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Maneuvering decision in air combat based on multi-objective
optimization and reinforcement learning
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(1. College of Aeronautics and Astronautics, Air Force Engineering University, Xi’ an 710038, China;
2. Unit 94782 of PLA, Hangzhou 310004, China; 3. College of Physics and Information Engineering,
Fuzhou University, Fuzhou 350108, China)

Abstract: To solve the problem of maneuvering decision in the autonomous air combat of unmanned com-
bat aerial vehicle, the existing research achievements are analyzed and a maneuvering decision model that
combines optimization idea with machine learning is proposed. The multi-objective optimization method is used
as the core of decision model, which solves the problem of setting weight for multiple optimization targets and
improves the extensibility of decision model. On the basis of multi-objective optimization, an evaluation net-
work is trained by reinforcement learning and used for auxiliary decision-making to enhance the antagonism of
decision model. In order to test the performance of decision model, with the background of short-range air
combat, three simulation experiments are designed to test the feasibility of multi-objective optimization meth-
od, the effectiveness of auxiliary decision network and the overall performance of decision model. The simula-
tion results show that the maneuvering decision model can be used in real-time confrontation with the maneuve-
ring enemy aircraft.
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Fig.7 Comparison of average fuel consumption, CO,
emissions and travel time when vehicle passes through three

successive signalized intersections under low traffic density
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Table 2 Comparison of vehicle average fuel consumption,
CO, emissions and travel time with and

without speed control under low traffic density
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Table 3 Comparison of vehicle average fuel consumption,
CO, emissions and travel time with and without

speed control under medium and high traffic density
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speed control methods
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Connected autonomous vehicle speed control at successive
signalized intersections
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Abstract: In order to improve fuel economy and reduce emissions on the urban road, a speed control
method in successive signalized intersections was proposed for autonomous vehicles to interact with the roadside
facilities and the regional center control system under the connected vehicles environment. The proposed auto-
matic driving speed control model computes a constant speed that a vehicle can pass multiple downstream sig-
nalized intersections based on the information obtained in advance such as the distance between the vehicle
and downstream signal intersections and the signal phasing and timing information. Meanwhile, in order to
guarantee driving comfort and avoid sharp acceleration/deceleration at the intersection, we use the smooth
curve of trigonometric function to represent the change of speed during the acceleration or deceleration process.
To verify the efficiency of the speed control algorithm, the speed control simulation system embodying the cha-
racteristics of the connected vehicles environment in successive signalized intersections is developed using the
multi-agent technology, in which the fuel consumption, CO, emissions and travel time under the speed control
algorithm are compared with those without speed control algorithm when vehicles pass three signalized intersec-
tions. The results show that when vehicles go through the three successive intersections under low traffic densi-
ty, the average fuel consumption and CO, emissions are reduced by more than 30% by the aid of the speed
control algorithm, and the travel time is reduced by about 5% ; the fuel consumption and CO, emissions can
be reduced by approximately 20% , and the travel time is reduced by about 15% under the medium and high
traffic density. In addition, compared with the current speed control model for the isolated signalized intersec-
tion, the proposed speed control model in successive signalized intersections has some advantages in energy
saving and emission reduction.
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Table 1 Physical property parameters for air

stream and nitrogen stream
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Table 2 Comparison of vector nozzle performance

parameter under different gas injection angles

=k 6/(°) a/(°) Cr,i ®
" 90 4.91 0.912 0.026
e
105 5.08 0.906 0.026
N 90 4.89 0.911 0.035
: 105 4.96 0.905 0.035
. 90 4.80 0.910 0.044
Co,
105 4.88 0.904 0.044
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Table 3 Comparison of vector nozzle performance

parameter under different NPRs

SN NPR a/(°) Cri

10 5.08 0.912
He

15 4.73 0.886

10 4.96 0.911
N,

15 4.66 0.885
. 10 4.88 0.910
co,

15 4.61 0.884
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Table 4 Comparison of vector nozzle performance

parameter under different SPRs

<Ok SPR a/(°) Cr.;i
0.8 4.09 0.917
He
1.0 5.08 0.912
0.8 3.97 0.917
N,
1.0 4.96 0.911
0.8 3.93 0.917
co,
1.0 4.88 0.910
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Performance analysis of shock thrust vector nozzle under
different gas injections

WANG Xiaoming', LIU Hui’, HAN Longzhu®* ", YUAN Xiugan'

(1. School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. AECC Commercial Aircraft Engine Co. , Ltd. , Shanghai 200241, China; 3. School of Biological Science and
Medical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China; 4. Beijing Advanced Innovation

Center for Biomedical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract: Aimed at the research status of the shock thrust vector control, which is limited to the main-
stream and secondary flow gas as the same gas, the influence of different secondary flow gas molecular mass on
thrust vector performance is investigated. First, a turbulence model described by two equations ( AUSM +
scheme and k-w SST) at two-order accuracy was utilized to solve the Favre averaged three-dimensional Navier-
Stokes equations, which simulated the complex interference inner flow field of the nozzle, and the vectorial de-
flection angles and thrust coefficients were calculated under different gas injection angles, injection pressures
and nozzle pressure ratios when the secondary flow gas of He, N, and CO, were selected. The calculation re-
sults show that the smaller the mean molecular mass of the secondary flow gas is, the larger the vectorial de-
flection angle is, the less the thrust loss is. Therefore, the gas with smaller mean molecular mass could be
used as the gas source of the secondary flow, or the high temperature gas derived from the combustion chamber
could be mixed with the gas with a smaller mean molecular mass.
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Table 1 Error statistics of polynomial fitting

of spatial profile points

A Bk RV E i R A Yo7 iR %=

1 20862 0.3934 12.34

2 6516 0.8078 6.922

3 1389 0.9596 3.207

4 51.93 0.9985 0.623

5 53.07 0.9985 0.632

(a) FIES TARAVELEDCRIEG (D) (a) P EEDEE P 6 67.14 0.998 0.713
X E Y23 ) = £ B e 7 79 42 0.9977 0.779

3 RS 8 92.69 0.9973 0.844

9 104.8 0.997 0.901

Fig.3 Rail profile noise
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Automatic registration method of rail profile in train-running environment
WANG Hao''*, WANG Shengchun'?, WANG Weidong'

(1. China Academy of Railway Sciences, Beijing 100081, China;
2. Infrastructure Inspection Research Institute, China Academy of Railway Sciences, Beijing 100081, China)

Abstract: Aimed at the influence of train vibration and environmental noise on the measurement of track
wear, we proposed a method for automatic extraction of small circular arc of the rail waist, and achieved the
high-precision registration of rail profile. First, a polynomial fitting method based on truncated residual histo-
gram was proposed to find the optimal fitting curve of the profile and reduce the influence of noise on profile
curve fitting; Then, aimed at the curvature distribution characteristics of the fitting curve, the interval search
algorithm based on dynamic window’ s maximum curvature entropy was proposed to realize the automatic seg-
mentation of small circular arc; Finally, two circle centers were fitted as matching reference points based on
small circular arcs on both sides, and the alignment from the measured profile to the standard designed profile
was realized. The static experimental results show that the mean value of system measurement error and stand-
ard deviation of the method are controlled within 0. 01 mm with small measurement errors and high repeatabili-
ty. The dynamic test also verified the repeatability accuracy of the method in the train-running environment,
and the dynamic measurement deviation of rail wear is within 0.2 mm with high repeatability.
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Experiment and simulation study on tip leakage suppression by
a compound method
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(1. School of Mechanical Engineering, Yanshan University, Qinhuangdao 066004, China;
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Abstract: To reduce the tip leakage and flow loss of gas turbine, the new method of pneumatic seal com-
bined with tip structure modification was put forward based on flow reorganization. Three typical combination
schemes of tip groove and spontaneous tip injection were investigated by model test and numerical simulation.
The coupling mechanism of the two passive suppression methods was discussed. The results show that the cou-
pling effects between tip groove and spontaneous tip injection ( STI) are obvious. When the outlet of STI lo-
cates at the base of the groove, strong mixing occurs between the STI and the groove vortex (GV) , which de-
teriorates the suppression effect for both of them, and cannot suppress the leakage flow effectively, so it is not
a good coupling scheme. When the outlet of STI locates on the top of rib, neither on pressure side or suction
side, the effect of counter blowing by STI and kinetic energy dissipation by GV can add up to generate twice
effective seal, meaning that they are effective coupling schemes. In particular, when the outlet of STI locates
on the top of suction-side-rib, the suppression effect on leakage flow is the best.

Keywords: tip leakage; spontaneous tip injection (STI) ; groove vortex (GV) ; flow coupling; numeri-

cal simulation
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Application of HRV in air traffic controllers’ fatigue detection
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Abstract: In order to study the application of heart rate variability (HRV) indexes in the fatigue detec-
tion of the air traffic controllers ( ATC) , the simulation control experiment platform was set up, the real-time
physiological recorder was used to record the electrocardiogram ( ECG) signals of 20 subjects in real time un-
der normal and fatigue conditions, and their subjective fatigue ( Karolinsaka sleepingness scale) and opera-
tional performance were collected. The HRV index with high correlation with fatigue grade was selected by
partial correlation analysis and used to model the multivariate linear regression model for fatigue detection. The
analysis results show that there is no correlation between the SDNN and the fatigue status of the subjects;
LFnorm and HFnorm are weakly correlated with the fatigue; RR interval and LF/HF have a strong correlation
with the fatigue degree of the controlled subjects; The multivariate linear regression model, the goodness of fit
is greater than 0.5, RR interval and LF/HF can be used as valid indicators of controller fatigue detection.
This study can provide scientific evidence and experimental support for the future real-time detection of con-
troller fatigue.

