHEIEALRRE

TR it 58 & 3 LM RE U7 LR Y 1 s & A
B3R o PR RE O ELAE AR AL 75 7% 18 A% GE
RIS LR A i T R D7 RO R R
S NI A A S W) TAE SR, B T B R
1) AT

LT WY 5 A AR BL 43 B R0 A S TR AR

KA, RE Tl 16 48 e s AL RE O AR I b 75 29

BERSHON R HUF T P B n, AL R

O R A HVRGE T RS IZAK L 7, LA KR

MR B S BE IR Ty B Ty, 356 0 TE2

M Jee - D AR AR, I BUE HLASCR W R T3 T

RRRRR R g MBHES RSV 5 N FRER T T
1) B 1 AP i it

2
d
8],:LTnm - LC - (%) Jndizl (7)

L MLy 23500 S e SOBL S 58 i e 3y 256, AR
P ) IR FAT 2 5, 4 Fe T BIHLAREOR 5 J
e T SRR

2) MhbeE Sk i w Lk
grw = Wee o = Wa, (8)
Ao Wee o WG I DR W, i 4
A FRRA A, AR 5 (3) o T AR P A (T 3
GEIR

3) WU i A
enxw = Wi = Wi (9)
AW, AR FR AR W, R
RS TENTTR Ay 2 N DA s

4) TR e 1 b T 2P
gcq=0Qsc — Qi (10)
Qoo A QL a3l i 30 (4) A (6) 115

5) WREE LT R T R Y T RO A
erg = Qs = Q4 (11)
o Qe A Q23 i X (5) =X (6) 315

1
X I
N |
: : ESHL ke e I
|
N |
| /ﬁ\ X %/— o
I Fﬁx\
I :
Il |
:_' |
1] H’I'l E
6} W, ) W,
ER‘ W
N
T T.
O, /ﬂ\Q;[__J__J 0L AN O
SC s L = &7 £ =57
i B

P 3 B A T AT A 0 BB O e S L R O LR B R R TR

Fig.3 Schematic of micro turbine engine performance simulation model considering thermal balance of rotor



557 3]

XU BL, % =R GO 10 4 A Sl ML RE 7 EL AR 2

EloF e E
1433

3 BRI TFHRAEE
3.1 BFEMBRAEE

T AR AN 4 B, O A
L5 UL Y S X0 1 SRR 2 U 2 A 2k
TR ANHLAE R S BE T, 15 4 H 0 2 o o e
AN AR B A 2 WA, AR E
AL 1 5 L B O B, PRt A b
TG BB, O R 3 A AT 44 T 4 3 o
1O R 5 T L AE , P P 0 10 30
BETT 53— W4 et T s AR U o
o 7 SRR SR R R TR 25
ARSI A T SR D, R 7 T R
PR ALEL B 9 16 2 SRR, PP P AT BRI

PN A 4
€« = 5 >t 2 %
- I_'. ;""
%ﬁz PR L — 2
%7 . Z :E.. e
L = % — — £ = & 7 |
& 1
— Kt e SRl A
= [5G AR o H AR

K4 #riiesitonZE
Fig.4 Schematic of heat transfer routes of stator
3.2 BTEMmARE
wniE s FE 6 i, 5T )R AR S B0
REAEL B T A R D e 7 SRR R 2 AR
BELC A 2H i 14y A o 5 4 TR0, 1 5 2 3T O 1 e Y

AT 2R AR o
3.2.1 A% EKTH

1) R B 5

T [ AR SR Al G O AR . AR
Brrb SR A A ROP BRI T, RS fE ST
NIRRT

dT
Elid = z Quons + Z Qeond = CootiaMuiia d:l (12)

A e B m i 23500 S [P 010 0B LE AR
BT 5 Q ey H Qa7 91 2 X 3L 45 AR I T (35 4
2) MY A
AR AT FE I Bl s SRR PR AR R
IR RS AR T, SRR W R
J1 P, VAR B 5 0 3% &5 | B BT AE R R ) 7 Al
ATHEST 3 A Ek A T R

=

W _ W ngh dpgas

as W = as_out as_in
¢ 5 £ dt

& (13)

sgas,o = gas,ouleas,oul - gas_in Wgas,in -
V.d(p u. )
Z Qconv + = g;”‘“ = ( 14)
Egasp ~ Pgas,um - Pgas,in (15)

A W0 Voo P A w5350 O AR SRS 1509 S5
A R AR R G AR 24 6E T brgas_in
FoR IR SEL, gas_out Fom il TS H

3) FHEEHICIF

I 3 PR BEL T A 328 e e A A 2 A [ 4
Y mTT R, S R 2 (16) T3
Quona =k (T iy = Topaz) (16)
S T T T i 23900 SRR AR 2 A [T A 03 A3
(9 TR s kO AR AR, S R T i LA &
o RS R R BERFEA R

4) R AR B T

X P 4 TR BH T B e — A AR T
Fl— A SO B A0 I8 1, X 3 e RO
A (17) 5

Qeony = h(:nn\'( Toa = Tgas) (17)
Kb, J X5 i 4 #2850, dn d BAOfE ) =0 B
6%%““(”

3.2.2 #H A% KB

AR 2 4 h AR R 248 455 0 D 3], AR A0 LA
SER A PIE 3 H A 23 S 1B S i 7 B4 4 P
JC, FETT ST ] 6 JIr 7 A AR 0 2% 46528

W ® |
2@ @

6]
— PR —
@

O EfRsAT A O SRR TA
S RkR 2 4 My 4 FA B 5 3] 4y

Fig.5 Heat transfer element division of combustor structure

3 SRR

O Bt s
M- [ S
— —= SR
Bl 6 JRIF T 45 40 1) R 2 155 7Y

Fig.6 Heat network model of combustor structure




1434 b m = R KR

JeAn s 4

T B TT AR b TE i 48 2 8, T ERCTY s T
Hhi 2 2 B B 5 5 DT R B BCE A R o TR
F A T 0 A R BEL TR AR T s TR 2 A B B
2507 R 5 ORI 4 e sh LS 1 3L R AR D7 AR 4
AHER AL, ¥ 0 A JiC et P T it R 7 R AL

4 {(HTESSH

4.1 FEXNK

5L 18 ) X R T R ROR R W
" e Visual Studio 2010 4 F H £ &=
KA i 56 & S WL RE O S . (5 X5
DL HVIGE Ry R 1Y) 22 oK A i e 2 Bl .

HY T 45 A8 RS A PR, 0780 068 %6k Bl L ik
K AL G )8 ShHLEAT JE 30, R I3 Bl 2 d5e T AT 1Y
Bk,

WG ghid 2 FZAHELLT 4 NP5 O
2 SRR R shLEE 1A T RIS B
ABAS 1 BES: . Q4 & S WLt & R s 8 <
T8, WK Bl i e e o D% i il 35 B 45 5 1 RLZE
BEH AR TR KR B HLE R R AR BB Ak,
FH o 3 T 38 K B T (E T PR RN A B T
IR I, @K shHLg A ik B R i) TAERAS
Je ARk = R s A]UR R S PLKG TAEF A 4ERER
&, Ak,

AR SO R R B K B WL R E 1 XU IR A
TFif, B d 23K B A2 0 B 4E R RSN 1k 1 A
b Y S R O R B SA, Be/ F ELE )2P KR
0.001 s,

4.2 HFEIHTEEH

B AE & sl TAE Fhs i RKMT, &3l
PR R e i 3 BE (S ERE) N
PRI S8, R shid B AR R S En T

1) t=0s B, ¥ 11 8 7% K 115 kPa, B 48 37 i
KO0, RLab TR M RERES, % riEy
>4 4 x10° r/min,

2) 1=0~0.2s M kad . HE 0 R E R
115 kPa ANAE R 2 A1 K OIF K B o Ui 2 200 184 o
2 iHE .

3) $=0.2 ~100s S #FaE B, e i
PRFFANAS & ShHL P 6 48 7 & 2% B AR R S e vt

4) t =100 s W, 4 L9k 0 R, 2F 0 R
115 kPa & [ %2 101 kPa,

5) +=100 ~200s Jy [ ¢ fe o ok F2 o Wb
TR RN AR, R B AL IR B e AR E T AE

2018 4
4.3 R4S H|
4.3.1 FZEZ IR TATESH

1) Fed A

K7 25 T )5 shid 72 v O e B ke sl HILEE
A PR AE R . TR T i e sl R R R
AN AESRAI 0.2 s P B AT RS i 2= 1. 23 x
10° v/ min , FCAF X B K B2 ILT-REYS 5 T Bg it 1k 14
XS R R . MR, BAR W e i i in &
T s AN LBl A 2 1 P30 B 1 41 52 T v LA
PRI IR Y T I B ATy 2 Ak 2 e g 3 . 50 s
PAJF , B R A B AR B2 S 7E 1. 65 x 10° v/ min [ 5 3
BRI 100 s M 025 o IR, Bt B 1/
B2 B G, 2 Jim A ol T 2 i e

2) PRI B i e il D) A AR A

A TEl 8 (a) FT 7w, il B A AR A2 25 A% P800 X ik
R R R s AL PSR RE - AR EE AR . Mk
BHLRIEKIS (20 <0.25) A LS HLEL 754k T
FRXH A AR AR R, T 8 R S T AR R 22RO
i e 2R T B AR RAR PR IK B 2 TO W R I,
o TR R A B IR e B AR R iR
F8 RS T i, T A AL A I TR] P B P T
11 3 % Tl 2y 5 D0 i 3L B T M G20 B TR
0.7 s, i 58 il D < 74 3 I 8 3 T R O
W v v (e ML 28 Uk 7R ) 26 T 119 45 K B
V) it A HG 2 T 3 E A4 T o R B TR AR TS LA

2.0 16

. 1.6} ,' 12 _m
= ! 2
g 12} :’ $
5 — 18 £
% 08} =
# 14 8
04+ ! B
i
0 ' : . . . 0
03 0 03 06 09 12 15
i} fial/s
(a)0~1.5s
2.0 16

16} =
= 5
E 12} S
= =
= 0.8 el
& £
04F | 8

0 ; L L 1 0

0 50 100 150 200

i) /s
(b) 0~200 s
— i - - - Wi

TR N e b A AR Al AR

Fig.7 Evolution of rotational speed and methane flow



%71 XUFE L, 45 B2 K 0 OB 6 3 B RE 7 20 g5 1435
250 4.0
35k 4
200
2 150 - Al N
§|m- = 20}
. i 15k
50+
1.0F
90.3 0. 053 0..6 O.I‘? 172 1.5 0'50 2 4 (; 8 10
/s HL e tt10°
W - BRI o SRR W
250 o T, =300 KIRSHUE —— T, = 600 KRSk
2001 E 9 fAlRE &S MG ohid AL TAEZ
> Fig.9 Startup operating line of micro-engine
a1 150F
= FE0.2s BE, K S HL flt i (e ) 17 B 45k
£oo0py\ PR E IR E BRIV TR —EMN
=
ol b AFIE) (249 1s) A RE LA A B HOF- . e 5% 73l
N JEE FR PR B AN ] A M R TR AL TAE R
s = e = =5 R SHLICEC B T AE s BRI e 2 1) i Pk 260 18]
i} fEl/s B, BEUR S TAEL BB 1 P
(b) 0=200 s . ~
) ik B BT
W THIINR - - - RSP SRR R Us DUR 6 7 S AR SN ROE M, 2230 AL T AR
S T 8 — YN e ST i R 1 R Bl AR S R e B

(&8 4 JA PR A il o) 3 ) AR AT R

Fig.8 Evolution of heat flux and shaft power
J5 1% B ) 10T A A AR 5 i A I T B
W ARG B AR TR A5 A Y B A T
TR HR A K F 7% 7, 81 DT 0T 1 5 I R 2R
TRTE S G P 3k 3] 220 Wi I A1, itk 5 Wl % -
T EE I TH R, AR I B D, 50 s S5 FE AR 3K #
FasERAS o 46 100 s B2 & R g sh R, SR i
RN RBURBEE R RN =E O
Tk B T /DN e 5 5 348, e - 5 0 0 4 B L B 2
RANRER N, 23— WA S, & Sl
T 5T B AR IR R AR EAE 15 W A
A7, X 5 ML 45 0 A A e R A T8 i 3R O U ) B
5 0 AR R o
4.3.2 RHEARIMELLH

B9 25 T O ik i & Zh LS sl B i T4
g TTLLEH L E 0 ~0.2 s By hn it B, 1 7 iR
R BIHUMNE TAELEEA LA TAEL (i
HHEJ R 115 kPa i) ZF ,iX 5% R w4t &
AL TAEL T 58 AT AR AR 1 s A
TE T 008 iR 56 & 3N WL -t S A8 B A% /DN Jon 38 v )
W o Ik B, & ER AT AL T AR R R AR
AT TE 1 A XS 3 BB ) RN ML BT I A
MR SETE .

RS HL AR R B R BEE T 25
JEE B2 T 4 R T T 5 A ORI A I R
L AE T Wk b, e B AL A e S DA 0k 2 4 16 o, T A
s A BT et A2 2, S BUR 3 TARL H BLES 2
7)o

100 s B, % S AL i e s 3l IR HRBR , fi 45 i
RN IIK LE LA K UL Y RE N O JE R D R B, &
ZALVE BE A AR 5P O 1w g IR 32 5 A% 2, S BUS
B TARZ I BLER 3 AP s

g5 L ORI A R S HIL Y B N S BOR i)
U R A W B DR R LR e e R S LA
LERTEFNCIE

X R RUBE T 5 e s L, 2 3 7 1 46 A
PR AR XS T T 48 D AR 00 BEBIAR /), — BT L) 220
S B LIE S B R S R PR B E R IR,
FEhmigtd R 1) TAFE 2o A e M AR 2 TAR R S ikt
R A

1113 % 2 R SR e 48 R L, L A
AR 5 i B A T AR AL T R S . ORI R
BIHLIG A AU K2 LR R B AL 10 7 &
G, i e T s A e A R R R R Bl 107
Geo UL, FEROR T 58 S ShATL N aod 7 v, e sl 5%
P A 6 2 0 A S T A A 4 AR 5
i AL T AR L e E 2R o



1436 b 5 M %= MK k%W

e

2018 4F

AN, TR R 50 & sh LSS 7 5 A
B 1750 oA o A HAE R 3 ik B2 v, il
U177 o I B )2 - 3 B BAER E B B TRD Ok #
PfasE B i, 4> B4k F 1077 107 107 s g%
R OB i 6 R LS Bt B TAEL s T4
RO ARA A
4.3.3 B ELHkeY ik

HY TIOR8 %8 K B B9 38 S BR3¢t
W DT AR SCR SR [ 15 ] 1 47 B 285 SR A kg %
FegiE . B 10 25 s 1 il 1) me Ry B E) ZE 0. 02s 1Y
SAETR B 14 i AR B S TR BB A R R A
fE Rl B2 (LR B W AR TE 50 s B Y AR e (EAE N
B S SCER 15 ] B A R AT X . AT LA
BRSO R S SCmk [ 15 ] 1 AR 4k
B, BB B W2 K G A IR B8 shPL ) shad A
A S S A Gt i . B BU B 25 AT
B L R 2 A SO L 1 Tt 2 3 48 K s LI L AT 25 4
53CHR15 ] A 58 4 — B0, 58 10 S 3h 45 4l A 4%
PRFPETR A 22 5 JRRE STk [ 15 1 AR fEfE 2
5o 3O TEDF B 1, SCER [ 1S oK T AE
6 AT A BRCRI I 3 A 5 S R G S T R R AR
[vi) FF 8 2 ML 13 1 A B R AN Y A, R A B4

1.8

09}

PR
=
o

0.3
0O
=03 L L L - L
-02 0 0.2 04 0.6 08 1.0
B a)fs
(a)0~1s
1.8
1.5F
12+
=
£ 09
= an
EO06F
£
0.3
0 L
_{)3 1 L 1 I 1
-10 0 10 20 30 40 50
AitiEl/s
(b) 0~50s

—— SCHRLTSTHP FA e S AT
- === SCHRCT S ¥ S ECHAA AT i
—— AT R PTG A AR A DU (R
—o— A SCHALITT % S AR T

P10 T s PR R U R 0 L P A A i A

Fig. 10  Evolution of rotor relative heat flux

A oA P L JBE A3 A, 3 AL R S B L R LA
XN Z — B b AR SO 5
SCHR LIS T 95k Y B A 3w 1) 23 18] 23 B 5 REAS
S MR AL Bl 8 i e A Sl AL DAY R e R B HL R
B BE B 52 i 7

5 & i

K AR S R Sh ML A T s AR A
AL X AL TAERRPE 7= A BRI i, A SO 4
T ORI & S LG LR TR 5 R S T
TR 58 K AL 25 09 1 FA 0 2 31 305 0k JF
KT ORI S R S AL RE O LT S AR A, IE B AR
LT E R e PR 2R X 2 K GO i 6 Rk Sh L A
R A R R, SRy R oK R A TR B Bh L
)RR T B T R AR 98 B8 T AR Sy, 3
FARSCH P BEE S, v LI B T 4518 -

1) ORY IR %8 & 3h AL e 2y 5% B 0 I o 3Pk g
B 5% M /N, AR AR AT PRI J2 5 M L 3ot S R
PR BN R 7E 2 KA I 48 K Sh HIL i B
Jet Bl it B e AT A S 1) B ] e R
0] 22 — A Ht DL L i PO A e JR) L A A
A E] 22 2 AR

2) (AL A ShALIR e % TR 5 A
it TV Ui A IR AL T AR R Ak
[ SE I g, ZEASUK IR B AR 0.7 s 9, iR e 4l )
IR T iR IR o T A 1 I 1o I B i
EI) R0 A e KIRE T R 4 50 F

3) BP0 mE R A A 107 s B2k,
R GRS K S AL TAE LA R s TAE
LR B W PR BT . FEFRAE AR RS AT VR B
TR 56 R SRR I Bl B TAREZ AR 1
ZE A,

S #k (References)

[ 1] SRfiee, [P JHEOK 90 i B i 5 8 <R Sl 32 AT 5T ik e
[T]. R s i S A 5E ,2004,17(2) :9-13.

LIANG D W,HUANG G P. Recent development and key tech-
niques of micro-turbine in centimeter size[ J]. Gas Turbine Ex-
periment and Research,2004,17(2) :9-13 (in Chinese).

[ 2] DU [ A0 ORI 8 & 3 HL R T B0k B ok ok & i s 3
[J]. ®Ai 55,2013 (3) :76-80.

TAN H Q. Application status and future development trend of
micro turbine engine in foreign countries[ J]. Winged Missiles
Journal ,2013(3) :76-80 (in Chinese) .

[ 3 ] DESSORNES O. Advances in the development of a microturbine
engine[ J ]. Journal of Engineering for Gas Turbines & Power,
2014,136(7) :071201-1-071201-9.

[ 4] EPSTEIN A H. Millimeter-scale, MEMS gas turbine engines



557 3]

XU BL, % =R GO 10 4 A Sl ML RE 7 EL AR 2

1437

[10

—

[

[C] // ASME Turbo Expo 2003. New York: ASME, 2003 .
669-696.

ISOMURA K,TERAMOTO S,TOGO S I, et al. Effects of Reyn-
olds number and tip clearances on the performance of a centrif-
ugal compressor at micro scale[ C] // ASME Turbo Expo 2006.
New York : ASME 2006 :1087-1094.

VERSTRAETE D,BOWKETT C. Impact of heat transfer on the
performance of micro gas turbines[ J]. Applied Energy,2015,
138(C) :445-449.

BETT R, S, BRI R R R S ML E T B
[M]. b5 =B Toll il ik ,2007 :49-77.

LUO G Q,SANG Z C,WANG R G, et al. Numerical methods
for aviation gas turbine engines simulation[ M ]. Beijing ; Nation-
al Defense Industry Press,2007 :49-77 (iin Chinese) .
SIRAKOV B T. Characterization and design of non-adiabatic
micro-compressor impeller and preliminary design of self-sus-
tained micro engine system[ D ]. Boston ; Massachusetts Institute
of Technology,2005 :24-37.

Bt B SO A e [ ML bt « i 4 0A Hh A, 2006
197-296.

YANG S M,TAO W S. Heat transfer[ M ]. Beijing: Higher Edu-
cation Press,2006:197-296 (in Chinese) .

ROHSENOW W M. f&#2 T ( B [M]. 2=, . b
5 Rh A AL 1985 :409-618.

ROHSENOW W M. Heat transfer handbook[ M ]. LI Y T, trans-
lated. Beijin:Science Press,1985:409-618 (in Chinese).

[11]

[12]

[13]

[14]

[15]

AR R, IR AL A T A SRR [ M. st B T
At AR AL, 1987 :245-464.

FAN Z M,FU X Q. Thermodynamic process calculation and gas
meter[ M |. Beijing: National Defense Industry Press, 1987 :245-
464 (in Chinese).

FU X, WAN Z, HUANG G, et al. Study on micro-turbine en-
gine’ s characteristics during windmill starting process[ C] //
ASME Turbo Expo 2012. New York: ASME,2012:903-910.
AR 2. 7S R S LR B M. PE 22 VAL Tl K2 i,
2005 :300-345.

LIAN X C. Principle of aero engine[ M ]. Xi’ an: Northwestern
Polytechnical University Press,2005:300-345 (in Chinese) .
JREE, A B BRI RS LR S kM. Jeat.
FU RS AT K KA Y AL, 2006 :71-77.

ZHANG J,HONG J,CHEN G. Contemporary aero engine tech-
nology and development[ M ]. Beijing: Beihang University Press,
2006:71-77 (in Chinese) .

SAVOULIDES N. Development of a MEMS turbocharger and gas
turbine engine[ D ]. Boston ; Massachusetts Institute of Technol-

0gy,2004 :201-250.

EEE N -
XifgEl e, PR A R, AR T R
FPLEAEAR

T L LR BRI R R S L,

Performance simulation model of millimeter-scale micro turbine engine
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Abstract. In order to meet the requirement of milimeter-scale micro turbine engine performance design, a

numerical model was presented to evaluate the performance of millimeter-scale micro gas turbine engines. In

this model, new turbomachinery characteristic maps were applied, which took both low Reynolds number

effects and heat transfer effects into consideration. Heat balance equations were also added into the matching

equations. By coupled solving of the matching equations and the static structure thermal network equations,

the engine performance and component heat transfer were dynamically simulated. Furthermore, a typical milli-

meter-scale micro turbine engine was modeled to study the dynamic changes of the engine internal parameters

during startup. The results show that the rotational inertia has little influence on engine acceleration, while the un-

steady heat transfer is the major determinant of engine transient performance. There is significant difference in ther-

mal response time between rotor and static structures, which results in several kinks in startup operating line.

Keywords: micro-engine; thermal network method; performance model; zero-dimensional simulation;

transient process
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BAR (SAGAT) A B £ Z & (i L B R ) 3
EAEENEG SEREREEMA  RHNSA EMBEANTHEE

% FIR AT

TEX HEEERLATNE
ATEBRMIF, Tk A, BEATHEN
I fe AL T % i AR

Nrm M B R RERIT; APLIR

XE4HS: 1001-5965(2018)07-1438-09

1% 5w 2 iR ( Attention-Situation Awareness, A-SA ) &
ST NCHL R 2 T 8 L T TR 6 AN T 4y
e 4 A B 2 ok, DA 58 53 1) 0 E X 7 2
165 B (SA2/SA3) (N AEFF AT M RS o B 45 i
TSRS 2 U (SAL) WAL B E 14 43 B S =
AT I AT M B TP ) P IR T R B A
Rk ABAZA AL U AN 9 B TAE B A 30 08 0 4
Tic (1 2 f R AE S A SAT | SA2/SA3 Yy Fikid &,
CURRHT SA FRA L1 SRR K SA
IRV R bR SA KPR SA KOF-Z I (A
Bk DDA R A fR BE X 1 4 A 4
SE) BN HVIR A HE T 7 3 43, AEZ 458 B A HDIR 35
B WAEL 20 A7 7 2 B i = M ﬁ(UXX’%":f%'I/\U\%D
HEE A R GE A SR T R T
FEF NI SA BRI R — B 4 1 TMEE&
AL S Ar KAl SA W7k 5 —BE ALY SAL F|
SA2/SA3 IE i BE AT T A dF 4t T = Ak

Hooey 5§

( Situation Element,

Wi B 2017-0821; A BHI: 2017-11-19; M4 HARAETE : 2018-01-18 09 :41
M 2% H AR # ik ;. kns. enki. net/kems/detail /11.2625. V.20180116. 1914. 007. html

ES&TE: ERAARFREESLR
= @IS 1E&. E-mail; wanyanxiaoru@ buaa. edu. cn

SIRHEN: ST, TR, ik, £ EFZFRERFTELNF

S5 P ERMAMZERBEAREBBH (U1733118) 5 [H5 A KR IE S

(71301005 )

HEREAGHA[I]. HFAEMRAFFR, 2018, 44(7):

1438- 1446. FENG C Y, WANYAN X R, CHEN H, et al. Situation awareness model based on multi-resource load theory and its
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JeAn s 4

Jrvk . BEARBL AR AR U B O 40 WO R R SR A 1 4R
T T O B SA T AR R | I oAE RS
SNt BEAE 55 h BT T SR, BRI RS SA B L 1
ARR RNSE - I sa (KA W EACID P & 30
BFFE M B A R RE AR DA DR S S0 A 2
WLERKG . ST, B4 B0 SA B i B HL 28 A
SERF R CEAT T — 2 B Y A (H R R T
A 7 A AR T 43 TR =2 i ) e A 2R AE

bt % V- Wi 7R $% R (Head Up Display, HUD)
A ok SR B AE R ALES B B TR, ) AT
BN T S ST 4 3 7 43 TR SA ) B 6 7
KATE A, 5 SA A G KL A I 2 R,
R B A SA B R (SAL) # I T K 2 %%
R T g T R ST X — TS R
8 TR S0 RAT BT VR 4 1 T
DA ik — 20 583 SA A2 e 2 5 )2 WA
Fikad B AR SCI I 2 2% RATAE S5 4R 1 T —Fh
T2 W UR f G PG AL T 7S YRR IC ARG SA A
TR AR 70 24 780 B W A 57 P L T A S — A
Bt A KB RSO AL 2 b S8 AR R
1 4515 B0 LU BE HE AT — i PR 9 SA E H AL
TE 0 1 ) S A 2 B, DI A BT B AN AT 55
SYBCEIFEI