Keywords: fatigue detection; partial correlation analysis; application; heart rate variability ( HRV) ;

multivariate linear regression
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Simulation of electromagnetic scattering from 2D sea surface with 3D
electrically large ship target
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Abstract; The modeling, simulation and analysis of target features are of great significance for synthetic
aperture radar (SAR) image-based automatic recognition (ATR) systems. The electromagnetic scattering cal-
culation and radar imaging simulation of the surface ship target are studied. Based on the method of moment
method and its parallel computation, the scattering characteristics of electrically large ship targets and sea sur-
face composites are studied, and the scattering characteristics of different frequency bands, incident and sca-
ttering directions and polarizations are given. The inverse Fourier transform of the echo data is performed in
the frequency domain to obtain a 1D high resolution range profiles of the ship target. The polar coordinate for-
mat imaging algorithm is used to obtain the 2D spotlight SAR imaging results, and the contour of the target is
reconstructed clearly.
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Violation elimination of nominal models for manipulators
constructed with Udwadia-Kalaba equation
LYU Guizhi'?, LIU Rong'**

(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. School of Electromechanical Engineering, Heze University, Heze 274015, China)

Abstract: In the nominal model of the manipulator trajectory tracking controller constructed by Udwadia-
Kalaba equation, the initial conditions are difficult to satisfy the constraint equations, and the constraint viola-
tion is generated by the accumulation of errors in the process of numerical solution, which are all problems to
be solved at present. Problems are solved by the method of eliminating violation errors directly. This method
adds correction items to position and speed terms which are produced by the numerical solution process. The
dynamic nominal model of the three-link manipulator is constructed, and the trajectory tracking simulation is
carried out under the desired trajectory based on the Udwadia-Kalaba modeling idea. The simulation numerical
results are corrected by using the traditional Baumgarte stability method and the proposed error direct elimina-
tion method. The results show that the direct elimination method can control the constraint violation in a smal-
ler range more quickly, and is more suitable for the use of trajectory correction to manipulator dynamic nominal
model.

Keywords: robotic manipulator; dynamic modeling; violation elimination; constrained manifold; Udwa-

dia-Kalaba equation
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Table 1 Heat treatment methods and hardness of

calibrated 45 steel specimens

pAbE R " iR i p/

ik Jr WBE/C B [A]/min HBW
A P 129
N 259 155
600T E% 600 30 192
400T W 400 30 340
200T 5% 200 30 489
wQ K 522

2.2 YEFEMNE
2.2.1 Rk M4

PR BRI 45 & 2 45 th M R DA 1) v A
2 AR A B TR Sk BRI RE ) S e B R Sk Ok
55 BT A R A I Sk B A 3 R
AT RE , 22 AR R 0 A ke et 2k o BT Sl
AR Shy 2. 25 MHz 75 0 38458 1 A0 R 1 o

FH B 7 NI 1 W AR 1 PT LU 43S B s
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Ry 0.004 426 V3% FE 3 R 48 3K U (R 5 1y
ORGP PEHR LI ARG o AR Sk 1 0 431 45 M e
TR 483k i 4000 48 B, Ul WY A T e ) ¢
988 5 [7i) B R Sk 7 R A0 B I (L 08 DU, KT v A R
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Fig. 6 Calibrated 45 steel specimens with different heat treated microstructures
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F2 M3 3 HINR A 2 Bl E SR T ik
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N SR P O A JRE R T 1) AR R B R IR B N
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Table 2 Calibrated specimen ultrasonic longitudinal

wave velocity ( Measuring method 1)

Hab B — K [l TR v/ (m -
N d/mm o
Jr ik 4 /ns  Ey/ps  t,/ps Ep/ps sl

A 18.98 9.3979 0.001 15.8276 0.001 5904
N 18.99 9.3917 0.001 15.8301 0.008 5899
600T  18.98 9.3734 0.002 15.8270 0.003 5882
400T  18.99 9.3513 0.004 15.8141 0.005 5876
200T  18.98 9.3354 0.003 15.8285 0.005 5846
WQ 18.98 9.3154 0.008 15.8430 0.009 5815

®3 BRERGBEHREE(NESE2)
Table 3 Calibrated specimen ultrasonic longitudinal

wave velocity ( Measuring method 2)

AT Y d/mm t/ps E/ps o /(m-s™h)
A 18.98 3.2132 0.006 5907
N 18.99 3.2178 0.009 5901
600T 18.98 3.2243 0.003 5886
400T 18.99 3.2330 0.005 5873
200T 18.98 3.2438 0.005 5851
WQ 18.98 3.2734 0.009 5798
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R4 FAEARESNAGREHTEE
Table 4 Degree of lattice distortion of different

heat treated 45 steel specimens

ATy i s W5 AR R/ %o
A 0
N 0.033
600T 0.094
4007 0.168
200T 0.369
WO 0.509
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Influence of heat treatment and measurement methods on material
hardness evaluation by longitudinal wave velocity

MEN Ping'*, DONG Shiyun'"* |, YAN Shixing' , KANG Xueliang', LI Enzhong'

(1. National Key Laboratory for Remanufacturing, Academy of Army Armored Forces, Beijing 100072, China;
2. 92601 Troops, People’s Liberation Army Navy, Zhanjiang 524009, China)

Abstract; Hardness is one of the important indexes of mechanical performance of materials, and emplo-
ying ultrasonic nondestructive testing method for hardness evaluation faces many challenges now. In this pa-
per, through setting up high-precision ultrasonic wave transmission time measurement system, the longitudinal
wave propagation time in the thickness direction of different heat treated 45 steel specimens was measured by
pulse reflected echo method, and the longitudinal wave velocity was calculated. Simultaneously, the gate sig-
nal measurement methods were changed, and the effects of different heat treatment and gate signal measure-
ment methods on hardness evaluation by the longitudinal wave velocity were studied. On this basis, the map-
ping relationship among material hardness, microstructure and longitudinal wave velocity was obtained, and
the calibration model for evaluating the hardness of 45 steel specimens by longitudinal wave velocity was estab-
lished and verified. The hardness prediction error by the calibration model meets the error requirement of 10%
for engineering application.

Keywords ; longitudinal wave velocity ; hardness; microstructure; measurement signal ; mapping relation-

ship
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Principle analysis and modeling of rotor imbalance vibration in
magnetically suspended control and sensing gyroscope
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Abstract; Magnetically suspended control and sensing gyroscope ( MSCSG) is a kind of new-concept
gyro, which takes Lorentz force magnetic bearing as torquer to drive the rotor to tilt in radial direction. As
there is dynamic unbalance in the magnetically suspended rotor system because of the uneven mass distribu-
tion, the generation principle of imbalance vibration is analyzed and the analytic model of it is established.
First, the working principle of MSCSG is introduced. Then, the geometric analytic relation between geometric
and inertial axis of rotor is determined on condition that rotor is unbalanced; the mathematic model of unba-
lance vibration torque is established and the observability of imbalance disturbance is demonstrated. The model
of bearing-rotor control system containing vibration source is constructed and the vibration generation mecha-
nism in closed-loop system is analyzed. The dynamic response characteristics of unbalance vibration with
different rotate speeds are simulated and the simulation result indicates the correctness of the proposed model.
Finally, the requirement for suppression of unbalance vibration is put forward according to its vibration charac-
teristics, which lays the theoretical foundation for realizing MSCSG rotor imbalance vibration control.
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Table 1 Variation of pitch angle and electron flux of typical PLHR event
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Table 2 Statistical results of pitch angle and electron flux variation of 72 PLHR events
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Influence of power line harmonic radiation on ionospheric
energetic electrons
ZHANG Chong, WU Jing® , MA Qishuang, GUO Qiang

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

Abstract: As a man-made pollutant to the ionospheric electromagnetic environment, power line harmonic
radiation ( PLHR) is widely known in these years. It is urgent to conduct research of the influence of PLHR on
ionospheric state parameter variation. Based on the observed data of instrument for detection of particles
(IDP) onboard DEMETER, by combination analysis on self-orbit and revisiting orbits of PLHR , we statistical-
ly studied the variation of pitch angles and energetic electron fluxes of low, middle and high energy bands
before and after 72 PLHR events detected in the ionosphere above China. The results show that before PLHR
a few events show pitch angle scattering, and the energetic electron fluxes of low energy band tend to de-
crease. This may be due to the influence of PLHR, or due to this state variation of ionospheric energetic elec-
trons which leads to the easy detection of PLHR.
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Table 1 Theoretical values and actual values of kinematics parameters of the space manipulator
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A self-calibration method for space manipulators based on POE formula
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Spacecraft System Engineering, Beijing 100094, China)

Abstract: To overcome the influence of launching process and on-orbit extreme temperature environment
on the tool pose accuracy of a space manipulator, a space manipulator kinematics on-orbit self-calibration
method based on product of exponentials (POE) formula was presented. Using the binocular space camera
fixed on the end-effector and a checkerboard calibration plate, the actual tool pose of the space manipulator
was measured. According to the adjoint transformation between the theoretical value and actual value of joint
twists, the actual kinematics model of the space manipulator was established. The linearized kinematics error
model of the space manipulator was obtained by differentiating the kinematics model. A least-squares kinemat-
ics calibration model for the space manipulator was given. Kinematics self-calibration simulation of a seven-de-
gree-of-freedom space manipulator was carried out. The simulation results show that the kinematics calibration
process can converge to a stable value quickly and there is a significant improvement on the tool pose accuracy
of the space manipulator after kinematics calibration.
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Receding Nash control for quadrotor UAVs carrying a
cable-suspended payload
GUO Minhuan, SU Yan™ , ZHU Xinhua

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

Abstract: Transporting a cable-suspended payload with two quadrotor unmanned aerial vehicles (UAVs)
involves controlling two quadrotor UAVs cooperatively. The existing methods formulate the problem into a con-
trol system with only one cost function. In this paper, in order to exploit their individual interest, quadrotor
UAVs are considered as two decision-makers with different cost functions and its controller is designed in the
framework of noncooperative game theory. Firstly, the system’ s mathematic model is built with the existence
of exogeneous disturbances acting on the payload. Then its linearized form is given and considered as a differ-
ence game problem under an open-loop information structure. Based on its Nash equilibrium solution and rece-
ding optimization policy, a state-feedback receding-horizon Nash controller is designed. Finally, two numeri-
cal simulations are presented, which illustrate that the quad-rotors cooperative well with the proposed control-
ler.

Keywords: quadrotor; unmanned aerial vehicles ( UAVs); game theory; Nash equilibrium; multi-

agent; optimal control
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Table 1 Correction results of different interferences on the same plane

T & Ax/mm Ay/mm Az/mm Aa/(°) AB/(°) Ay/(°) RMS,/mm RMS,/(°)
A(BIEHT) 2.210 1.906 6.414 5.977 1.739 4.752 7.533 8. 147
AKIESR) 0.715 0.841 0.604 0.872 0.862 0.838 1.447 1.642
B( % 1E /) 7.730 4.542 3.215 3.826 3.158 2.154 9.913 5.873
B(#IEJE) 0.697 0.995 0.909 0.845 1.615 0.889 1.665 2.136
C(#ERT) 0.697 1.824 1.560 2. 191 2.538 1.690 2.661 4.010
C(#IEJR) 0.383 1.209 0.765 1.722 1.019 0.755 1.708 2.356
D (#IEHT) 1.607 0.534 1.204 0.897 1.081 1.723 2.157 2.383
D(#KIFJF) 0.317 0.177 0.420 0.368 0.564 0.445 0.604 0.901
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Fig.5 Statistics of position and posture error distribution before and after correction in space for the same interference position
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Table 2 Correction results of the same interference in space

BIEHT G Ax/mm Ay/mm Az/mm Ao/ (°) AB/(°) Ay/(°) RMS,/mm RMS,/(°)
s 1E 7 7.910 3.046 3.328 3.074 2.932 2.398 9.602 5.577
KIEE 1.024 0.772 1.331 1.889 1.182 1.782 2.184 3.042
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A thin plate spline based method for correction of position and
posture of electromagnetic tracking system
GUAN Shaoya', MENG Cai>”* , WAN Yuanyu®, JIA Jia', WANG Tianmiao'’, ZHENG Lifang’

(1. School of Mechanical Engineering and Automation, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;

2. School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100083, China; 3. Beijing Advanced
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4. School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: Electromagnetic tracking system (EM) is widely used in various environments needing track-
ing or positioning, due to its high accuracy, flexible reaction, simple operation, cheap price and insensitivity
to blocks. In vascular interventional surgery, EM performs well in clinical environment with inaccurate optical
positioning due to tissue occlusion. However, EM suffers a lot from the principle of electromagnetic induction
which makes it sensitive to ferromagnetic material, like steel. The magnetic field generated by ferromagnetic
materials in the operation environment will cause the distortion of the magnetic field of EM, which affects the
positioning accuracy seriously. In this paper, the positioning principle of EM is analyzed. By analyzing the po-
sition and orientation changes of sensors at the same position before and after the EM interference, a correction
method of the electromagnetic tracking system based on the thin plate spline function is proposed to correct the
position and posture of the EM after interference. The effectiveness of our method is verified by experiments.

Keywords: electromagnetic tracking; interventional surgery; magnetic field distortion; position and pos-

ture correction; thin plate spline
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Airport ground movement disruption recovery via
mixed-integer programming
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Abstract: To deal with the insufficient capability of the existing airport ground movement disruption re-
covery approaches in handling some major kinds of disruptive events such as the deviation from the planned
route and the closure of a taxiway and the lack of optimisation criteria in taxiing trajectory adjustment, a
mixed-integer programming based disruption recovery approach was proposed. The planned trajectories of air-
craft affected by the disruptive events were adjusted in a coordinated manner using optimisation techniques,
with the aim to reduce the impact of disruptive events on the ground movement efficiency and the scheduling of
other airport surface operations. An iterative conflict avoidance strategy was introduced to improve the solution
efficiency. The experimental results based on real-world airport layout demonstrate that the proposed approach
can quickly and effectively adjust the planned trajectories of aircraft in response to two kinds of major disrup-
tive events (i.e., the deviation from the planned route and the closure of a taxiway) , recovering the order
and safety status of airport ground movement.
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K. W

k il (16)
b = K

Kﬂl = exp(A, + A,z + Azz2 + A323 + A4Z4) (17)
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*1 GuptahFREER

Table 1 Gupta’s chemical reaction model
Fo st B 5
1 N, + M, =2N + M,
2 N, + N=2N+N
3 0, +M, =20 +M,
4 NO +M, =N +0 +M,
5 N, +0O=NO +N
6 NO + 0 =0, +N
7 N+0O=NO" +e”
8 O+e =0"+e” +e~
9 N+e =N"'+e +e~
10 0+0=0," +e”
11 0+0, =0,+0"
12 N, + N"=N+N,
13 N+N=N, +e”
14 0, +N, =NO+NO* +e”
15 NO +M; =NO " +e” +M;
16 0+NO*=NO+0"
17 N, +0" =0+ Ny
18 N+NO*=NO+N"*
19 0, +NO*=NO + 0,
20 0+NO*=0, +N*

#:M, = N,,0,,0,NO; M, = N,,0,,N,0,NO; M, =
N,,0,.

2.3 WIiESH
A0 s MBIMER B p, AL T BB, R

Gupta-Yos {lﬂﬁ@ﬁm'mﬂ?ﬁ&;
p, = exp(C, ) Th" e (18)
K, = exp( EK..V ) TAM(IH T)3+B, (InT)2+C, In T+D, ( 19)
A4, B, C, FA B C D E 55
S HIG s FhER AL AR SE B i

RE TR RAE R B, 1 T RE e R
Wilke 285 2020 FHSEIF

W=y sl (20)
N in(psi
i=1

. - i "SKA,XS
Y xe,
XX, A Do BTG s fEE IR 3 BRI E 43 b
o BLAh IR AP AITHY BUR R D,
Fick & B8 30805 .
2.4 EHEAEHE

1)l i Ak BE i

JE PR B AR RE AL T A RN kA R
PR T HERE I 2 A IR R w,, = 0, B

W, = pD(‘Z—y) = 0 (22)

(21)

(‘L") -0 (23)
9y’

2) SEafiEfbREm

J T B T AR BE T AL LA TE 9 KR E A,
A2 21 U e RE T Y BT it 40 B0 S 5 B Bk
JiFe X5F I3 20 5 1) Joi o 4 B ]
c,., =C . (24)
HAfee, Mo, R AT s FEREHI AN 5 B H
STt T ) BT i A R
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S
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0" N",e™),32 gtk 2 (R 1 H b2 g
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T A2 B NO O AN fj R B 0 AU B EE S 4100
A BN PR AR B 2H O 1Y i K JCHR: 20 B /N 88
H L5 oA SR SO AR IR O i o B K

B4 73545 T 2 BRBE T TR 5% P, F1 G
& q WrEKIf 0 or Atk o B4 (a) 11 400
FIS 20 Ak 27 S I () BE T 1T 5 23 A il 2 LT
o PR R R AR AR T AR AR
5, T S I R s AR A AR L

15
o 10
:__'\.
.__‘E 5+
0 =
-15
x/mm
SHIET, =1 1HIET,,
- — — = SHJET, REPTA

K2 11 HieH 5 Ao 5w A [
U B SR A A
Fig.2 Distribution of different temperatures calculated by
11 and 5 species thermo-chemical reactions along

stagnation point line

R e
Sy /
" %, ;
FE— S?I'[JL-.‘-\'_ e i
L JECo,
s - 1 ey,
. 04 11£H Jie,,
02
or A : ;
-15 -10 =5 0
x/mm
(@) N, O, 5T 2k it 25
0.20 .
e 58T, Al
— e = SEH L
0.15} e, !
....... 5417t
— 114{Jic,,
151 0]0' R — ]]j“;t(.‘l
e B E: BTHW
0051
0

x/mm
(b) O NOFINHHE L ZR IR
B3 N[ o e 2 T B A R R L
Fig. 3 Mass fractions of different neutral species along

stagnation point line



2368 G| AN T N N = 4

e ALF R
A

2018 4

FRL 10 PR GH BE T Bl S R R AR /. B 4 (D)
HL BSOS LR 6.51 x 10° W/m?,
11 ZHI6A0 5 20 T0 Ak 2 S B B0 30 10 B A R
B S E A R R 25 40 B 1. 6% F120.3%
K R B I 5 2 T Ak 2 SR A5 P B T 4
B R TR, T 11 4Tk 2% R 3RS
RE TR % 0 A 5 S 4 AT A AR, T
WO e e TP BE T A H B BN 23 TH AR B A
2 A I A 11 2Tk 2 BT B R 2% 1 A B
IS B S5 AL TTAk 2 RS B U 3 R R AR, A
T W 4% 135 5 10 R T AR 00 3 B 22 B s k.
I, R B A L ORT g 8 75 o A A A R S i IR R B
AR AT LG X Bl 7 A 09 5 e R o

40

StHIC
------- 1140

30}
03
[~
Z 2
>
ot
0 15 30 45 60 75 90
0(°)
(a) BE R
8

° LG
SEH
s, — 112575

E =
Z 4t
=
‘g‘

2+

0 IS 30 45 60 75 90
a1°)
(b) AALHHE

Bl4 11 4ons S dontbss 5o BE i ko 5
PR A L
Fig.4 Comparison of wall pressures and heat fluxes

calculated by 11 and 5 species chemical reactions

3.2 AEAEBREAUZEFEHESIARE

S

Iy R 7 4ot (N,,0,,NO,0,N,NO",
e ), 18 A i (R 1 i i 1 ~7)
11 4156 (N,,0,,NO,0,N,N,,0, ,NO",0",
N* e ), 32 dlfbf e i 2, %5 3 71 i 2 BR A
T2 A S T LR 2SR A A Sl AR B B A A o