1 ZHFBEHFHERSIRER

SA AT g — AN S AR % i
FEAALALHE ISP 3 e (5 B, B F i &
JR M PIIRRAE . Wickens 457 i 11 A-SA #5271
(SR B IE 254 G HE 2 S B . FRBE op S 0 A0
T V4T X TROBL XY R R AR RO 2 B
R B HfE T, BE B 1 AT AR X R T Endsley
SAL, i 2 X F SA2/SA3, A-SA BLfIfg T
VeSS0 TR AT 17 B8 T 0 3 WA I, Bk — 25
YR REAT NI R R I SAT RS0 AT A I i
KHEIT . TEEhAS RS, SA2 F1 SA3 Z [H] £ 7E 15
A0 L, DAL g X 244 155 45 0 IR 08 ok R R A L
PERYSEIR , P XE TAE S R E T,

TAE TR —ANRE R BB, 6 T RN E
A= N EIR R NN ORI B R BN S BU
Tt e RE A RIS B B A 4 A sl
fi S U1 O 7 A A O 30 e, BT TR,
T 43 5 o NF [V 8 28 5 R A o 4230 3 67 A A
T EREAER A T B A BT g, Y
B DR R R (O % I B BB R
T 17 5 i SRR A T O A U R R

TG EE T 4 e TR T 1 B U R 5 1 1439
LAt
i
ser | fwe[viel (za]  |ww
i
i} | SE2 EIRmEZIRE :‘
] = =
£4 ; + T F:
' ST
SEn T=t
+
iR

BlL T L PR UR 514 1Y SA BEAY

Fig. 1 SA model based on multi-resource load
I 45 IF U 58 W, 0 471 B o B R AR
SA A it B, A0 301U RN 3R I S AL B 8 1 52
o R AR N 32 SR A AR I ICAZ B TR AR
M Y& Anderson % f) ACT-R ( Adaptive Control of
Thought-Rational ) JA 1 FE &, A 1 9 J5 11 5%
JEAC BT B AR A N B A R K P O e ST
T R UJ DG 5 ) R BB RAE, 45 5 IR T R R
A R I AR SA JKCF
1.1 EFzEERFHNRERBERERIR

AT RAEIAT RATAE 55 1, R4 AE 55 ) LB
it S AN TR) B9 A 551 35 A Eventi (i =11,2, -+,
m) F B[R] 2 285 222 B0, 3K S 15 355 = 47 X B 5 A
] ) 17 3550k 25 . Eventi A9 15 85 04> SEj (j =1,
2,0, n) 38 A () 5% 95 5 I G A AR 7 A A
BT, T T 52 0 A B0 T8 AT S T I e 1 B
RO EEER T, Bt Eventi B 1k 3 fiF A
DL BEOCHE SEj #E17 404k, X 5 2% B X (Area of
Interest, AOI) Bk & —3" . % T Eventi maE,
T TAERA AR S AR s Wickens 19£
VR FAE R TR G R0 4k L T B AN
Mizgh 4 AW EWFEE, 25EHNTEZAT
M E Y 28 5 A0 %% 05 LA e | LR 6 H (B i
A LR IR AOf A T A R A 4 T 4
Ranr

1) FL1 4% Y ( Interface Coding, IC)

AL AT 5 57 Ai7 1 T 0 W U0 IE A 5% 1
PR Z EAR B e E) 2o S G G i 3,
TET 2t AL 3% 5 285 5 R Yl 7R e B 0 B0 285 R Bl S G
T, Y S S PR R 5 3 T o A e BRI, NE R
ifii b 3 5 W AT M. Wickens ™" HI Y JE
24 Bt A G 25 T B 4 R AT TR
AL 2, 7R M LAl 25 5 Steelman S5 82 1 (1)
SR A S R R A, B T A X — HE



1440 b m = R KR

A 4R

& SEEV #AI e k" P Z AL SRR
{8 5 SEj 41 & 7E45 j 4~ AOL 4, Eventi Fi% AOL 45
r AR gL T )

dynamic static 1 d
¢ =Cp + G =728151 (1)
I=1

. €, SEj I R SR B 1 5 € S B A G
B C RS i e, IR G L W A2 Y
B IARmASIC R MALE REG L N LA SR
W IC R 455 STRUE .

2) ¥ EHH (Attention Mobility, AM)

BEARTVE T E RS N &,
LR B0 V3 75 % B e 5 TR 38 0 17T
R0k SRR 3 B A 4T O, R AE TE AT A —
A AOT™™ B 7% 28 5 — AOT 75 1t B %% 01 %5 U8
i 3 TR X B B R R [R] AOT iy e i L

3
Z djﬂ
%:gL1 (2)

Kred, RIAEA LB AOL Z A FE ;60 =) + 1,6 R
AOT 214
3) 1§ B M2 (Information Expectancy, IE)
ANV T AR5 B 18, Bk
e A £ AT EE T ML £ BB FOW A5, AOT Py
A A K B g DR G SR A s B A R
F T BIX AT

H.
E - p (3)

j zn: " j

A Hy O A 85 Oy B BB PO
A AOL{F S5 LA

4) {Z B {8 (Information Value, IV)

R G [ AR TR B E R Rk, D
PR A5 B DR B A R T SON S B . 15
B E R R h
V. =u;0, (4)
i ow, MBI BB 0, Fon KAT AW IE 5
JRAY RN HIR 25 77 A A ME R R 1w
175 55 1o H B AR WA R P A TR DR L R
PRI b, A B2 0 38 15 58 18020 7 A RO BT
g, A
hy=—-wlnu, - (1 —u)In(1 - u,) (5)

aj=‘ﬂv/jie% j=1,2,-.n (6)
j=1

BAAS AOL 4 55 S8/, 25 it 104, U A BE
TR DR AR AR P T R RRIE AE S C AN

[ 5| oo
M PR M B R IR A T RE AT R
A =EV.CIM! (7)

VA

YU 32175 858 00 00195 B R SF- AT 37 o BT A
15 358 B3 1 B R AR Z A, H

A = EAU = A, +A, + - + A, (8)
izl

1.2 EFLNNEBERHEEXRBERIR
KRG ACT-R A ERIE ' 2% whobs Bk 35 1] 9
IO B A B b B B AR SR AR R, MR R R
) 98 e A — [ R 7 A R 8 R 40 A R
WO 2 5 U 18] S0 2 R B i B A P AR, IE
PR S5 B o 3 (8) H S B Al 0 1 T IR AR
AL IZAE B o S B A, Y R R AE 7
GEREBE 7 =1.0) WA 10y 3 BORE OC 4 38 1
HIR B Bz G SE R J8AT
A, =4, (9)
Jr A 1 B AR B A S B 1E 12 ) [R) B 5 T
thgE BT IR R R B T R T,

Satow = et 2 A, (10)
iz

Ak, o TAEEAZ A B R,
SE 0 5 B B LR AR 0 3K R L 2 5 2 A
K I 77 75 P P 030 9 DG 2, 0 00 4 UG 7 T
RV B P 7 AE L D X4 B A B A
B T . 51 8 (A S S T R
P AU 5 1T P
U =0Q,6-C, (11)
A2 Q) S A VG T 1 00 e A ) YO 0 R R
C, A% 5 A VG T 90 00 0k ST O 5 B TR A 4 R (1
oA 5 G Sy 592 BT AR 2 5 B0 A5 0 SR i A (e
5 1T RS 0 00 DS 2 Fr 07 D 08 0B 15 AT R 1 24
HS BRI 25 20 S Z M, 7E T 15
TG %% B (W G6=1,C =
0), T AT 53 15 244 7 i IR 26546 147 432 5% 0 5
(OBEAF . AT AZ 505 Ve R T R 1 M
Q. B Q, 1
0, =m. AT, (12)
Aorfom, BT T BB A 58T 5 AT, i B AT
St B, B R K Rk h
S =U, (13)
L5 TR L 4 3 T 6197 5% 0 v 2 VR U 4
TR 0 09 DA 05 i LA R 93 D TR 14 U 00 DA
Br, L2 SA 1 LR 7

Adeep

Adeep

S, =S + S = S A, + m, AT, (14)
A Al ;
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2.1 {FEERGIT

Sy S5V T B HR 1 B T 22 IR £ qer 1) SA BE Y
TESE R RATHEE T MR, 5250 R T 3 28 3l 4%
PEF I RATHAEAT 55 o SIS AL 225 BURY ) 3
T3TNG HLAL, £ T Ll B4 AT K/ Flight gear
e HUD s A £, ikl 2 (a) fin, S5
S IAE 17 WP WS WOR BE B B R
1280 4% x 1024 {42, F3 25 38k 120 ¢d/m’,
S ) AR o PR B O B AR R RE R AR R 600 Ix, BR
15 M 7 K F- k1 36.6 ~42.3dB, SR TH-P #4431
DA e 3% 93 I 0 0 R ol Al , R FX-
7402 + 38 B 3h 4 B0 HL B HL I C S0 FL K
P, RFEMRA 0. 05 ~ 150 Hz, RATHIH{; BT
5T Flight gear 3. 4.0 K} & 4, 45 & Saitek
(TREKE ) Yoke R CATHEAT FR G Mdb il K52
BTP-4328 "RATH5 AT 1) i A 58 LR A0 L V& % A Ao
ERATERAE LR s i 2(b) s .

(a) HUD 7R S i AOTR) 53 (b) F24EIF 5

B2 HUD &R AOL R4y Ko 5250 5 5%
Fig.2  Divisions of AOI on HUD display and

experimental scenario

2.2 # |k

BOLIER 15 4 BA R s (B
PE 1L 4, 2o 4 44 R EARIR 22,6 %) 3 oAbt
JL 28 LR R SA R WE S0 A, B R R O R4, 4
AT A B8R A IR W IR . SR AT —
R, BRE T AL B4 B AR - EL 3B ) 592 3
2.3 Wig

Sy F2 B SO [A) RAT R AR BT BRE , X
HUD {2 7 5t ifi 4] 73 S5 A4~ AOL, Jp Jjil S {1 A0 28 25
(AOL 1) 753 (AOL2) gy (AOL3) IR
#* (AOL4) At (AOLS) , 4il&l 2(a) Fi/R,
R 5 W R R AT VN (54 (S I e 1 B
AT B B AT ERAE o B R ORI BE T B B R AT R
VRS BE B S BU AT SRR i 58— T bR v DL &
Ho5 B BT AFTE 1 BR 28 57, S A6 L 6 ik 7Y
e 28, AU T (I 58 1) 8L (1558 2) A =5

(1§58 3) AT R PR RPN BT, %
BEANAE S HRAE R T B AT R X €47 51 SA
IRV SE R o R ASE S T i A 2L 5 R AT 4R
Vi, TR 55 OR35S B A7 i 4% . b 4%
AOT X 3R H 8 2 R 300 B2 70 T L 491 ik T 38 i 26
KL AR M B S DU A T4 B A T
BNER,IFSE AT T4 & Bl AT R s kT
BOE, MK 1 iR,
x1 FRAMTERENREEENFREE
Table 1 Importance and information expectancy of

instrument in various flight situations

A o ‘
g HOVE U
A7
1 0.87 0.07 0.47 0.13 0.27
L 2 0.47 0.07 0.87 0.13 0.27
%3 0.20 0.07 0.20 0.80 0.53
1 0.38  0.13  0.25 0.13 0.13
fFEW®E 82 0.20 0.10 0.40 0.10 0.20

HH%3 0.10 0.10 0.10 0.40 0.30

2.4 ZXHBISR

7 1E AT 4 52 5 Ji ZOR POl 2 5800 1) K AT
UL N1 Xk 572 56 1 5 i 70 B 2 8 A R3] B 8
grdR . SLHIE AT E , ol 7E 58 AT B AR
F14 ) s, 3 5 3 3 SR X AL T 5 Y ) S 3 AT
%o R B R A i 4R ( Situation
Awareness Global Assessment Technology, SAGAT)
G WAL 55 B0, AT 55 VR 4 I 5 B 1 05 1) R 5
7 AR M L BT, Bl S B TR (R B
W E] Sy 15 s) A AR A 2l (7] 21« AT S, 47
BN A28 SR T DL B A SRR 2 O Ak 2 T 2k 5k
5, SAGAT Ji i I [i] 1 52 1 1F 8 %6 1 J& 65 3 A
icsgk, R b, Az HOR AR A S D S AR
7 AR BRECHE o B TRAT B B AR R 10 min [R]
U5 56 [ i 25 W K R AT 55 B £y 48 B0 & (NASA
Task Load Index, NASA-TLX) F1 1 4 )& % & & i1
M $F 4% A ( 10-Dimensional Situational Awareness
Rating Technology, 10-D SART) . #% 1% 5% T 45
EWF 2,