KSRy f BRAE A A B R 09 3 37 3l -
el B . 7 s A AE AR ARSI 11 0T

PAb S HRAS (FRIFR 11 47T V) 1 i 3 fe K
- -H L 430 R 13261 F1 10871 K, 7 4 T #4
ek RS R & — A s N+
0=NO" + e ,ZH B HFEMEE R D, LB
B SR EERLSS T AT Ak 2 AR 4 3 3 OF 3h -5 8
TR K. 11 40 32 4k s L 7 4100
18 g1k 2F i B i 2, i FLAE 11 4l oo Ak 2%
AR, S A2 S AR BE A AT AT T
THFERYINRETE 2 AR i B o 2 LG 11 ook
AR K. B, 7 4100 11 4ot ik
AP R 11 AT b PR S Bl B AR
FHAS W18 58, B S T FE 1 D, DR i =~ 3K v 75 O
Y foc K- 31y - B BE AR IR BN o

Bl 6 SR [l H R S F 1 5 - i
2 AR Sl i BE AR B T U S AR O A R
11 4 TC AL 25T PR ZS  IE 1) R[] k2 I B 58
Sy IEAT I B0 F- 4, Y #RE A T 7 A
JCR 1120 Te A AP i °F- B -5 sh iR 5
PR Z ). 7 40 18 414k 2 v =t B ARl
R T i AR HE e 11 10T 32 dlfkF
J R 2R D IARR I FE L D BRI 7 A T AR
A - i I V- 8- 2y TR RN R 2 TR AR R

7,/K

13 261
12 500
11000
10 200
9 400

& 000

5500

3200

1 800

1200

300

(a) VTS TR TR T- @5

T /K
13 028
12 200
11 000
9 500

(b) Ve bR -85 T %

F5 [l B ESTR W 3F 0-H hil E
Fig.5 Translational-rotational temperatures in

different ionization flow fields



%113

e A5 4R
T, % - ML T 7 b T S R gty 1 ]| 2369

BI7 FE 8 s B4 T 7 4loT A 11 41 oo 4
b2z 3B s NO ™ Fl e BEJR 434U Xy
X, 4yAio NO™FI e 3% BU7E 3k 3B 4 5 B3 /)N
KR, 7 oc k2R AT i 3 i) NO ™ fil e”
I REEIR A3 B L 11 oo ¥ 38 FAm AR, 7 4ot
e i I HH BT N+O0=NO" +e £
NO ™l e, BbAh, A= N B B O JF 75 11 L i 22
L N RO A i 22 B K, i i NO ™ Al e 2R
B BEZ 5 11 4150 32 Ak o % &
B H A5 2 Ak 2% O A NO T Fl e BEATA
& E NO T Fle ™ iy BRI, BUE TR A

15

_; 10+
&
. b
l'-_l
05 -10
x/mm
—————— THLILT,, 11T,
——————— THLT ~—————I1LHT
............... 118cT
K6 AN A B RS T 2 Bl BE T 3 s e A0 i

Fig. 6  Distribution of different temperatures calculated in

different ionization conditions along stagnation point line

X

1.42E-06
1.35E-06
1.25E-06
. 1.10E-06
9.0E-07
7.5E-07
6.0E-07
4.0E-07
2.5E-07
0

(a) 74T

X,

0.004 07

10,0039
0.003 4
0.003 0

0.002 4
0.001 8
0.001 5
. 0.001 1

0.000 7
0.000 4

(b) 11415T

K7 7 HeH 11 Al NO T

Fig.7 NO™ mole fractions in 7 and 11 species thermo-

JEE IR 43 K

chemical non-equilibrium flow fields

(a) 74T
X
0.0226
| 0.0215
0.0200
0.0170

00140
0.0110G
00090
00060

L 0.0035
8.002 a

(b) 11£58

8 7 HILH 11 HIuHL AR F B e

Fig. 8 e~ mole fractions in 7 and 11 species thermo-

JEE IR 43 B

chemical non-equilibrium flow fields

P AL 2 AR RS AR S, SR T AT
18 4k AR 1 NO ™ il e ™ A i it i KT
11 20 5C 32 b2 g A it 57 2T Ak 2 I 0
AN BB XS e R AT e BE TR [ P B R
AR PE AT A AT

B9 (a) AN [] oL B AR TR 1Y) BE 1T 58 43 A
DT 7 o N 1 P =2 s S 60 A P S 92 S R R N
FHL 51 & 0 3 5 Fs ot A2 A B s, TR A AU
[ N Ny G RN 1 D0 S N (R E DS W
TR AR /N B9 (b) 7 o0 11 4T
A2 AT A 11 20 T8 B 27 P IR 25 T B
RS S E A X R 22 0 17.1% (1. 6% FiI
7.5% o T 2H 50 $ Ak 2% AE - 5 U 3 i R A oK, T
L1 ZH oAl 2 1 7 R 28R 398 1) 4 2 S 0y 75 D) 78

SR REAT S AE BE T BRI R BARE , FLARAT 1 BE
TET R 4 S 4 SR 4 R R o AN TRl 4T B

JO7 X6 2l B IR AT LR B 7 AT 5 R R
3.3 BEHEANERANALULEZETEHEEESIHR

MR R

Ve SCHR [ 24 ] b B0 g 8 75 3015 A A 52 36 6
UERC A, SR 11 20 Je Ak 2 3R - 1 52 0, $
G BE THT A [F] A4 A 25 A28 X6 592 30 A5 A Al 27 A P i
BTl BER B R W 2 MR R & R AR, =
175.26 mm , BB 4% r, =73.025 mm, JH &1 & /2
fer.= 7.3mm,J5 M B = -32.5° ALK



JeALF R

2370 b5 it = it KK %%l 2018 4
40 T /K
TeHoC . 7 346
_______ 11446 7000
30¢ e O & - B
5800
= 5000
g a5 4000
o 3000
2000
1 000
A 300
(a) LB af
0 15 30 45 60 75 o0
")
(a) B ff F o,
8

: o
s 7408
6} . o | 5T
& . = = = = | 70
E
= 4t
e
=
2+
oL : ; : : :
0 15 30 45 60 Ta 9a
ai(°)
(b) FAi L

B9 TR Ia] v R AT BE W IR 3 5 R B L
Fig.9 Comparison of wall pressures and heat fluxes

calculated in different ionization conditions

L=9.04mm, B KRWSE: HE U, =
4167 m/s,#iE T, = 522K, # % P, = 245.36 Pa,
WA« =0°; 5 RBE T, = 300K, H Hik i H 41
JEN, .0, NO Fl O 57 73 F 0 il K ey, =
0.735,c,, = 0.171, ¢y, = 0.065 I ¢, = 0.029,
TR TSI R 45 s B4 A o 150 x 100 (i
6] x 3% 10 ) o

P 10 Sy 7 A A 552 9 5 2 7 3 i Ak BE Ti A58
AR I 45 0F R By A Ak AR P i L B IR O
B -H 2l L BE o Ao 2 BhORE AL SR M
-l -5 I BE A3 A R LF AR R . 58 4 A Ak R
T 25 A 09 0 3 B RV 3l -5 Sl BE S 7 362 K i
R A A A BE 17 45 44 T 1 TR 3 B KT 8- Bl i
BE 7346 Ko 58 2 i AL BETH 4500 N, B T80 4 JR
T B T ROR R BE T AL e AR R A SN T R
e, H R Rk ) B e == A B, 20O B BUR
Vil B K Th o R, B 1A A 1 PR X s
AR 27 - P B I 3 TR S AR DN

Pl L1 R T A A AE 70 T AN [ 44 A B T 2% 1R R
B TSR0 RE T i R RE THT BROA E  SE B R AT
X B 11 Ca) frR  BUETHRCR 11 20 ok
ARV SO T AR AR AR Ak R 58 4 4 BE T A%
1T B R T Hs 5 43 A il LT A i HAR S S8

=

(b) e = HEALRE I
P10 S [ 4 AL BE ThD EA T 2 Al S R B TR
- 3 - Syl B

Fig. 10  Translational-rotational temperatures in thermo-

chemical non-equilibrium ionization flow fields in different

wall catalytic conditions

30

20} _
o £
& A TEAEfEAE
i L5 4l
10k HERISHIE
980 —4I10 6 4'0 80
x/mm
(a) HE g Hegit
2
E
Z oap X
= 4 ek
= L5 2tk
HE RSB
980 —‘IH) 6 4'0 80
x/mm
(b) P L
PELL AN [ Al B T S B8 A5 R U 28
Fig. 11 Wall heat fluxes and pressures calculated in

different wall catalytic conditions
WLRAT A B BRI T AL AR T
SPERET] b A A AT A TN R TR RE , {HL DR Bt
I RUIOE IR G R LW E T e B O N N S T 2



%113

AL ALF M

P, 25 e O 6 R 7 2 T S TR B 2371

A AR o B AR ST BE T M 5 52 BE i A AL A
PRSI AN A

B 1L(h) H, DRIk AR BOK , i BE T L 1)
I T SR AT o Fh T IO R BEAE A
PRAS IR I T 150 A 0k 53, (ELJE ¥ 8] = A /0N i i
LT AR (. B A S AR P A A R R 3R
855, BE T BAIAL 4 R S B (B0 T AR HE AL A0 58 42 fiE Al
BETH A5 PFRCE S 2 18] 1 VB T IR A
TERETH b 2 5 6 B 22 e A RE , BE THT 3 AL
JEE3G R, DR R 2% 1 BE THT 16 7 P I ey B ThT AR
WS TN o 58 A AL BE T A% 1 2 BE T AL AT
P — Fif e BR A S5 175 B0, AH ¢ 41 0 okE 7 BE i |
52 5 BONEAS LIS 2 BEAT , 23 BEOR R IABE , T 5K
P BE T HE AL AT A T Al Al A A0 o8 e AL A5 1 2
] G, Pfb s Al - e IR ST B i A AL A
X B T AR AL 285 JBE ) 5 M K o

4 & #

A 1o TSR AT 5 PR S R X el 7 e e 2 A
B IR B R R, 15 3

1) i P T R A 2 A 1 A 3l R R 55 B
TR, B AR i I RE RS R T
ik R = LA S I T TR R R S T AR 1Y B
B HBE,S Hou b AR 1 A %5 08 B A
P, 7 S it JEE 0 BE T BGOSR T R
BRI 1 11 ZH o0 IR AL 2R 7 1 A s K. A
5 BCI A B B - ORT R 51 R s AR
J3E R P i A A A v A P X R I A B R
1 P A A AR Bl ) AT R AR D

2) KA A AR AR, RE R T AR K, W
TS AN AR, 11 2H S0 AR A 2 1 108 56 L B 97 470 i
JEfRAR . 7 HouA = W % I8 A R NO ™ Hil e ™ 1Y
A B R D, T 21 TT AR A AR 5 B
T NO ™l e” 4L U RUE 5 A s i iR 7 4
TG I A AR P 7 55 FRL R I S R B K, T 1L 400
A~ - A 308 1) b S P B 1T R 30 R R A R R
Z AT 7 e LA AP A R 11 ek
AR 25 70 T3 BR A 9 B 1T ARGAT 8 T 4 S 6 2 2R O
R0 1T A TR 22 Al 1 B R 28 BE T A 15 5
WA G RT . B, 11 2 T Ak 2% S Al B 4 %)
e P AT e AT S A A R R R B
AN Bl g Ay AT ] S 0

3) e AR A A AR P F AR A BE I A
(o A s R SR S SN R R N G R e T 8
A A2 S T R T RE i, BE THT BRI R 0 O B
2o BETAT B I AR 1 BCRE A B A AL A2 i AL

BETHT 5T (9 5 45 SR R O A R AR, R I, BE
BN F B A AR o i T R AR A e E
RET_F AR 55 ONE, B ARE AT BR , b~ F
7 P U S B KR B 2 B T AL AR5 /1

S #k (References)

[ 1] PARK G,GAIS L,NEELY A J. Base flow of circular cylinder
at hypersonic speeds [ J]. AIAA Journal,2016,54 (2 ) :458-
468.

[ 2] SHAO C,NIE L,CHEN W F. Analysis of weakly ionized abla-
tion plasma flows for a hypersonic vehicle[ J]. Aerospace Sci-
ence and Technology,2016,51:151-161.

[ 3] BURTJ M,JOSYULA E. Vibrational nonequilibrium quantifica-
tion for state-resolved simulation of a hypersonic flow[ J]. Jour-
nal of Thermophysics and Heat Transfer,2017,31 (3 ) :660-
673.

[ 4] ZENG M,XU D,LIU J,et al. Novel method to calculate vibra-
tional thermal conduction in hypersonic nonequilibrium flow
[J]. Journal of Thermophysics and Heat Transfer, 2016, 30
(1):12-24.

[ 5] IBRAHIM A,SUMAN S, GIRIMAJI S S. On air-chemistry re-
duction for hypersonic external flow applications[ [ J]. Interna-
tional Journal of Heat and Fluid Flow,2015,51:298-308.

[ 6] KIM M,KEIDAR M,BOYD I D. Analysis of an electromagnetic
mitigation scheme for reentry telemetry through plasma[J].
Journal of Spacecraft and Rockets,2008,45(6) :1223-1229.

[ 7] KIM M,BOYD I D, KEIDAR M. Modeling of electromagnetic
manipulation of plasmas for communication during reentry flight
[J]. Journal of Spacecraft and Rockets,2010,47 (1) ;29-35.

[ 8 ] FARBAR E,BOYD I D, MARTIN A. Numerical prediction of
hypersonic flowfields including effects of electron translational
nonequilibrium[ J]. Journal of Thermophysics and Heat Trans-
fer,2013,27(4) :593-606.

[ 9] SHANG J S,ANDRIENKO D A,HUANG P G,et al. A compu-
tational approach for hypersonic nonequilibrium radiation utili-
zing space partition algorithm and Gauss quadrature[ J]. Journal
of Computational Physics,2014,266:1-21.

[10] JEB, F L 0. w25 0 o i U i AT 4 3 g
[J]. Wiz 3 Jy 241 ,2016,31(9) :2156-2163.

QU C, WANG ] F. Ionization effects on aerodynamic heat for
vehicle in hypersonic rarefied flow [ J]. Journal of Aerospace
Power,2016,31(9) :2156-2163 (in Chinese).

[11] HAO JA,WANG ] Y,LEE C H. Numerical study of hypersonic
flows over reentry configurations with different chemical non-
equilibrium models[ J]. Acta Astronautica,2016,126:1-10.

[12] GUPTA R N,YOS J M,THOMPSON R A, et al. A review of re-
action rates and thermodynamic and transport properties for an
11-species air model for chemical and thermal nonequilibrium
calculations to 30000K : NASA RP-1232[ R ]. Washington, D.
C. :NASA ,1990.

[13] PARK C. On convergence of computation of chemical reacting
flows: ATAA-1985-0247[ R ]. Reston: AIAA,1985.

[14] LORZEL H,MIKELLIDES P G. Validation of a nonequilibrium



2372 b5 it = it KK %%l 2018 4¢

air chemistry model in MACH2 and applications to weakly-ion- [21] GUR H B,EYI S. Diffusion effect on hypersonic flow using
ized hypersonic flow: ATAA-2009-0279 [ R ]. Reston: ATAA, Fick’s law: AITAA-2015-3797[ R]. Reston: AIAA ,2015.
2009. [22] CHEN X H,CHEN F,ZHANG S T,et al. The effects of chemi-

[15] PARK C. Problems of rate chemistry in the flight regimes of cal nonequilibrium and surface catalytic on aerodynamic charac-
aeroassisted orbital transfer vehicles; ATAA-1984-1730 [ R ]. teristics of hypersonic vehicles: ATAA-2016-1252[ R ]. Reston:
Reston: ATAA 1984, AIAA 2016.

[16] MASSIMI H S,SHEN H,WEN C Y, et al. Numerical analysis of [23] MACLEAN M,MARINEAU E,PARKER R, et al. Effect of sur-
hypersonic flows around blunt-nosed models and a space vehicle face catalysis on measured heat transfer in expansion tunnel fa-
[J]. Aerospace Science and Technology,2015,43:360-371. cility[ J ]. Journal of Spacecraft and Rockets, 2013,50 (2) :

[17] ALLOUCHE R,HAOUI R. Ionising air in thermal and chemical 470-474.
nonequilibrium flow behind a plane shock wave: AIAA-2006- [24] MACLEAN M,MUNDY E, WADHAMS T, et al. Analysis and
8154 R]. Reston; AIAA ,2006. ground test of aerothermal effects on spherical capsule geome-

[18] KIM M,GULHAN A,BOYD I D. Modeling of electron energy tries: AIAA-2008-4273[ R]. Reston: AIAA ,2008.
phenomena in hypersonic flows [ J]. Journal of Thermophysics
and Heat Transfer,2012,26(2) :244-257. EE®E T :

[19] GAO Z X,JIANG C W,LEE C H. Aeroheating study of hyper- MEE B LU, EEUFR N EE S E TR
sonic chemical nonequilibrium flows around a reentry blunt By 1/ RBUE 5SS R BT B R - -RGE A
body: ATAA-2014-4415[ R]. Reston; AIAA ,2014.

[20] CHI D,CHAKRAVARTHY S,GOLDBERG U. Flow prediction XiE B B A S, RGO I AT AR I
around the SACCON configuration using CFD + +; AIAA- R ok I A E 2SR Iak > &2

2010-4563[ R]. Reston: AIAA ,2010.

Influence of ionization on hypersonic thermo-chemical non-equilibrium
aerodynamic thermal environments

YANG Jianlong, LIU Meng "

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

Abstract; The high temperature gas after shock wave occurs to ionize in hypersonic flight, which makes
the aerodynamic thermal environments to be complicated. The 5 species (N,, 0,, NO, O, N), 7 species
(N,, 0,, NO, O, N, NO", e ) and 11 species (N,, 0,, NO, O, N, N, O, NO", O", N", e")
thermo-chemical reactions of Gupta’ s chemical reaction model were taken to numerically study the influence of
ionization on hypersonic thermo-chemical non-equilibrium aerodynamic thermal environments, respectively.
The characteristics of hypersonic thermo-chemical non-equilibrium ionization flow field aerodynamic thermal
environments in different catalytic wall conditions were also researched. The effect of ionization on the shock
standoff distance and the aerodynamic force load is very small. The flow filed temperature and the wall heat
flux calculated by 5 species thermo-chemical non-equilibrium reactions are much bigger because the effect of
ionization is not considered. The hypersonic strong ionization flow field temperature calculated by 11 species
thermo-chemical equilibrium reactions is the lowest. The amounts of NO* and e in hypersonic weak ioniza-
tion flow field calculated by 7 species thermo-chemical non-equilibrium reactions are too small. The aerody-
namic force and the wall heat flux loads in hypersonic thermo-chemical non-equilibrium ionization flow field
can be effectively predicted by 11 species thermo-chemical reactions. The wall heat flux increases when the
effect of wall catalysis is considered. However, the temperature of hypersonic thermo-chemical non-equilibri-
um ionization flow field and the aerodynamic force load are less affected by the wall catalysis.