®2 TEBETITHRIE

Table 2 Flight operation in various situations

% 5 PR EEIR
. JETF 2 15000 fu; 45 154040 £, R FFAT 1R 298°,
L S

% 0°

TEBE 2 YL BE S 15000 fis GRIFAL 1] 298°, 7K Fe 0°

L WD 298° N 118° s (RIFIRAE JE 20° (R IE
e 3
15000 ft

1t =304. 8 mm,
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3 XBWERMAH

3.1 ETSHBEATN SA BRIBISEELBE

X TS0 BT WA S A AOT 4y il
EV M, BF5eRM, 7R K/NHHRE I KT
K BT P SR A S B DT S S R AT B
EFRACR W E R IR AR A B AL
FRN A AL T A R 5L X BRI SRR A e
H, SEHE %8 I R R R I R R R AT LA
oK 57 PR X A B PR € B e R
FRF RN B VC AR B RS AL IT R,
BV N ARG ITE ., # 3 AEEA (D)
1677 BB 2% i i L 2 R B

a3 (2) P& AOT i M, AR s
KRO)VHEEIFRENE PR —
P (4) ~K(6) 45 G 3R 1 R IE L0 # AR e
B RV, RS H Bk 4 MRBERAR(T)
T A% B B 43 14 U B VR IR A I O il X (8) 3t
WA, G F A4 R R B o, % R R
F P (RT3 5 SR 2 5 L M9 — e A B, 23
BRI GUETE O N 1 Z WUl . 725 LIRS 1 R
AT 45 R

WA (9) ~ 3 (10) 3518 %2 Wi &
JEHURZS BN . R A NASA-TLX it 35 1R [l
AT B A AT 55 45 2 i ) 2 AF RAT 5L A2 f
FEREARAR (12), 98 3 (1) 3585 A 1 ) g
n 2 7K SF- 2 £iF D i 00U B TR AR AR (13)
ZEHL LK 4,

R4 PR RIEERIREAE A, A
A (10) T 5301 55 55 (6 HOIT [A] 22 R % ¢ =
57 RISy, JE A (14) THEE SA T AH,
T LS UL 2 X BT A SA IO 2 48 X (BT
JEARXHE , H— b5 13 2] SA JIRH X 3% WY
LU AR IR 6,

*3 AHEBEREME
Table 3 Display attributes of interface coding

BoREME M oE B R R O o mR &

FRF RN 60.65 60.65 60.65 60.65 60.65 0.22
i 8, UL Jie 29.15 29.15 29.15 29.15 29.15 0.23
i Jm 82.81 57.29 60.42 46.88 14.58 0.35
5 Pk 0 0 0 0 0 0.22
ST 44 % 48.41 39.57 40.66 35.97 24.78

®4 SERBEINDRIE

Table 4 Deep-level situation cognition representation

" EEEE CPHRG PR 0]

" WHEZ M A, KF/min ] /s Al Fi b
I 5 1 0.3224 50.37 154 0.2802
&% 2 0.2950 49.59 217 0.3888
I 5% 3 0.3826 51.22 177 0.3312

X5 BE1LAOIEEREITE
Table 5 Calculation of attention resource in

each AOI under situation 1

EERHITR M M o= @ & E & o oM

ST 4 0.2556 0.2090 0.2147 0.1899 0.1309
TE R 0.1454 0.2192 0.2256 0.1952 0.2145
5 BME 0.1239 0.0056 0.0592 0.0124 0.0290
{5 B 0.3750 0.1250 0.2500 0.1250 0.1250

HERFIHAE A, 1.2502 0.0152 0.3054 0.0419 0.1292

F6 SATMMEMEENMNESR

Table 6 Predicted SA values combined with subjective and objective measurement results

R A5 AR 1% 851

1% 85 2 % 53

SA A
AT GiAR/10 72
SA JZ i i /ms

0.2834

SA IEH#/ % 66.18 +19.14
10-D SART 7584} 21.8 +6.06
SEE/ (W - min ) 93.77 +14.03
SDNN/ms 47.77 £28.04
WP 3%/ (YK - min ") 21.11 +£3.29
EDA/ s 2.45+0.11

0.3849+£0.256 8
5168.45 £1562.2

0.3921
0.5324+£0.385 1
4440.67 +844.7

0.3312
0.4544 £0.314 8
4958.28 +1253.0

77.06 £12.13 70.00 £11.18
23.8 +7.29 22.8 +7.86
90.09 +13.34 90.23 £12.55
50.09 £22.88 48.84 £29.40
20.76 £3.25 20.28 £3.36
2.39+£0.08 2.41 +£0.05

3.2 HEXMSH

H 2 6 AT AHITE S E Y 3 Fl CAT R BE T, gk
O HL Y TE S5 R-R 18] 19 #5 78 22 ( Standard De-
viation of Normal to Normal, SDNN) & ¥} 55 3% Ji5 U
fR B, S 250 SR A B B2 AL R ((Electrodermal

Activity, EDA) 5 57 5 B0 S 5 B 0 i 3. R )
Wickens 27" (K 50 06 1F J7 ¥k, 6 3k T £ B IR 7
A7 0 SA 5 I5 F5T 0 7 15 552 6 ) 45k 405 5% MR AT R S
SYHTL S5 RN T TR, MES AT E B SA T
MAE510-DSART it 45 4> (46 R $r =0.998,
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y A Y N [N s
57 ) TG T A YIS e e e 5 L IE B 1443
F7 SA WA HEARE X E SR
Table 7 Analysis of correlation between predicted SA values and measurement indices
MREREC B EMAE  10-D SART 143 KATHIR SA IE#E  SA UK FH.ox SDNN LS EDA
0.998 " 0.999 * 0.995 -0.986 -0.848 1.000 -0.351 -0.978
P 0.044 0.023 0.064 0.108 0.356 0.015 0.772 0.134

WEEMEE P =0.044)  KATHIAL(r=0.999,P =
0.023) .0 HL#Y SDNN(r=1.000,P =0.015)
FHIE ;5 SA IEWR(r=0.995,P =0.064) Ifi %
BFEMOC; 5P 8.0 % (EDA $5 45 1 12 9 A0
AR E ([r] >0.8,P>0.05) ; 509 %45
FEARM G (r=-0.351,P>0.05),

3 B T 3 Al B T A A S (i A LAY
Wt 7 A Ak B, l WO ) 2 e 5 2 Fh
W7 2 28 A A — 3,

04 1.0
= =
S 02 ::.:20.5
<< 227
(7]

0 0

il 2 s il fHE2 s

L5719 5% L5515 5%
(a) SA T (b) KITHiE
8 000 100
£ 6000 280
= # 60
£ 4000 &
= T 40
<2000 < 20
0 E— T L. 0 L , __n .
THEL 52 83 T RER2 RS
L5 fili 1E55fif
(c) SAJZ IR (d) SAIEH
40 80
&
B E
20 Z 40
7 A
(] v
=

Tl 2 RS 5l R S
1T fif 5 L5 H 5%
(e) 10-D SART{§ 4} (f) SDNN
P33R EEETT SA TR A0S 50 0 4 5 4 28 ki
Fig.3  Predicted SA values and change tendency of

experimental measurement indices in 3 situations

4 KWAMETFEMER

4.1 ZHRMEBHE

2% 30 R FH 3 W01 26 WA 245 4 1 0 0 9 3 R
W) 55 T BBt SA K P47 % 8%, ok % 0L
BT AT S, SAGAT T I R 4% 1 4%
SO o, O L L L R DR A R 0 A )
D7k o IV B A R TR LAY S S
A 2 ] 2, X 45 A 22 L (& - x) /x5

HECIS 858 14 T B AT R NG A5 KA
20, BV B 4 A A E L SR 7 1 1 SA-
GAT T il 1 4% 1 AR B 92 90 AT 55 75 BE AL E 4T R 45,
(5] A 375 55 7% S T A 135 JE O A 5 6195 45 A
e ) B, o Rt B A 25 2 B 1) D E 5 2R BE AT T
Sto H R B R SA 2 [8] 36 2 W IE R 4y
A B W 4 A TS AR TS BE S R 1A SA 1B
B AR BRSO 2 W IR U IR B A
HR TR | PRI SR o HL IO 05 0 B L ) A 8 0k
HA — WS %M E™ . 200 &7 3% R A
10-D SARTHE 2, 76 # i 58 AR 52 96 3 45 U5 Xt 52 46
TEBEHEAT F T E . REDEERERFBRE D,
VE R YT IR B R B S R B B BEARFRIE U 3 A4k
10 NSH B “S, =U-D +S”iH5 SA £
W53 o
4.2 LHER

AR SR T, 4% 16 5 4 3 2 B S B
S92 DY S PR RAT B A T A BT 22 S, Bl out 4% 1
I3 B S TE AR B RS Hh S AT — R A 25 S L M
R B ML A R T A e R A R R
7o g4 R 2 M TRATHRAE AT A B 2 i AN
AR AR R V- 28, b I ARG A 3 U T R (L
F5) FE SA R BT I B, 1 B v OCHENS 50T
FONEAEE L BT ) X 5 Y UR B4 RE
i — 5 B O R AT A2 B R A
T B B SR S, R A T T Y IR A S I B
(1 FEAF o 23 AR PR P AT 5 080, I A 1A ) 47 85 19 i
TR AE T SA IR JE IR AL, AR T SA 1Y
B o T B VI R DA R A2
TR BB 012 B4 6 AIE T R X S 6 N 4 A T
O | AT AE S5 30T 0 AT B AR A B0 IE WE IR K
1) G 150 R0 AT P A 0 e e e A A R Y
A Hh B A M 5 G KATAE 55 o 6 ST R G S T
F—EHREOLT , th AT 55 45 5 5 00 (930 12 B i
175 15 14 e 2 2 BGES B T AR S 1 B T, AT R
PGS 2 () SA K- TG 5 3 Mg EE 1,

M 3(a) ~ () AT IL,3 FifE S Tk T£
3 A G SA BEAYfY SA BRI T A 5 5256 1Y
2 T (T B AR 06 (L3R 7) , AT 863 T
PR (A R . RAT B LE IR R SA 19— A
RAEIR I AR, CIT S0 , T SA 7K ik
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b m = R KR

e
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Bo N T I B AR BEAE SR RS BE A RS, SR A 45
VE R T 32 R W7 13 4 2 AT 1 B2 AT 55 il 1
SA JKF-, T AR IR IZ 46 b 947 350HE o T SAGAT
VR4 2 IR AC IR DN B A0 1Y SA I B n) 5 1E il R
WAE WA S Ak i A 2 b, H S SA H
k3] T I A W, 454 10-D SART H# 3%
(A R, Bt E AR ) i IC A2 B 3G 4 ok
SA KEHTHE X S AR A e —8C " . B
Fe 2 W] SDNN REAS [ B ik 3 7 1 K72 7 % —
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Situation awareness model based on multi-resource load
theory and its application
FENG Chuanyan, WANYAN Xiaoru® , CHEN Hao, ZHUANG Damin

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

Abstract: Based on the attention-situation awareness ( A-SA) model and the attention resource allocation
situation awareness model, a new quantitative model of situation awareness was put forward, which considers
the multi-resource load and information recognition theory. In this model, the multi-resource load was applied
to the low-level attention perception. The individual’ s situational awareness was composed of the damping of
initial cognitive resource and the inherent deep-level rule availability matching after the activation of situation.
In order to verify the usability of the model, 15 subjects were selected to complete the simulated flight task in
different situations, and the subjective 10-dimensional situational awareness rating technology (10-D SART)
and objective flight performance, situational awareness global assessment technique (SAGAT) , and physiolog-
ical measurement ( electrocardiogram, electrodermal activity and respiration) were combined to carry out the
experimental test. The experimental analysis indicates that the trend of the theoretical value predicted by the
model is significantly related to the experimental results. The proposed situation awareness quantitative model
can give some reference to guide the design of man-machine interface in the cockpit and to optimize the flight
task assignment.

Keywords ; situation awareness ( SA) ; multi-resource load; cognitive modeling; mental workload ; inter-

face design; ergonomic
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Pilot design for compressed sensing based OFDM sparse
channel estimation
XIAO Shenyang', JIN Zhigang', SU Yishan"*, WU Jin®

(1. School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China;
2. School of Mechanical Engineering, Tianjin Sino-German University of Applied Sciences, Tianjin 300350, China)

Abstract. In order to improve channel estimation performance, the pilot design problem in orthogonal fre-
quency division multiplexing (OFDM) is investigated from the perspective of compressed sensing (CS). Since
the reconstruction performance of the sampling matrix cannot be accurately measured by the existing methods,
the pilot designed by the existing methods has poor channel estimation performance. Therefore, the cubic sum
criterion which computes the cubic summation of entries of correlation matrix is proposed to measure the recon-
struction performance of sampling matrix. Besides, for the pilot design of OFDM channel estimation which is a
discrete combinatorial optimization problem, a novel pilot search method named grouped substitution with con-
current full trees is also proposed to search optimal pilot. At each iteration of the proposed algorithm, the pilot
pattern set is divided into groups. Then, the pilot patterns are successively updated by obtained pilot sets. The
proposed method enlarges the search space and avoids getting in local optimum in searching pilot pattern. The
simulation results show that, the proposed evaluation method can accurately evaluate the reconstruction per-
formance of the sampling matrix in comparison to the existing evaluation methods and compared with mutual
coherence criterion, the proposed criterion can gain 3 dB improvement in mean square error. Furthermore, the
proposed pilot search method has faster convergence speed and the best searching performance.

Keywords: compressed sensing ( CS) ; channel estimation; orthogonal frequency division multiplexing

(OFDM) ; pilot design; mutual coherence

Received: 2017-07-21; Accepted: 2017-10-27 ; Published online: 2018-01-10 11 .58

URL: kns. cnki. net/kems/detail/11.2625. V.20180110. 1054.001. html

Foundation items: National Natural Science Foundation of China (61571318, 61701335, 61571323 ) ; Key Research Program of Hainan Prov-
ince (ZDYF2016153) ; Natural Science Foundation of Qinghai Province, China (2015-ZJ-904) ; the Ke Ji Xing Hai Xin
Dong Program of Tianjin (KJXH 2013-14)

* Corresponding author. E-mail: yishan. su@ tju. edu. cn



2018 4 7 H
F445 T

LR MR KL ER o
Journal of Beijing University of Aeronautics and Astronautics M l5a] Vol.44 No.7

A 4R

July 2018

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0560

jbuaa@ buaa. edu. cn

B T AN T R 5 AR I SE IR § 77 0

BRI, Kok, THK, FF

CRH 5 TRERZ: Ko H S 507 B %, 145 710025)

i B MueMt LG ERA G R E e MAER AN TRENA BTN, W
AMBEHERFADERRHREREARZ — XX B, ERDANT RGP a7
RN, B THpENT R PR B Ry FEA FETRRET —MHETAEN
WA EN L ER TR, GRLRERXA AT R RE I 18.43% FRL T, &
G LR MERE T 5. A5 XN ELRERLN WER TR 18.57T% WHAT, REM
T ERETIE, AXRENTET U MBI MF LY FTER A LB RGRE

5%,

X OB OW: HE A FEWGE; wpEN; LR BRRT

HESES. V249.32
XEKFRIZAD: A

WG % 2 Mo Bk 69 [ A W B3 , O 2 i R
B4R T —Fh KR s s 210 M8 S0
b2 ) ) 35 ok — A T % . o g — o 7 7
ST, H A BT RE )0 R M 4 B AR
R0 5, B AT S AT e s s |
DA T M T 0 AT F 9 R A B e, T AR P 7
175 BRI T B BT H ot S U DG B 3k 1 BF
T, F BRI 2R 5 A —
AN IS PR R G, A BT 07 ELAR A 18 ) 4
FREK AN T, T A 0 — AL A T A S AT 5
BrAG s, 2 Lt s, T s R . N
I A A 2 5 B SR T2 S 7 04 7 2
ST 2R S 0 D1 Bl 0 RE AT ARG 06 LA R AR 6 R A
Ie4 A B AT

2SI 7 L B R 0 S S IR Y 5 S ) Y B
HE , 15 B Bh 6 2 5 1 SR Bt b — — ot 57, 33K gl o
5 B ST PEBR B T B R Sk [13]
H T B S RERHT RS W] AT

XEHS: 1001-5965(2018)07-1454-07

PRI S 0 EUR B R A S s B
W A BEr A R B R E ., k[ 14] & T
0 7 0 P MR R A £ B e ST T — /N B ML R
FL2F S0 B Z B, I X DG IR 4 9 1 P R R AT T
TEAR (B TIR A R BT 2 1 s TR A B
HERGE IR S, (045 2 S0 07 2030 06 0 79 45 T ]
BRI 1) K T s B0 07 ELA ()25 K EAT 07 2L, i 4K
UGS T 7E M Sk e
Z G5 h RGBS 1 S I X T A2 S 0
L Z G5 00 SIS R AR B B B 5T
KB BB AR LS 1
AT B RURE B S T T A R
AR, AR A0 O 1 L2l 25 ST I, Sz i v 3 £ 7
BF 5% 9 F DL i oA B B B U TR
#rf

T AR R T A S B2 G S
P, A SR T — b TR 9 R R 3 ) 5
B 2 1 7 3, 3 o 0 L 9 3 AN S SE B BRI T

IS B HE . 2017-09-06; EFA HHE: 2017-10-16; W4 H KR AT iEl : 2017-11-29 0859
M 2& H RR # ik . kns. enki. net/kems/detail /11.2625. V.20171129.0859.001. html
HEEWMAB: ERAARIESS (11602296) ; hh[E 5B 24 34 (2014T70974)

= BIS{E&. E-mail: wshcheng@ vip. 163. com

SIE#E: BRI, Kedk, AKX, & XTFHAEATHHGENLHERTET]. BEMEAKXAFFH, 2018 ,44(7) ; 1454-
1460. LYU Z F ,ZHANG J S, WANG S C, et al. Real-time control method of magnetic field simulation based on advance regulation
[J]. Journal of Beijing University of Aeronautics and Astronautics , 2018 , 44 (7 ) : 1454- 1460 (in Chinese ).


Administrator
新建图章

kns.cnki.net/kcms/detail/11.2625.V.20171129.0859.001.html

557 3]

R, S - R TR IR A B 37 A DL S IR R O 1k

EloF e E
| w5 | 1455

TR A RO, DT A i R 0~ S 0 7 5 R Sk
PR P Sl T — R 2%

1 ST ESR S0

1.1 MHSHEIVPERSEE

TG A0 ) AR DB R L AR B ) TR AT
S A b A A 0 M T 3 R e 4 R v IR 7
s SRR I A= 2 YN G A s B
I, [ T A L 0 T G 4 S I A R
F9 L 14 37 5 0E i, ) R S I S A B DA T A5 ) 52
i 1A, S 181 45 5 0 L v A 10 o [ i
VG i 95 M 0 A 1 3 A L B IR AR 2
RSB H S o HEEAE 1R,

w2 S 0 L SRR TR Hb R = DT
(6] %, ) M 37 15 250 3R BT LA 030 4 K B T
Tt X 3ol BT 225 175 9 0 52 Hb 3 B8 ) A 5
() 1% 1 S 5 A 220 T8 % o, e T 308 5 O o % 3
SEBRRAT B 0 2 S 05 HL L 0, JF R i AR
TR B | % RS 1 o6 TR R I DG A
R 36 5 P A A S LD B b T A 2
Y5 B R G aE M R 2 FER

ARz 8 5 1a) EHE RG]

%*EDf'ﬂ
[—]

IMHES TS % ey b i B el

L i A i R 2 1
Fig. 1 Schematic diagram of principle of

geomagnetic navigation

fi [ m
- i AL L 4
17k ;# P g | REES | 5| ME |k

i i i
il b Ly
o
R I‘f_ﬂl'ﬁ%ﬁiﬁjﬁli_-
Hh

wissse | i
=
{iF
5

] —
woEEE |

Kl 2 a5 Al s 0y B R L 45 M 4 R &
Fig.2 Schematic diagram of architecture of hardware in

the loop simulation system for geomagnetic navigation

1.2 #3AEER SR S 4

HI T T A 2 ] WL, i 37 46 400 4 O M % 5 A0
P TS ALy BT 9 3 24 S 0 EL A B %, LA i
T A S D7 AR G TP T AL LS B M G
W, A AR . BB B, k3 i 40
FEAR AR AL TR AR W B0 IR, B 97 B UL
22 | 2R Rl S8 101, 3 5 e A A R R AR T
AR BT . H R 2 A LR B A LI R U R A
ARAGI o T 2R Y AR 2 A PR Bl B
T BELA- 2 18] T R 3 9 22 A, A 7 A B il 2 B
A —E G X R 3 R A S R S
I PR 5 22 1) i 2 DN o i S A 4L i 1) 45 00
NP 3 7R, R S v IR P HL A £ R e BHL B9 45 AR
BH, L D9 218 9 S R B, & LIRSl 3

R

B3 RS RN A S5 200 %

Fig.3 Equivalent circuit of magnetic field simulator

I THT AR S AU A o R IR A B B A i AR
PEAT AR AT o Pl e B A R Y AT e
L7 A g 7 5 TR RCE T, B B oc i, PR HL UL
AR AL I 7 5 W 37 B A e R R — BORy, AT LU
i FLIAL B AR AR S B S R AL . DR ARZS BE
ER IR S e, B AE T RE TAEIRE,
LR PR 25 T, 7 AR G T B, LR
S v A LU

€0

iy = & (1)

BBE= e B, s E AR R i, AR
RSO, 2R B, IR LR e,
B2 e, =i Ro (B2 FEMESI M B, 220 B, (1)
MU i 2200 i) M e i T BT A A
SR HEAL BN S e, B AT
i

&, = 5 (2>
X TR R R E R R ERA &, +

gﬁmjmzoﬁ@fL%zmﬁﬂﬁ%R

CIKE:

L di

F * E P =1 t = 0 (3)



e

1456 | 1 R R N NI = i 4 2018 4¢
Xﬂ‘?iﬁ(ﬁ)ﬁﬁ%ﬂ‘]ﬁﬁﬁv\ﬁﬁ,,ﬁ\ﬁﬁ@@ e
i=i, +Ae™ =0 (4) BIBEHLHEA 7,
IR SR 0 =i, (1= 0)ARAK(4) P, oKk 18 : :
. . WEAER T RS
A=i, —i, 0 FIF BE Y L 7,
Pzt Gy —ide 120 (5) l

A7 = B R

MK (S) TLLE h fE# st B, 228 B, 1)
SO LN ST TR SR (e84 O NE T RTINS NG S 'Y
JE T8 PRE A A G S I PR 2 AR AT

2 BENATHIG LRSI T E

XF T 3 1 A0 2 S i MR 0 B e R Y
T3 ¥ 30 WA P 1 v SRR, {E 2, 37 B A i
TEHIE B 2 J5 H 450 2 801 © 18 5 AR Mk 7715
PalEE M E 5 H S5 S 80RO, X T4
[E] 5 14 1 37 5 00 4 1T 5, G JER (R el 2
1o R T AN BRSSO PR 18 o B
2t — ol L T A T A % 3 AR AL S I A A
e, 38 I 5 o H U 00 8 Ak R 4 G B B U Y S
1

i B 1 37 15 400 i 1) B[] 55 B0k 7, W0 R 2R A
i, (1=0) RS By, st %0 B, , W%
B AR E/ T B, WREHRE N i, RS
SRR AR R =0, W#EY R B, Eh B,
BOAE o, B 20, 86 S B 40 4 v B F R 2GR B 0, IR
ARG UL 280, AT DA 2 (5) B fige s 45 i o
i,,8p

lo = ——— (6)

M2 K6 IRAK(S) i, H il A B
iJE L WAR VS LR =0, B BRI BRI R
SRR SR N 2 A PN & o R i 4 o 2o
WAL AL, =1, , B M Z 5, G 3 B AU A4 o i 3
A2 H

-1
iz + (i, —i)e T =i, =1, (7)

BV A E 0y, NI SE B WG 30 th B, 78 9 A8 5E
(4 B, o LA AT LR A FL AL B I 1 S 4 L
AR AR Y o A8 b, R HG i BE N R 3 i
T o D) R A G e R R R R
U DR T O B e B AR S WG S B R LR
{E, AT 42 /35 3R 45 1 S i o B A o O R A
K4 frs .