Keywords: hypersonic; ionize; thermo-chemical non-equilibrium; aerodynamic thermal environment;

catalytic wall

Received: 2018-02-08 ; Accepted: 2018-05-04 ; Published online: 2018-05-22 14 .01
URL: kns. cnki. net/kems/detail/11.2625. V.20180521.1333.001. html

* Corresponding author. E-mail: liumeng@ buaa. edu. cn



2018 4 11 H
a4k H11 Y

EtEMEMRKAEFER

>
:":"'3-*& November 2018
Journal of Beijing University of Aeronautics and Astronautics UIE»‘EEII I52] Vol.44 No. 11

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2018. 0091

jbuaa@ buaa. edu. cn

MEMS P42 5% 59 RCC-OBE it & 7 i%
e W, xER, e, Eg
Iﬁ (1. KRS FETRRKE S TREER, /% 710025; 2. KFiE+E %K WERESR R, F M 262500)

i B A REHALE RS (MEMS) & 8 698 %, % H — A 2 T 42 % Chebyshev 0
(RCC) Wyt & FHAER(OBE) Bk FA TR EMIETH@ e, WEIMRBEREZMBHA
AEH RLTHEIARAANA R BRE HTRFRATFENT AT 2SR GRS T EH
ETHINRERGEFAMEARNERGEITERL, ZA OBEHEZAAEEE T ARG
f5it ;% OBE &k o A R H AR UAT P O AE ) L0 R it B P QIR R A E S
Ttk 1, T T AT & #9 Chebyshev 00 B R £ 68 R 4% 14, Bl BF, % /& 2| # B9 Chebyshev #.0
K+ o HE, 5K MTAT RS RCCE M E R E 5oy it %31 7 2 RCC 1B fr i iy
OBE EHrd BBy S MM EN . RA 6 AN BEMM Ay EFIHATT RIE KT, ZRENAHE
THREENEIEiITR T EERTARRRIEL R0 A L, 73— FRE MEMS [£ £

1
x #
43 Chebyshev # 1%
hESES. V241.5
XEktRIZAD . A

HALH R S8 (MEMS) B8l T B A R BUN
BT IIFEAR B TR AR VR T
B2 97 e o8 S5 AU AR AR B 1 Tz By e . (S,
K BEARG, R P R, LA A A 3 A9 K v A
RS s R T SR, BLE N R R
KT HE X S o

KT KA MEMS Fg B2 £ 34, it — 2 @
=S B e 1 N P S 5 N R SR
TR R MEMS g B2 FT A B — B2 W 98 i B 22
JriE . MEMS FEI2EA RBUN AR 5 T4
B AL, Bl 2 A% A A5 PR I E 5 K B
BRI F AR B W Z 2] T AT EN, ZEAREK
f1 Bayard 1 Ploen $ H"', fth i1 [] i i Ji £ 4
MEMS B¢ 880 15 [7] — 3 2R A5 5, 48 J5 F A B Al

W LR RS (MEMS) 2 WEEF; &b FMR (OBE) K ik &R

NXEHS: 1001-5965(2018)11-2373-07

B EARR B R R AT E . BT R
% S 5 5 A LSRR IR SE PR AE 5 A A, B
AAE X052 A B AR O B SLFE IR FR o FE IR
MEZ A & MEMS BE 82 (10085 1% 2] 1A 20y 48
e, BB R B a8 AR BT DU R O T 15 R
TRB—ADOFFER AL [ N SMEZ BTG R XS
XA HEAT T OB I, OF #EAT T 5
L3

SR R 1) 50 A B A% 00 2 2 A TR R 5 Al 1 07
o RO R 2 2 Kalman 3837 J H
RS XKk — L B4R & T MEMS g
WER R i RS BE o {FL K Rl T REAIL ISR 7 {8 9 A1
7R ZOR MRS B GE it e 1 R0, I AR A5
DR A A A A T A L 10 Bk Ok 2 R W LA T

Wi HEH: 2018-02-22; R HH: 2018-06-11; M4 HARATIE : 2018-07-13 1015
M 4& H R bk kns. cnki. net/kems/detail /11.2625. V.20180712. 1006. 001. html

E&TE: R AHAR¥EAE (61503390, 61503392)
= BIS1EE. E-mail; liujieyul28@ 163. com

Sl hEE, XFa, HE, & MEMS JE# £ 7] 8 RCC-OBE it g &7 % [J]. hFAEAK A #F 4, 2018, 44 (11 ) : 2373-
2379. SHEN Q, LIU J Y, ZHAO Q, et al. RCC-OBE estimation fusion approach for MEMS gyro array [J ]. Journal of Beijing Uni-
versity of Aeronautics and Astronautics , 2018 , 44 (11 ) ; 2373- 2379 (in Chinese ).


Administrator
新建图章

http://kns.cnki.net/kcms/detail/11.2625.V.20180712.1006.001.html

2374 Jb 5B AL R K ¥ ¥

A 4R

2018 4F

. TMI7E MEMS Fg 82 52 bR nz i vb, i T3 &5 2%
PF R A D R RS, M A G R 2 A —
TE AT E M, B 2 R P AS B a5 0 XE LA
MGEH Tk iR f AR F R X ah SR 25 0 Kal-
man J§ I g 09 ROR, BB Sl IR B kB, 5
Kalman &3 A 7] A9 2 , 46 O3 AG 1 BEIE SR g
A S T A, TG R M Y S A DL S A (E
TG R L X A S B T R A S
S B, i SRR A A AR IR B B AR
HHLEES W ARG o B, AR SCHIESE T 4R LA I
TE MEMS Bg 82 (4 515 5 b (9 i H -

G IR R e — DR S RS E SR E M
AT T AT SRR AE A+ 43 S A%, XE DLRA E
JIT LA — R AL 5 W] A7 46 Y 3 0L mT AT ROk il ik
Forbf W A 2 A ER AR 5, 3K b 5 ¥E B PR AR e 10
FE TRk (OBE) 853%™t A SC Y BT
%o OBE B3 0 K A 2R v oo 1 S LSS B Y
FAGTE . FEBR MR O IR BE B B LR
P, 1M Chebyshev H.0s 2 fifi 7] 174 worst-case iR 22
R r 5 E A O B A S A .
FTEE R Cheyshev HCARMER AE , i DLAS SCR HI#A
it Chebyshev Hr.Cx (RCC) 1y 352 Y £ 3 34
THE . DAy Rl Bt 18 0 S B A ), 4
th 72T RCC i OBE (RCC-OBE) 1, 3 # i%
S0 1T B R R 1) B i R, 75 3] T MEMS B
W25 ) RCC-OBE {11/l & 5k o

1 MEMS g2 # =1 5

B MR A % 22 2 oy 1 1R R 2 BB AL IR 25 4
J B S P 1% 22 T B b R ik LA T B AL
DR 22, B AL 22 32 0, 465 % fn A Fe A 1 A EE BE AL
s CARW) i 3 A< BE ML U7 A8 (RRW) , PR %
A0 R o AT IR P 0 50 SR R i AR
y=w+b+n (1)
b= w (2)
ey BB BRE s O A BE B AL GE 50 2 M
P SR A AR BE AL E . (H B R R 5
o R L 0 8 2 AR SR R E

2 MEMS etz fE 5 &2

SR (L) $il 348 14 B BIL 52 22 465 780 f 7 7 B MR
FEBI R GERE Y . # A A0 1R T, B R Y 5y
Koo B LT 0, HE PR Bl T AN IR B
M, B A ) A A T RO T BB 4 0 4 T O, T R
Bl RS n, KB R REALTEE . BEH 6 AN FEIR

EE A YIRS R NS
%%[7]
{xk =@, x, , +T,_w,_, (3)
z, = Hx, +v,
e x, =00,(k),0,(k), b (k) ,0(k) ] IR
A, b, (k) ~ by (k) O£ B8R B9 A R BE BT
E,o(k) NEFTMER 2, = [2, (k) ,25 k),
2o (k) 1" S it 2, (k) ~ 2, (k) Ay 25 B B8 14 i
W RSB EE &, |, =11, N 7 446
B BN RE T, = TL T S B ISR AR A 5 )
B H, =[1, P 1, 1,1, WAL R N 1)
O x 1 s M S & w,_, = [w (k-1),
wy (k=1) - we(k=1),n,(k-1)1"w, (k-1) ~
we (k= 1) 2 2% B W2 A 7 5 Bt AL 7 2 A 9K 2 e 7
n,, (k= 1) 2y FLSZ A 3 52 0 BK 2y M 75 5 £ 00 Mg 75 )
By,  =[o,(k=1),0,(k=1),,0,(k-1)]",
v, (h=1) ~vg (k= 1) 4 BE B2 A0 g 1 M s
H  FESEBr b, BE ARG TAETESh A 4%
PR oSG, 052 A 3R BRI X G 10 Bl A
AR, T3 BE P9 AE i e X DL 78 0 B X R Y
SRRy d R R R PR A 1 2 A5 1k R, X A
AT AT Y A
{a)(k) zw(k-1) +a(k-1)T
a(k) =a(k-1) +j(k-1)T
A a (k) o N BE 57 Ck — 1) S # i s Bz
AT LUEAE 3 A R F R e 7 o JUDIR 2858 o A I
7 R 40 R R R R SRR MR Bl N T
x, = [b,(k),b,(k) b (k) ,0(k),a(k)]
e 06

(4)

H, =[I,:1,, :0.,]
w,, = [w (k-1),w,(k-1), w(k-1),
n Gk = 1) j(k-1)]"
T 0 0] 722 < 70 0 M 7 R AN 2
TIAN w o R v, Gy 5 Ay e R R R A )
o Nl A2 Kalman J§ 9 & AT AR50, ©
A7 368 8 Bl A B Sy e i MR R (ELR X b AR AT I
ME LI AL o AS SORE HARBE Ry — R Sy iz T B
Gy il B E BL, 43 A R HBA A (UBB) , If ik
HIE T T ek
W, = {w,.w, Q. 'w, <1/ (5)
V, = {v,:v,R'v, <1} (6)



AL ALF M

511 Yol % MEMS FE BB 51 9 RCC-OBE £ 31 4 J7 ik 2375
Kb Q, R, B IE & 4 X, =X, +Le, (16)
HELOEF 0 B AR 25 0 T 0 P, = B[ (I-LH)P, (I-LH) +
E, = {x,:(x, —%,)"Py' (x, - %,) <1} (7) q;'L,R,L]] (17)
s, RER TG s Py S RE )G MR 3R B TE IR K g, WHRMALEER S50
FHE L, =P, H[HP,  _H +q'R]" (18)
e, =z, - Hx, (19)

3 RCC-OBE Hi%x

RCC-OBE #3527 OBE B 1k iy KL fift b ok it
T2k, L UBB R3¢ S Hif 42 , [ 4 py i ) 52 58 A 4
D BT 2 A ad R .