B o R
i e ) 1

!

| o) i, |
l

| i AL i ]

A B ] L RS 1 7

( KA )

4 1 RN AR v I A ) A AR

Fig.4 Current control flowchart of magnetic field simulator

3 MESMESXRERIE

SR TR 5 B AE A AT M AR SCR AT
FLACI AN S SE 5 2 Ay O H TR g . e
I b 0 337 14728 Ak 315 L 41 000 ~ 60 000 nT™' 1A
I, 7E RG34 3o R o, o G S e v R e S 1
175 B0k S % 7 th 41 000 nT 25 fE F] 60 000 nT %
AR L A S LS B — o AT 4 (] R 3
WSz
3.1 {FERBBIF

R G g B [ 5 7 =0.1s, 3
WL, BRI A B R S R R I R
2B B =ki, Ry T A DA e R
B = 1000: (8)
Xob i B W B nT; LR @ B9 B0 mA,
B4, 72 B, =41000 nT Fl B, =60000 nT #4737
ST EE AN i, =41 mA T i, =60 mA,
He Bk (5) W ML7 v, B % B L0 v e O B
[B] £ 75 Ak i & 5 B 75

TR () R A O R A 4k 1
H ) FEL I K T R B LR 0, . B R E SCBR T
T i 05 RS B, AR SO 8 B L b 5 0 SR i
WRZETE 0.05% VAN ] LLFA e — 20, B 24 L i



557 3]

R, S - R TR IR A B 37 A DL S IR R O 1k

Ab AT 4R

M5 1457

iKF 0 =0.9995:, WAl F AR ISP HUH B .
AR AR AK(S) I E A E] £ =6. 457 =0.645 s,
A UL R Lk, A =6, 457 A ik F|
FasE Y

PR He JEAS SCHR HE 1 o 4 1 O R AR
BRERIIG &N 1, =41 mA, Hiz#ES N B, =
60000 nT , I X 52 Bof M Al HH 225K A ¢ = 7 B 03K %)
Hbntt s, B AE « = ¢ 0F 20 B 3% b (% H 3 0 36 5
1=60mA, WL ESEACAK(6) , iR
I i =71.0576mA, JGHLFE i =71.0576 mA
AR AL A T RS ] Ry, 2 )k e =
T, P RO B R R i = 60 mA I8 4 4
AL 2o A v e 3L B B ) ) AR AR R 6 TR

ME 6 FTLLFE 72 0 ~7 3K — B A1 B,
MRAEEOE A LT AR SR S A, T
BYARZ, B ¢ B ZRIE B T H AR A R
60 mA , 3 Hif 37 ZIH5 45 il L U A% S 60 mA- ) BH 1k
Ak b Fb, DA F G R A A 60 mA | f 28 R
SE 1 60000 nT 7437

XFECEE S RIEL 6 FiF 7 () 45 9L, 76 4 TR) B 0 4
FAFTR B R T 0 9 O 8L B I 4
D5 ¥k SRR R T 5. 45 A%, T ) e A T

64

581

i'mA
v
3

46

40
0

0..4 I (),_8 I ]!.2 l 1I_f3 I 2.0
tls
PES i ML 5 ik v U B I Il Y 7l L () S )
Fig.5 Change of current with time in conventional

method ( simulation experiment)

64

58+

imA
N
o8]

400 OI.-'i : OiS I IJ..'! I Ifb I 2.0
ils

PR 6 AR T 5 vk F VAL R ) Y AR A R A (7 EL SRR

Fig. 6 Change of current with time in advance regulation

method ( simulation experiment)

18.43% b3 2 Ui A SCHE H ) 5 15 JLF AR 25 46 i
FEL R L 1 1 0 118 B SR S Bk A B T K A B
L, U T TR B — o iR
3.2 ELiNKIGISE

SN S 5 AR SC LA BB R A8 4R VB AR Sk i g AL
LR ELAR 270 mm, K 700 mm , H 3 f 4 48 8
il 17 A%, 3 1000 [ o8 7 B 1k 4 A0 0 T
VIR AT R B th 5 23505 4 i B 1 B i
T o, TR R TR 17 S5 5 WA SR AR A, o S T S
1 4 nT 5 DA R B e 0 VR Ay e DR, HL R YT R
FERET, R 0.1 wA HL i S LY 0 ~ 100 mA
D5 HAT S ALE 2 RS232 422 11 %F Ho it H O 2R 47
B R R AR 20 Hz B = Bliig e 1 4%
JERES AT RE 0 S, A I L R 0 ~ 70 000 T, 43
B 0.2nT, B RS232 #2117, 0] LI I 75 1) i
Yl B o 245 BT AN R E . S SER RS
mE 7 s

FE S I 2 /I, B 50T B G R B LR 1
By 5 U 2 E] 1 56 2R - 1) R BRSO — R B
) R AL, 8 SR A — 1 LR BT X L ) B R S 1
SR FH fe /N 3 2k A A i R B0 HE R AT LA A5 3
W SRR N
B =1019.41; (9)
Kb Wity B B AR T UG § B mA

A (9) AT LA 77 A4 B, =41 000 nT #I
B, =60000 nT {1 #3753 ) 28 AW R R i, =
40.2193 mA Fl i, =58.8576 mA, Fi¢ I8 # ¥ i,
s il IR = A= 40. 219 3 mA () HL 3L, AR AR R
41000 nTHSSE (1) % 3 I , 4 il 6 300 50K WL 38 8 o
58.8576 mA, HL & A4 AR E ML . AL AR 1
KRN A 20 He, i B985 — A B ££.420. 05 s,
BRI RO S R s I 8 TR

Xif P18 v I A A AT gE e B, LR

R FE R L IR

e |

/IR i |

EIIRErS S

{7 FLHAERL

-

K7 S S R 5

Fig.7 Real-time performance measurement

Y

experiment system



1458 b m = R KR

e

2018 4F

BA10¢nT)

Yo 04 08 12 16 20
tls
PEL 8 L5 1k 0 47 o o T 1 75 A B A (52 00 52 3 )
Fig.8 Change of magnetic field with time in

conventional method ( test experiment)

MU J5 5 24 D RESE N 59979 nT, 5 W1 B
i1 60000 nT {4 AH X 1R 22 7E 0. 05% LA, B i
AL O R e o 1. 2 s BT il H AR
Tk RGN LA PR 2

TN AR SCAR R Y IR A R R R B AR
H T 1 7 R AL A5 1 B B] B 7 2 R Y, e R
FHELE 7 %t r (H#FATHER . TR 5w HE
— XN, H S R 7 D i K AR A AR T A BRIk
ALK (5) BB, 15 3
B=B +(B,-B)er 120 (10)

D HL i e 0 72 2y S0 mA 3X — Bl 25 3 72 09
a6 1 07 (8 6 5K (10) R 47 816 ok i
E T H R RA SR
B =B +(B,-B)e*™ 120 (11)

TR A2 S A5 UL i v v A B S (1] A2 £ ) o
i=i 4 (ig —i)e =0 (12)

PUBRE ZERAE ¢ =0.2 s B35 8] H b5 0 5
60000 nT, BIFE ¢ = 0.2 s Bf H P& o (9 1 3 B 3k 2]
i=58.8576 mA, ¥ LI ESHARAX(12), 7] LU
S ARAFIE W LU i, =69. 7875 mA . 45 il 8 3 I 7
A iy =40.2193 mA [ HL I, A7 A2 A 41000 nT g
IG5 R A R i, = 69. 787 5 mA , FFZE I [H]
0.2, MEFEIAE] 0 =0. 2 s J5 , 5 i VR K LI
ANy i, =58.8576 mA , BN BRI 5% 1 #E 5 B A
WE9 iR,

XFIEL O o i i BE #EAT Gt o i, AR 0.2
I, 8 37 W) 1 (8 Ol 59 946. 8 nT, 5 1] B2 1Y 7% 3%
60000 nT [ ARXT 15 22 4 0. 088% , K ik 3| 1 1]
Y R AR 25 A AR /N S HT R, 1T B 2
PR Sy 8 57 A S 2 AR 00 e A HUL5 ok 1, BL
SEIRAFAE— 2 HIR 25, A T B R R AL TR o H Ui
ISR R 5 AR AE — LEBEMLIR 25 . 7R B8 RS
1 0.1s,/10.3s B, B {E L F] 59976.3 T, 5 1)

-4.976¢

Bi(1(¥nT)

('}j-l I ('J..S I 1 jﬁ I 1 ..f) I 20
tls
P9 AR Y 5 i S B D Y A A AL A (SESE )
Fig.9 Change of magnetic field with time in advance

regulation method ( test experiment)

B REY 60000 nT BYAHXT IR 2E K 0.04% , ALK
— ., XULWITE AL E 0 S PR R i A
LA 1 37 (L R 6 TR 2 3 1) BT 3 B 1) i 3 {1 B 3T
6 S bR TR v oR] RE 2 DR O 2R 4 1 2 4 D TR fef A A
B S I 1 SR TR K B TR B 9 S ML R A
55 2 YRR AR LI RE 8 TR A A ST ] P 3k 2 T
W63 , U B 1% 7 5 B AT R0 & 3R e Y SE i

Xt LGP 8 RTEL 9 BT 7 B 45 e, 7 AH 8] /) 40 1R
ST ARG T e 1.2 s, AR SCER
HE A R T R R N A AR R I SE e Sl 0.3 s, 52
BHPESR R T 3 A%, i i A IR A T 18.57%
R AR SCHE 1) 5 5 TL T AN 2 6F J H Y 42 1
BRA I BERAR S B MR 205 3 T K R R R Xt
Vb B SCHR 0 O i BT — Pl

4% #

B0l A S O AR G Y S I )
R, AR SCAR Y — b T O Y 3 AU S
Pl 75 ik 5

1) Mo i S 0 AR G0 S N PR A 22 AR
AR TN A T S AUt o 2 B 1 F SRR i i
SRR ARSI £ 1) v e 7 B ) ) A A L

20) T IR YR B S A UL S I A T ik
R FH 01 2 v, T 78 A T B I ) 1 37 2 s 496 o e 2
LR AR KL% 07 TR AT LA AR G A S R AT B
R FE

3) SEMITEALE %07k ZOR P R A
JIT ST AEL 388000 JBE S T, — AN 23 0 i e YA
BN ZOR

NS 52 56 45 R AT RN B 1) S92 I 4 ) 5 T
WIRCR AT A — 52 1 22, U AE T 98B R G0
S 2% BRSNS A Y ] RE 8 A AE — JE 1Y
i 2 , L] SEAIT VA A M A S S B AR 4 v R O B I
(1] 725 Al 4 5 T R 2 — 2 i DR ) TR R



Ab AT 4R

e S L N e L] o .y I:
557 11 I T A 9B 00 AL S i - 1459
tion[ M ]. Beijing: National Defence Industry Press,2008:236
22k (References) (in Chinese).
B ST -
[ 1] STORMS W,SHOCKLEY J,RAQUET J. Magnetic field naviga- [13] B%A MABZFANERGRBLAI]. RXFHFHL

[2]

—
oo
[

—
o
[

[10]

[11]

[12]

tion in an indoor environment[ C] // Ubiquitous Positioning, In-
door Navigation and Location-based Service. Piscataway, NJ:
TEEE Press,2010:1-10.

KIM H $,SEO W ,BAEK K R. Indoor positioning system using
magnetic field map navigation and an encoder system|[ J]. Sen-
sors, 2017 ,17(3) :651.

NAVABI M,BARATI M. Mathematical modeling and simulation
of the earth’s magnetic field : A comparative study of the models
on the spacecraft attitude control application[ J]. Applied Math-
ematical Modelling,2017,46:365-381.

MUHAMMAD I,KUK C,SEUNG-HO B, et al. Drift reduction
in pedestrian navigation system by exploiting motion constraints
and magnetic field[ J]. Sensors,2016,16(9) :1455.

LEE S M,JUNG J,MYUNG H. Geomagnetic field-based locali-
zation with bicubic interpolation for mobile robots[ J]. Interna-
tional Journal of Control Automation & Systems,2015,13(4) :
967-977.

A K HIETR ik Lk, 55 RS AR ()] FALF IR,
2009,30(4) :1314-1319.

GUO C F,HU Z D,ZHANG S F et al. A survey of geomagnetic
navigation[ J ]. Journal of Astronautics, 2009,30 (4):1314-
1319 (in Chinese).

7 B8, R, . SR RS O R[],
TR ,2008,29(5) :1467-1472.

ZHOU J,GE Z L,SHI G G, et al. Key technique and develop-
ment for geomagnetic navigation[ J]. Journal of Astronautics,
2008,29(5) :1467-1472 (in Chinese) .

(S 7 T = o R AU U 3 SR B Wi
TR BRI [T]. MO 545 ,2015,22(2) :59-64.
LU Z F,SUN Y,ZHANG J S, et al. The design and key technol-
igy analysis of hardware-in-the-loop simulation for geomagnetic
matching navigation[ J]. Electronics Optics & Control ,2015,22
(2) :59-64 (in Chinese) .

JRl 22 R AT, S TR M/ 2 S LR S LT
WL T]. F il TR, 2011 18 (M H)) 1 15-17.

ZHOU Y Y,ZHANG Y S,GUO L. Hardware-in-the-loop simu-
lation of GNS/INS integrated navigation system[ J]. Control En-
gineering of China,2011,18(S1) :15-17(in Chinese).
T2 BT b G SR 1 SR Sy R W R AP AE (D]
Kb K2 ,2016:65-72.

MA Y J. Research on measuring device of angular velocity of
projectile based on geomagnetic sensor [ D ]. Taiyuan: North
University of China,2016:65-72 (in Chinese).

B LRGN R RS R S Ry BRI [ D ] iR
U W IR Tl K2, 2015 :57-63.

TONG H. Attitude determination based on geomagnetic field
and its application on precision guidance ammunition[ D ]. Har-
bin ;: Harbin Institute of Technology,2015:57-63 (in Chinese).
BT, m B, T R Y i IM ] st =By Tk i
fi 4t ,2008 :236.

SHAN J Y,MENG X Y,DING Y. Hardware in the loop simula-

[15]

[16]

[17]

[18]

[20]

[21]

F£,2005,22(3) :141-146.

MA Q Y. Space dynamic magnetic field simulation techniques of
spacecraft[ J ]. Spacecraft Environment Engineering, 2005, 22
(3) :141-146 (in Chinese) .

FEALR, B, SRR A BT S O Y LT A A
fHAR VT AL T Al [ ] JE BT 28 L R K % 52 4k, 2015, 41
(2):187-192.