3.1 mEEHHR

Ml b — 1 I Z0 4 5 0R285 a) A7 46 1 M Bk
E(x, P, ) JpE(a,P) Fom b N a, BIRIE
ViR 5L R P RO BR AR

MREE(3) KX (5) Fron iy UBB flix, — 2
TR x, BT @, E(x Py R i
Bk W, ) Minkowski £l
X, e @ X PL) @W, (8)

—MRAFOL T L2 DEER Y Minkowski F1J2 ™
EIEARE 2% ME LUK il 8 o D R A TH, S8R
T AR 8B A | AR 99 K 3 3 T B A A 2R A IR S
BURIIIES
E(R, 0 Py ) D @, EXL P @W,

(9)
HARSRWMT
X = D%, (10)
P, =(p' +1)®d P & +
(pp + DI,Q, T (11)
Kb S8 p, T I /MR R 328 75 3]
. [tr(cpk_,Pk_,qu‘,,) 12 (12)
w(l, ,0,.I,.,)

3.2 EMEHR
AR (3) b B 2R x, 200E & T 2 00 A
BREE S, MRS TIMEEREE (x, |, Py ) IR
&L
x, € &(x P ) NS, (13)
3 ;DU BR 1T AR
S, =1{x,eR":(z,-Hx,)'R;'(z, -H,x,) <1}
(14)
AR 1Y, 48 3 2ok T 55 A A0 3R R 8 I X A~
LEE
E(x,,P) DEX, . P ) NS, (15)
3K O AR R [ ] 4 X (16) A=l (17)
HE

B.=1+q, -elq'R +HP,  H] e (20)
AR B 2 i JL AT 22 AT 0, OBE 534 1 25
MR N RIS AT AT 4, B LA BR 9 BT A s 4]
VERARZS ) s it o SEBR L b, 234 A 3k iy oh
DX, FERXT ESORAS X, . (R %
TERCE FIHABA B E X M A7 51 Che-
byshev HUL & AR A4S & worst-case 1R 22 v /MY
FOBHAE RS x, BT AT A PRI K .

ik x AL F LAWK AC 5 Q
O=1{x:f(x) Ax'Ax +2bx +¢, <0, <i<I|

(21)

X AR ] 2 0t 35k, LA T 5 T 1 Ak
., MRS ATIT4E Q Y Chebyshev s x 1] DL
S|

min max”_{- - xH2 (22)

P xeo
Aad KA — AT 5L Chebyshev Hr )
PRIXE , PR O 20 (22) A s i A R A o e e — R
h ZRAEAE R e, R R (22) AR A AR
RACS AR L 7 #n it (SDR) ACER , I il Dk i it
S EU N AR AR /N L, AT 2] RCC,
2 (22) P i R A A m] Ll

m3x§||§_x||2;ﬁ(x) <0,l <i<I (23)
A A=xx' N (23) &M T
ﬂ?’ig{ || - 2x"x + Tr(A) | (24)
A
G=1(A,x):f(A,x) <00<i<I[,A=xx"}|
(25)
If e X

F(Ax)=Tr(AA) +2b'x +¢, 0<i<Il (26)
X (24) #5R 0 H bR R E T (A, x) 2 MY,
HEGZIENM . B (24) BHR b, R AT
TR TRIVEES G THE XN
T=1{(A,x):f(Ax) <0,0<i<I[,A=uxx"}
(27)
ApiAzxx’ FoR A -xx" PR,
T L RCC ] DL 28 5K A =X (28 ) i Al Rl /s
[ 23 i e
min max | H_y}”z -2x"x + Tr(A) | (28)

x (Ax)eT

A (28) Hii 3 1 H AR B T (A, x) MY,



2376 G| AN T N N = 4

A fn s 4R

2018 4F

Xt xR, AR S TA R, BT AR L e b
KAE TR I R, DT A5 2]
max min | ||3'c\||2 -2x"x + Tr(A) | (29)

(A,x)eT «x

M (29) 3R A A% /0N 1k 2 17 B B — I B4 i)
AR x =, LA (29) T R 46
max { — ||;2-H2 + Tr(A) | (30)

(Ax)eT

X — AN AT LR AN S5 S 2 ORI Y H bR
A Ak [, 5K (30) 19 i B Oy W AT 45 19 RCC,
AN BT QC T, BT L RCC 4 i |2t (22) i
A KA /N T 1850 5 G fie 1 b ¢ o

I T B, RCC LT S, FE(x, s
Py, ) sc e B
Q =¢g(x,,,P,,.) NS (31)

232 (27) ~ 2 (30) 4% ot % Ak i 7 B
ZORZSATATHER) RCC AL 5 40 F i Aok 15

S MEX, Py ) EMT
S, = {x, e R":x,(H,R,'H,)x, -

2z,R;'Hx, +z,R,'z, -1 < 0} (32)

N Tp-1
Exyy o Pryy) = lx, € R%:x, Py %, -

2%, P x, v X[ P, -1 <0
(33)
WA, =P, b, =-X P, .c,h=
X P X, -1,A,, =HR'H,b,, =
-z,R'H, ,c,, =7,R, 'z, - 1,
W ki DR BT AT RCC A
T =- (oA, + Ay ,) ()b, +
a,.b, ) (34)
Kb B8 (s, ) AT SR AR F B
(SDP) Ji] 45 5] ;
min { - a, ¢,
s. t.

-1 -1
k| k-1 k| k-1

-0y 0y t tké

F_Of]l,kAl,k + az,kAz,k =1

a],kAl,k + az,kAZ,k al,kbl,k + az,kbz,k

. =0
(al,kbl,k + ‘Xz,kbz,/;) Ly
1
o = 0
L, =0
(35)

Xof A0 BT o 28R 0 AL 8 RN Sh B
BRI R/ I8 38 5 d5 /)y 28 B i /) 3 o ) oA ke
FER S XA T8 SR b s IR S A T
AR AN S Y B 153 AN B W 3 /D s Al T R Al T
W7o NHE— 3R AT 15 S PR R A TR
JEE AR SCHE T — R B D A T
q, = arg min”g}k __QRCCJ&H (36)

o - 38R 2 Y B I A LA R SR A

k2B R BR o 5 RCC R BE B fie /b o XA 1)
DA 5 25 5 4 30 9 S0 6 2R 7T B b £ Bl 7R
AFATHEN RCC R B, DA i 44 re 55 325 1) o 1k A
ST RS A

A2 ,RCC-OBE 3 i H AR 25 38 n] L B 45
mr:

SB1 Wlafe. BE =0,/ EWIRE:
M Bk O X, FOBRIERE Pyl x, e €, o

B2 mHEE R, Ead X (10) Fk (1)
PR BMERE (x, |,y P,y B AR
R LAl Xi|r-1 € S()}Hk” P ) JF I
K= (12) IR S5

F®|I mil R, EdX16) ~ K (20)
PRSI ERE (x,, P, B Hh o AR 3
Pl x, e E(x,, P,) Il i R iR 58 (36) 55 2
o mFHR(32) ~K(35) KR T 17 4
(9 RCC A S Ak T, DT 58 18 A 55 3% 11 o Y o
Eo Uy

WA Lhk=k+1 JFREFDIE 2,

4 REE5FH

AR N RTT R, K 6 4
ADXRS300 AL AR 9% 3l B SR AR 3% 16 [7] — v i Al
L JF X A B R g% g AT T i, dd i PXI14070
DMM #i K F1 PXI6502 £k Hi, 2 Hi 5 4 57 i 4 2
ARG, X[ — Al 2 AT A R BRI 5
RGME 1R

LRI T BT A B R R A9 58 40 Haz, Dyl A2
Ze 2 W s L L 200 Hz 1 551 56 R 17 B 8 e 1 5
i A o LI I RS B R R 5] T A
B PR B L BN SE R T 2
MEMS Pz 820 3L A9 225K

O Bk FE IR S A 5 T sk PR B BEAT T RE
B A5 ) i 132 R PE R 4 5] - L TR0 miin,

K1 PEIREES R
Fig.1 System of gyro array



%113

L3R, % - MEMS Bg 82 F4: 51 ) RCC-OBE 4 11/ & 07 1%

A5
2377

SR B B 2 B AR B2 Sy 100, JE Bk 28
AR, fr AP IR A i A %N = 107 -
sin( ) (°)/so SRIGHIRLL FESROREE 10 s e
PR B B Al RS PR MR ( LABB IR 5 S ) 0 i b A
By iR 2ZE W E 2 FR .

i 30 bt R R ) 1) e s s 2 S L R AR 2 T
JIT IR 1 7 100k B SR R 4 AT A, TR S Al |,
FI%5 3 i S 1 RCC-OBE & 1 % 4 51 4 15
Ao B, SR AT Kalman J€ 3 1 OBE 553k 1
SR LR T RS A R 2R LI 3

R T RS LA T s PR AR SRR 5 AR
& 2% (RMSE) Fl {5 M bt (SNR) 2 I 45 5 >F iy 125
LM . ph X Oy MR R 22 AR M L i SR
[F]— 155 2o MR AL BT | 307 R 158 2 /I, £ M L B
R 2 MR

[ B, A A 6 B A RO L BB T T 2K
R, AN R PR AR IR B2 (A) A (T) F A9 b 3145
W1 ~3k3,

ME 2 B3 FFE D ~FK3 A LLEH, LK
() 3 P IR BA A 8 = T MEMS g B2 ()R B2, X
B RAE T PR R M 5 R AR

MRS R B, TCie & E M L ik 2 1
MR 22, RCC-OBES 1 fil & 19 &R AR AL T HA

60

32
30
40 28
- 850 900 950
C 20}
B of
-20
-40 . . .
0 500 1 000 1500 2 000
f[“i“ I’JI.I f 5"'[
(a) HA~Pe s
2

ik S L IR IEA(C) s ™)