WANG S C,LU Z F,ZHANG ] S, et al. Evaluation of ICCP al-
gorithm for geomagnetic navigation based on hardware-in-the-
loop simulation[ J]. Journal of Beijing University of Aeronautics
and Astronautics 2015 ,41(2) :187-192(in Chinese).
CHUNG H J,YANG C S,JUNG W J. A magnetic field separa-
tion technique for a scaled model ship through an earth’ s mag-
netic field simulator[ J]. Journal of Magnetics,2015,20 (1) :
62-68.

Bk B kA T R R R R R [T ]
LG5 ¥ ,2014,21(6) :76-80.

LU Z F,HE H,ZHANG J S, et al. The magnetic field generating
device used for the simulation of magnetic field[ J]. Electronics
Optics & Control,2014,21(6) :76-80 (in Chinese).
BB, gR G R FALR, S T BE R A B R SR B
H®E5E[I]. TR ,2014,35(11) :1284-1290.

LV Z F,ZHANG ] S,WANG S C,et al. Design and research of
high-accuracy geomagnetic field intensity simulation system
[1]. Journal of Astronautics, 201435 (11): 1284-1290 ( in
Chinese) .

Bk, M BEEE, (L AR R T LabVIEW (¥ 5 K BE i 3 55
WA [T]. AL E S5 ,2011,19(12) :3127-3129.
LI B,DU Y X,BAI Y F,et al. Simulation system of high preci-
sion magnetic field based on LabVIEW [ J]. Computer Measure-
ment & Control,2011,19(12) :3127-3129 (in Chinese) .

R A, 5K T . H w7 BE IR TR DT I ]S ARy R OF 5
[J]. # 255015 ,2004,25(3) :19-21.

LI S M,ZHANG W Q. Study on the application of geomagnetic
field contour in matching guidance [ J]. Guidance and Fuze,
2004,25(3) :19-21 (in Chinese).

AR K [ M2 B JE 50 B ik, 2004
525-529.

DENG F J. College physics [ M]. 2nd ed. Beijing: Science
Press,2004 :525-529 (in Chinese) .

AT M SR R [ ML e s R R,
2005:7.

GUAN Z N. Geomagnetic field and magntic exploration[ M ].
Beijing : Geological Publishing House,2005 :7 (in Chinese) .

EE R
BElE B LA BRI m RS S R
Yilis ARG, A S 5 05 5

EAR F WL BRI, BT A S

L



A F M
1460 AP A A 2018 4F

Real-time control method of magnetic field simulation
based on advance regulation
LYU Zhifeng, ZHANG Jinsheng, WANG Shicheng” , LI Ting

( Precision Guidance and Simulation Lab, Rocket Force University of Engineering, Xi’ an 710025, China)

Abstract: The hardware in the loop simulation system of geomagnetic navigation is the key link of geo-
magnetic navigation from theory to engineering application. At the present stage, the real-time performance is
one of the key technologies that restrict its development. To solve this problem, the delay effect of the magnet-
ic field simulation in the system is analyzed emphatically, and the mathematical model of current versus time
in magnetic field simulation is established. Then the real-time control method of magnetic field simulation
based on advance regulation is proposed. The simulation experimental results show that when the initial control
current is increased by 18.43% , the real-time performance of the system is increased by 5.45 times. And the
test experimental results show that when the initial control current is increased by 18.57% , the real-time per-
formance of the system is improved by 3 times. The method presented in this paper can provide a reference for
improving the real-time performance of the hardware in the loop simulation system of geomagnetic navigation.

Keywords: geomagnetic navigation; hardware in the loop simulation; magnetic field simulation; real-

time performance; advance regulation
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Trajectory tracking control for heterogeneous mobile robots
based on UWB ranging
WEI Heng', LYU Qiang" ", WANG Guosheng', LIN Huican', LIANG Bing’

(1. Weapon and Control Department, Army Academy of Armored Forces, Beijing 100072, China;

2. School of Information Engineering, Jiangxi University of Science and Technology, Ganzhou 341000, China)

Abstract: Aimed at random occurrence of singular value in the process of ultra wide band (UWB) ran-
ging, the traditional Mahalanobis distance detection algorithm is improved, and the Mahalanobis distance sin-
gular value detection module based on minimum covariance is designed. Based on the omnidirectional robots’
kinematic and dynamic characteristics, the inverse dynamic feedforward trajectory tracking algorithm based on
sliding mode control and PID control is proposed. Aimed at the coordinate jump, the edge effect and the kine-
matic characteristics of the micro four rotor in UWB positioning algorithm, a trajectory tracking control method
based on extended Kalman filter (EKF) is designed. In MATLAB and Gazebo simulation software, the track-
ing control algorithm of omnidirectional robot and nano-quadrotor is verified. In order to verify the real-time
feature and accuracy of the closed-loop velocity and position control and UWB positioning for trajectory track-
ing control algorithm in real environment, a heterogeneous multi-robot system based on UWB was built to com-
plete the nano-quadrotor hovering, single omnidirectional robot trajectory tracking, and heterogeneous multi-
robot cooperative control experiments. The experimental results show that the UWB positioning system and the
robot control algorithm can meet the requirements of real-time and stable control.
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Fig. 1  Active sensor scheduling scenario
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Scheduling algorithm for multi-sensor collaboration tracking and
radiation control
QIAO Chenglin', DUAN Xiusheng'** , SHAN Ganlin'

(1. Department of Electronic and Optical Engineering, Army Engineering University, Shijiazhuang 050003 , China;
2. College of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043 , China)

Abstract: Active sensors obtain the target continuous measurements that can be intercepted by enemy
system. To reduce the interception risk, a scheduling algorithm for multi-sensor collaboration tracking and ra-
diation control is proposed. Firstly, the sensor radiation is represented by the emission level impact (ELI) and
the processes of target tracking and radiation control are formulated as a partially observable Markov decision
process (POMDP). Secondly, the hidden Markov model (HMM) filter is utilized to update the sensor radia-
tion state and derive the non-myopic radiation risk. Meanwhile, the target state is updated by the unscented
Kalman filter ( UKF) which is also used to evaluate the target tracking accuracy. Finally, considering the
tracking task requirement, the non-myopic scheduling model of radiation control is set up with tracking accura-
cy constraint and the scheduling problem is translated to a decision tree optimization problem. Then, the sub-
optimal lower bound of each decision tree node is given and the optimal scheduling sequence is obtained by
improved branch and bound (IB&B) technique. Simulation results prove the validity of the proposed algo-
rithm.
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ment; partially observable Markov decision process (POMDP)
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Theoretical research on multi-axis maglev low-frequency vibration sensor
YAO Jingjing, ZHENG Dezhi® , MA Kang, ZHU Kai, FAN Shangchun

(School of Instrumentation Science and Opto-electronics Engineering,

Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract; A new maglev low-frequency vibration sensor was proposed, which was used for multi-axis
measurement of aerospace micro-vibration. It used micro-spring and the hybrid structure with electromagnets
and permanent magnets as the supporting element. The axial displacement detection circuit and the photoelec-
tric displacement sensors were used to measure the relative displacement between the maglev mass block and
the shell and realize the multi-axis measurement of low-frequency vibration signals. When the sensor was used
for dynamic measurement, the maglev mass block could return to the equilibrium position and keep stable levi-
tation under the combined action of electromagnetic attractive force, gravity and spring force. The equivalent
bearing stiffness coefficient and the equivalent damping coefficient of the system could be controlled by adjus-
ting the control current of the electromagnetic coil, which can reduce the natural frequency effectively and ex-
tend application range of the sensor. Theoretical analyses show that the lower-cut-off frequency of the sensor is
0.6 Hz and it has better low-frequency characteristics. The proposed method provides new thought for desig-
ning multi-axis low-frequency vibration sensor.
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Differential evolution optimization for stuffed Whipple shield
ballistic limit equations
JIA Guanghui"” |, YAO Guangle', ZHANG Shuai’

(1. School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Institute of Spacecraft System Engineering, China Academy of Space, Beijing 100094, China)

Abstract; There are 11 parameters in the form of domestic integrated modeling of ballistic limit equa-
tions. Theoretically, the exhaustion method can be used to obtain the numerical value, but the computation
time is too long and the storage space is huge, so it is not suitable to realize. To solve this problem, differenti-
al evolution algorithm is used. Based on the domestic data of stuffed Whipple shield, the differential evolution
algorithm is applied to optimize 11 undetermined parameters of the formal ballistic limit equation of the inte-
grated modeling. The optimization results show that the totality predicted rate is 82.35% , the safety predicted
rate is 100% , and the average sum of squared prediction relative errors is 0. 001 3. Based on 49 experimental
data from other sources for predictive testing, the prediction test shows that the totality predicted rate is raised
by 1.32% , the safety predicted rate is reduced by 4. 08% , and the average sum of squared prediction relative
errors is increased by 0.007 3. It shows that the differential evolution algorithm is suitable for solving the ba-
llistic limit equation modeling of multiple parameters and multiple targets.

Keywords: stuffed Whipple shield; ballistic limit equation; integrated modeling; differential evolution

algorithm ; totality predicted rate; safety predicted rate; sum of squared relative errors
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Modeling and intensity analysis of GNSS signal link for
high-orbit spacecraft
CHAI Jiaxin', WANG Xinlong"*, YU Nengjie’, WANG Dun’, LI Qunsheng’

(1. School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. Space Star Technology Co. Ltd. , Beijing 100086, China; 3. School of Instrumentation Science and Opto-electronics
Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. In the application of global navigation satellite system ( GNSS) in high-orbit environment, sat-
ellite signal propagation link is complex with large attenuation and non-uniform intensity distribution. These
signal link characteristics influence theoretical analysis and engineering application. In order to solve these
new problems, GNSS signal link model from GNSS transmitting antenna to high-orbit spacecraft receiver was
established. Based on the signal link model, signal intensity distribution of high-orbit spacecraft was obtained
by the equivalent gain overall link simulation. On this basis, the availability of dual constellation, three con-
stellations or four constellations integrated GNSS was discussed and compared. Tt provides reliable theoretical
basis for engineering applications such as GNSS signal characteristic analysis, sensitivity selection of multimo-
de receiver and acquisition and tracking algorithm design.
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Space magnetospheric line radiation above China
SHENG Xuelian, WU Jing" , ZHANG Chong

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

Abstract; The electric field data observed by DEMETER satellite in the space above China from 2008 to
2010 were analyzed, and 328 magnetospheric line radiation (MLR) events were detected. According to the
spectrum of the existing MLR events, the characteristics and their possible cause of these MLR events were
studied. We made statistical analysis on all MLR events, and the results indicated that there were more MLR
events in daytime than in nighttime and more in winter and autumn than in summer and spring. MLR showed
no significant dependence on geomagnetic activity. Most of events were distributed in the low and medium lati-
tude. The frequency intervals of MLR events were between 55 Hz and 95 Hz, the frequency drift rates were
mostly in the range of 0 —0.4 Hz/s, and peak intensities in frequency-time spectrograms seemed to be inde-
pendent of latitude. The characteristics of MLR events observed in the space above China were similar to those
of power line harmonic radiation ( PLHR) events, but different from those observed abroad.

Keywords : magnetospheric line radiation (MLR) ; ionosphere; satellite detection; space environment;

power line harmonic radiation ( PLHR)
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Multistage temperature degradation modeling for BLDC motor
based on Wiener process

YUAN Qingyang, YE Jianhua™ , LI Xiaogang

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

Abstract. Brushless DC(BLDC) motor is widely used and its temperature degradation process is multi-
stage. It is necessary to establish a multistage degradation model. When the model has several parameters, the
parameter estimation process is sensitive to the initial value and easy to end up with a local optimization. This
study was based on accelerated degradation data of motors. The normal weighted average filter ( Gauss filter)
was used to improve the results of estimation for the model parameters. A multistage Wiener model was estab-
lished by using the transition function to modify linear model. Then, to maximize likelihood function for pa-
rameter estimation, the numerical optimization method, improved particle swarm optimization ( PSO), was
used for cycle calculation. The rationality of multistage model is verified by comparison of the normality of re-
sidual with widely used nonlinear Wiener model, and by analysis of theoretical life distribution of models and
actual failure distribution of this batch. The modeling results show that the degradation mechanism changes at
high speed during the degradation of the motor. Finally, prediction for motor life under this stress was gained
by life distribution in different moments of time calculated by nonlinear model, which is important for the prog-
nostics and health management (PHM) of motors.

Keywords: brushless DC ( BLDC) motor; degradation modeling; multistage Wiener process; particle

swarm optimization (PSO) algorithm with simplex method; prognostics and health management (PHM)
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Table 4 Orthogonal experimental samples and their

simulation results of spring geometric structure

d/mm D/mm n K S

19.27 120 5.2 64.94 1.18
20.83 121.06 6 84.29 1.33
19. 66 122.11 4.93 66.37 1.22
20. 05 123.17 5.87 71.53 1.26
20.44 124.23 4.13 68.57 1.27
20.25 125.28 4.53 72.13 1.29
19.08 126.34 5.47 61.8 1.31
19.86 127.4 4.8 55.5 1.14
21.03 128.45 4.67 74.13 1.38
21.22 129.51 5.33 75.59 1.39
20. 64 130.57 5.07 80. 87 1.38
21.81 131.62 5.73 66.42 1.29
22 132.68 5.6 81.3 1.40
21.42 133.74 4.27 70. 64 1.35
19.47 134.79 4.4 48 1.29
21.61 135.85 4 69.81 1.41
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Table 5 Performance comparison of metal spring and composite spring before and after optimization

L W/kg «/(N+mm™") N d/mm D/mm n
EAEIE 5.23 75 2.74 16.4 142.1 7.3
WG BE BT 52 G bR B 3 3.74 73.2 1.38 21.2 123.5 5.4
A BRICHR AL 5 149 52 & Rk 5t 3.43 75 1.33 19.1 121.4 5.0

®6 MUFERRESDH

Table 6 Error analysis of optimized results
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Design and optimization of automotive composite helical spring
ZHAN Bowen, SUN Lingyu " , HUANG Bincheng, ZHAO Guanbo, WANG Qian

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

Abstract: A major problem in designing automotive structures is how to make full use of the flexible des-
ignability of composites and light weight of polymer matrix, and also consider the close connection among the
material, structure and properties. Since the helical spring is one of the major load-bearing parts of suspension
and subjected to complex loads, it is generally manufactured by spring steel with ultra-high performance. If re-
placed by lightweight composites, both safety and light weight should be satisfied, which makes the design of
composite helical spring rather difficult. In this paper, an integrated materials-structure-performance design
method of composite helical spring is proposed. According to the stress distribution on the cross section of
spring under compression, carbon fiber reinforce polymer ( CFRP) material with +45° ply sequence is select-
ed. Under the constraint conditions of stiffness, strength and installation space, the initial geometric parame-
ters of helical spring are derived by analytical models based on spring stiffness and strength and composite ma-
terial mechanics. Furthermore, the initial result is verified numerically by finite element simulation. Combi-
ning the design of orthogonal experiment with numerical simulation, the response surface model of stiffness and
strength of helical spring to its geometric parameters is established. Finally, the optimal design of helical
spring satisfying both required performance and weight reduction is obtained by genetic optimization algorithm.
Compared with the metal helical spring, the CFRP one reduces the mass by 34.4% . As a representative prod-
uct development case, it has demonstrated that the proposed method is a feasible integrated solution for design
of automotive structural components with composite materials.

Keywords: automotive light weight; finite element method; composite; helical spring; response surface

model; optimal design
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Table 1 Bending test results of honeycomb
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Flexural performance of scarf repaired honeycomb sandwich structures
GUO Xuan, GUAN Zhidong ", QIU Cheng, LI Zengshan

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

Abstract: The flexural behavior of scarf repaired honeycomb sandwich structures was investigated via ex-
periments and finite element analysis. A three-point bending test was carried out on both undamaged and re-
paired specimens. Test results demonstrate that the failure mode is core shearing, and that the flexural strength
recovery ratio of the repaired to the undamaged panels is 110% . The flexural rigidity of the repaired panel is
slightly higher than that of the undamaged panel. Based on these results, a 3D finite element model was pro-
posed to investigate the flexural behavior of the repaired specimens. Using VUSDFLD, we developed Hashin
fabric and Besant failure criteria to achieve the damage initiation and evolution of composite and honeycomb
materials. The failure pattern, the ultimate load and the calculated stiffness are in good agreement with the test
results. Then the effect of the damage diameter and the thickness of the patch on the repaired panels was ana-
lyzed by changing the parameters of the FEM, and the results show that with the increase of the damage diame-
ter from 30 mm to 70 mm, the ultimate loads of repaired specimens increase, then decrease, and finally reach
the maximal value at the diameter of 50 mm; besides, the strength recovery ratio is larger than 100% while the
thickness of the patch ranges from 1 mm to 2.5 mm. This study indicates that the numerical model developed
provides an efficient method for repair design of composite honeycomb sandwich panels.

Keywords: honeycomb sandwich; scarf repair; flexural performance; failure mode; finite element mod-

el; strength recovery ratio
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Numerical simulation of influence of temperature disturbance on
oblique detonation wave structure
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(1. College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;

2. Department of Mechanical Engineering, Institute of Engineering, Lalitpur, Nepal)

Abstract; 2D Euler equations were used for the numerical simulation of the influence of temperature dis-
turbance on oblique detonation waves (ODW ) in an oblique detonation combustion chamber. Instantaneous
variation of temperature was introduced from the inlet as the disturbance by increasing and decreasing 100 K
respectively. The simulation results show that the ODW can adjust with the temperature disturbance and the
transition progress is smooth enough. But the inherent instability of ODW is found to be further released by
disturbance and cell structure is clearer. The existing form of disturbance was researched quantitatively and
qualitatively, which is the complex of shock wave, expansion wave and weak compression wave. Comparison
between the results from two kinds of disturbance was conducted, which demonstrates that the distribution of
waves is basically the same in detonation zone, while reversed in deflagration zone. It is caused by the differ-
ence in the strength of weak compression wave in two cases, which effects the ODW structure enormously in
consequence. Furthermore, at decreasing temperature, the complex of three kinds of wave propagates down-
stream along the ramp and shock wave appears in four types of form which are bow-like shock, Mach reflec-
tion, regular reflection and normal shock nearly vertical to the ramp. There is an enormous bifurcation at in-
creasing temperature, where the waves propagate along the surface of ODW and the form of waves remains sta-
ble relatively.

Keywords: oblique detonation wave ( ODW ) ; shock wave; temperature disturbance; openFOAM; nu-

merical simulation
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Intelligent decision making for airport bird-repelling with
support vector machine
CHEN Weishi®, YAN Jun, ZHANG Jie, LI Jing

(‘Airport Research Institute, China Academy of Civil Aviation Science and Technology, Beijing 100028, China)

Abstract: To impove the management of bird-strike avoidance at airport and realize the linkage of avian
radar with multiple bird-repelling devices, an intelligent decision making method was proposed for airport bird-
repelling based on support vector machine (SVM). The method includes two steps of training and testing. In
the training step, the bird-repelling strategy classification model was established by data pretreatment and SVM
training, which are combined with expert knowledge and large amount of historical bird information collected
by the airport linkage system for bird detection, surveillance and repelling. In the testing step, the bird-repel-
ling strategy classification model was continuously corrected and optimized according to the real-time intelligent
bird-repelling strategy results. Through the real bird information data and several bird-repelling examples of a
certain airport, it is demonstrated that the decision accuracy of bird-repelling strategy classification model is
relatively high, and it can solve new problems by self correction and optimization. The proposed method
achieves the optimized combination of multiple bird-repelling devices against real-time bird information with
great improvement of bird-repelling effect, overcoming the tolerance of birds to the bird-repelling devices due
to their long-term repeated operation.
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Fig. 11 Variation of RCS mean with slit length in

different angular domains
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Scattering characteristics of slit based on carrier cancellation
method in small angular domain

ZHAO Jingcheng" ", YANG Tao', FU Xinru', GAO Xu’, CHAI Jianzhong

(1. School of Electronic and Information Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. AVIC the First Aircraft Institute, Xi’ an 710089, China)

Abstract: An important part of the scattering of stealth aircraft is slit scattering. Though researches have
done on it, none of them has produced results in small angular domain (from -30° to 30°). This paper ap-
plied the carrier scattering method based on superposition principle to electromagnetic scattering computation
for more accurately studying the electromagnetic scattering characteristics of slit. The effectiveness and accura-
cy of carrier cancellation method are verified by one-dimensional imaging of a plate with slit. Statistics of po-
larization characteristics and variation pattern of slit scattering in small angular domain with the width and
length were made at 10 GHz frequency. The study results with different slit width show that, in small angular
domain, horizontal scattering is larger than vertical polarization scattering when the slit width is less than a
quarter of wavelength; otherwise, horizontal scattering is smaller than vertical polarization scattering. It is also
found that the radar cross section (RCS) value of the slit increases faster with the growth of slit width under
vertical polarization. The results with different slit length demonstrate that, in small angular domain, the mean
value of electromagnetic scattering increases with the growth of slit length (200 — 1000 mm) and the approxi-
mate range of scattering mean ranges from —22.2 dBsm to — 8.4 dBsm in horizontal polarization and from
—27.3dBsm to —13.3 dBsm in vertical polarization. The relationship between RCS mean and slit length can
be fitted to obtain RCS with a certain length, and thus the approximate range of RCS with different slit length
could be calculated.

Keywords: vector cancellation; carrier cancellation; electromagnetic scattering; slit; radar cross section

(RCS) ; stealth aircraft
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regional joint probability of corresponding extreme
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Fig.5 Schematic diagram of MSD correlation plane and
regional joint probability of corresponding
extreme point ( correct matching)
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Table 1 Regional joint probability of extreme points

corresponding to correlation plane of Fig. 4

£ e /M A A B MSD {§ IX SR A 2%
1 (90,90) 347.6 0.31
2 (111,112) 351.4 0.69
3 (69,9) 526.8 0
4 (127,161) 546.9 0
5 (37,142) 595.5 0
6 (147,153) 685.3 0
7 (62,181) 723.6 0
8 (103,119) 767 0
9 (114,63) 809.5 0
10 (135,52) 947.2 0

4.3 H{EIER

TE 22 2 W I ABE 30 0 DL JE ) 5 5 vk v, Bk
AR R B A B E R G HE . (R 2 BT MR 2 1
L AT D 0 B, TS X I MSD AR O
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10 A /MR AR AT 3T B0 2 A T8 A Ay 2 A28 1Y IX 35K
R HE 3, 50 A () B 3K A A 3 IR AL, ) I MSD
e/ IME R A5 O IE B DR C AL, S5 R ANEE 3 R .
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Table 2 Regional joint probability of extreme points

corresponding to correlation plane of Fig. 5

TR NNy 7 MSD {6 XI5 A MR
1 (33,49) 67.6 0.97
2 (108,14) 93.5 0
3 (102,107) 130.7 0
4 (93,1) 209.2 0
5 (48,169) 289.2 0
6 (63,109) 303.5 0
7 (113,144) 315.9 0
8 (38,56) 358.7 0.03
9 (199,200) 407.5 0
10 (129,134) 458.9 0

x3 BRHTERBER

Table 3 Traversal simulation test results

TE B A B 2R % VT e o 5 2R/ %
¥ %1 y T pEM

g O™ o BB BN WY ER BN R
& 0.6 0.9 & 0.6 0.9

10 4.6 100 97.9 97.9 94.5 98.9 99.4
100 17 2.7 100 95.9 94.1 86 97 98.8
24 1.9 100 90.9 90.4 83.5 96.2 97.4
10 4.6 100 99 99 98 100 100
150 17 2.7 100 98.5 98.5 97.5 99.5 99.5
24 1.9 100 96.8 96.2 92.5 98.4 98.9
10 4.6 100 99.5 98.9 98.5 100 100
200 17 2.7 100 99 99 97.5 99.5 100
24 1.9 100 98.9 98.4 95.5 99.5 100

W 3 PR, VL P 51K B R 100, ) i s
o, W10 m B, EL4AHFH MSD e/ IME S AE K IF
&, TERCOM B3k B iR VEBL R iR 5 5.5% , 5 1f
HX B ARE % ) 52 I DG T o A6 2R 40 A 98. 9% (1]
Hi% 4 0.6)F199.4% (H{EH ¥ #0.9) , MHE T T
PTG B0, VG BC A R B T IR R T 97.9% 1)
WEH S, MSE MRS o, 517 mif, TERCOM %
415 DC JC 36 38 5 14% , 24 ff F 5K A 48 2 8 5 1if
VEHC e B % 43 0 R 97% (A & A 0. 6)
98.8% ([HMEHL N 0.9) , A T JC A 5 1 &t , U L
HER R KRR T IR EE R T 94% L) - A 1E # DT fic
ZEHL YRR TS o B 24 m B, MSD 35 PG i %3k
F16.5% , 50 JHIE A HE A & i, DT e fE 1 48 70
4 96.2% (I{EEE R 0.6) F1 97.4% (S {H %N
0.9) , M4 T J0H 22 1 ., DU i o 35 K 4R Tt 1
T DT PC 45 2R 0% B R R EFTE 90% I

DEHC Y 51 4 BE B 150 A SR AE 2, M i e 75 o,
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Judgement criterion for terrain false matching based on joint
probability of multiple reference points
ZHANG Kunwei, WANG Kedong "

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

Abstract: Since the terrain contour matching (TERCOM) algorithm is easy to mismatch due to measure-
ment error and terrain self-similarity, an on-line false matching judgement criterion based on the joint proba-
bility of multiple reference points in a correlation plane was proposed by taking mean square difference ( MSD)
as an example. Firstly, the MSD correlation plane was calculated by the correlation of the measured elevation
data with the reference elevation data. Then, the MSD probability distribution density function of the candidate
matching points was derived by analyzing the statistical distribution of elevation measurement error. Finally,
the multi-point joint probabilities were calculated for all the candidate points in the correlation plane so that
they are compared with a threshold to judge the matching of the point with the minimum MSD value false or
not. The simulation results show that 97% false matching points can be detected and 90% correct matching
points can be preserved when the threshold is set to 0.9, implying that false matching can be avoided to a
great extent.

Keywords ; terrain matching; terrain contour matching (TERCOM) algorithm; false matching; matching

probability ; false positioning
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