0 500 1000 1500 2000
(ERETER ]
(b) BLA-PE RS 5%
P2 AN B Y i R R R

Fig.2  Output and output error of single gyro

60 =
Kalmanjigi 321
ST OBE 30¢
40+ RCC-OBE 28k . "
= 850 900 950
€ 2}
# 0
TE\!
=20
-40 : : :
0 500 1 000 1 500 2000
ERedE2 ]l
(a) PESLMES frafih 5 S
2
Kalmanjig il
........... OBE
I'[ RCC-OBE

A LR IE(°)s™)

0 500 1000 1500 2000
551
(b) PESRRES Yk & S L 1R D2

B3 e MR R 0] 0 il B o R o 1R 2
Fig.3 Fusion output and output error of gyro array

£1 A=10°,T=2s £HTRHELR

Table 1 Results of signal processed with
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RMSE/((°) +s™') 0.5642

31.9034  42.0087

0.1763

F£2 A=10°,T=4s FHETREBELE
Table 2 Results of signal processed with
A =10° and T =4s
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0.1501 0.1132

3 A=20°,T=2s EHETRHELER
Table 3 Results of signal processed with
A =20°and T=2s
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RCC-OBE estimation fusion approach for MEMS gyro array
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Abstract: In order to improve the accuracy of micro-electro-mechanical system (MEMS) gyro, an opti-
mal bounding ellipsoid (OBE) algorithm based on relaxed Chebyshev center (RCC) is proposed and used to
fuse gyro array signals. On the basis of the error model of single gyro, the maneuvering fusion model of the
array system is established. Because of the uncertainty of the noise statistics, the accuracy of the traditional fu-
sion method is reduced. The set-membership estimation theory with unknown but bounded disturbances is in-
troduced and the OBE algorithm is used to achieve the robust estimation of the angular rate. In the OBE algo-
rithm, the ellipsoid geometry center is often used as the point estimate of the true value, but it is not optimal
theoretically. The Chebyshev center of the feasible set has many excellent features. Meanwhile, considering
that it is very difficult to solve the exact Chebyshev center, the relaxed Chebyshev center is used as a substi-
tute for the point estimate of the true angular rate. Then an OBE update process with RCC as output is de-
signed and a novel parameter optimization criterion is proposed. The verification experiment is performed by
using a gyro array composed by six gyroscopes. The experimental results show that the estimation fusion meth-
od based on the proposed algorithm can obtain the angle rate guaranteed boundary and further improve the
MEMS gyroscope accuracy.
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Reliability evaluation of tank under uncertain conditions
based on interval convex model
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Abstract: Aimed at the reliability evaluation problem of liquid propellant tank under uncertain condi-
tions, the reliability evaluation method of tank stress strength is established based on tank stress strength and
interval convex model theory. Firstly, the stress distribution of propellant tank is analyzed and derived based
on the liquid propellant tank mathematical model, and the equivalent stress is confirmed through combining
with the stress strength theory. Secondly, based on the stress strength interference theory and the area ratio of
regularized interval theory, the interval convex model reliability index of tank stress strength is defined. Final-
ly, combined with the actual parameters of a certain type rocket propellant tank, the method is verified through
transforming the equivalent stress and critical stress into interval convex set form, and then it is compared with
the reliability index results of ellipsoid convex model. The results show that the stress intensity interval convex
model reliability index can evaluate the tank’ s entirely reliable states accurately, and can quantize the relia-
bility degree of tank’ s non-entirely reliable states into the interval of [0,1].
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Influence factor analysis of catapult launch safety for
carrier-based aircraft

DONG Apeng, LI Shu®, ZHU Wenguo, WU Weixiao

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

Abstract: To comprehensively investigate the safety performance of carrier-based aircraft (CBA) catapult

takeoff process, a multi-body coupled dynamics model was established in absolute coordinate system with the

natural coordinate method. Based on the simulation curves of catapult launch, the influence of different param-

eters on catapult safety is studied from two aspects: the CBA acceleration and the flight trajectory. The simula-

tion results show that the catapult force and the engine thrust are the main reasons that affect the horizontal ac-

celeration during taxiing process and airborne flight process respectively, while the takeoff weight imposes great

effects during the entire catapult process; although the enhancement of the fixed-load plug has little effect on

the acceleration and flight trajectory, the influence on structure vibration and time delay cannot be ignored;

longer deck edge distance can increase the departure lift and reduce the trajectory descent effectively; carrier

pitch can cause great sink, so it is important to avoid the departure when carrier pitch is at the maximum, and

meanwhile the early release of the holdback bar caused by the ship motion should be considered for controlling

the catapult time; catapult launch safety design is a multivariate optimization process and needs comprehensive

analysis of various factors rather than focusing on single factor.

Keywords: carrier-based aircraft (CBA) ; catapult launch; multi-body dynamics; analytical dynamics;

natural coordinate method; flight safety
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Gyro scale factor error of static six-position

calibration method
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Fast calibration method of strapdown inertial navigation system
based on partial axis transposition
MIAO Jisong'*, SHAO Qiongling', REN Yuan''* | CHEN Xiaocen’, WANG Weijie'

(1. Space Engineering University, Beijing 101416, China; 2. 63798 Troops of the PLA, Xichang 615000, China;
3. 63961 Troops of the PLA, Beijing 100012, China)

Abstract: The design of the transposition scheme of inertial measurement unit (IMU) has an important
influence on the rapid calibration of strapdown inertial navigation system (SINS). In the traditional transposi-
tion scheme, both the rotating shaft and the sensitive axis are reclosed, and only two sensitive axis positions
change for once per transposition. In order to stimulate the error more efficiently, a new partial axis installation
method of IMU on the turntable is designed, and a new scheme of off-axis transposition is proposed. By prop-
erly designing an angle between the rotating shaft and the sensitive shaft, it makes three sensitive axis positions
change at the same time, and opens up a new transposition space of IMU. Therefore, when calibrating the 12
main determinacy errors of gyroscope module, the minimum six-position calibration under traditional transposi-
tion mode can be further reduced to four-position calibration under off-axis transposition. Through theoretical
analysis and simulation experiments, it is shown that the calibration accuracy of the two schemes is the same,
but the calibration time of the four-position calibration scheme is 33% lower than that of the static six-position
calibration scheme, and the stability of the calibration results is better than the static six-position calibration
scheme.

Keywords : discrete calibration; static six-position calibration; four-position calibration of partial axis;

scale factor error; installation error; constant error
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Testing methods of statistical uniform electric field in
non-enclosed aircraft cabin

PEI Zhao', SU Donglin' , SHI Guochang®, LIAO Yi*"

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

2. Shanghai Radio Equipment Research Institute, Shanghai 200090, China)

Abstract: Low level swept field (LLSF) testing is an important part of aircraft-level high intensity radia-
ted field ( HIRF) effect measurements. The simulation model and experimental systems of LLSF effect for cu-
boid-shaped cabin with mechanical mode stirrer placed internally were established. Encouraging numerical and
experimental results validated the possibility of statistical uniformity characteristic inside the non-enclosed cab-
in, which is illuminated by LLSF, with the help of mode stirrer. Then, the simulation models of non-closed
cuboid-shaped cabin, as well as the cylindrical cabin were considered. The searching and testing method is
proposed based on the traversal and recursive algorithm. The frequency-dependent regions of uniform electric
field inside cabins were obtained by using the proposed valid test method. The objective is to provide an im-
portant guidance for limiting the regions of receiving probes or antennas in practical LLSF measurements.

Keywords ; field uniformity; mode stirrer; non-enclosed aircraft cabin; low level swept field ( LLSF) ;
high intensity radiated field ( HIRF)
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Table 1 Basic parameters of planar double enveloping
hourglass worm gear hob and double-cone

grinding wheel™®’
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B a/mm 160
L i) 10
V- YIP & 4
W 5 B R 1 A e/ (°) 21.8667
W AE 40 BE R B A% dy/mm 255
WA FF 3 BE B B A% d, /mm 65
VR I U5 TR SR~ 42 R, /mm 122.24
BRI AR AR Ry /mm 133.24
W TAERBE L, /mm 90
TR IIW AR 4 BE I RE AR v,/ () 21.4205
TR R 25 f B/ () 22.5
EFEP E A% dy/mm 05
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(R k:ok:p=
Table 2 Rake angles of both sides of each tooth on
indexing torus corresponding to rake face of

hob with straight flutes

P

R . —
8 e T ZE B
15 -15.7159 -43.5 16.9998 -35.8
25 -18.1932 -24.5 19.0122 -15.4
35 -19.5303 -4.71 19.5304 4.71
4 = -19.0126 15.4 18.1937 24.5
55 -17.0004 35.8 15.7165 43.5
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Table 3 Rake angles of both sides of each tooth on
indexing torus corresponding to rake face of

hob with spiral flutes
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mm /mm
15 5.5645 -37.6659  -5.4788  -30.6111
25 6.6612 -21.2130 3.0636  -13.3234
38 7.2522 ~4.1854 6.2043 3.994 1
45 1.6208 13.3526 0.7470 21.4250
585 -1.3445 31.1470  -8.1071 38.3567
30
1= 25 38 442 58
20F Q/_,_—G——G\GN
10+
ot
&
= =10
20 T —
= —e— T, 220l
3o} ST, A
—— SR, Aol
g —o— et , A
=50 0 50

8 21 e (0 /mm

P4 A [ 5 T R 00 i o 2 AR AL
Fig.4 Change law of rake angles on both sides of

different spiral flutes
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Fig.5 Simulation of processing hob process
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Table 4 Measured rake angles of both sides of each
tooth on indexing torus corresponding to

rake face of hob with spiral flutes
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38 7.1336 —4.1854 5.6398 3.994 1
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52  -1.0385 31.1470  -8.3156 38.3567
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Forming method of hourglass worm gear hob rake faces based on
double-cone grinding wheel

YANG Jie', LI Haitao'">* , RUI Chengjie' , LONG Xinjiani', WEI Wenjun'

(1. College of Engineering, China Agricultural University, Beijing 100083, China;
2. Key Laboratory of Optimal Design of Modern Agricultural Equipment in Beijing, Beijing 100083, China)

Abstract: For multi-thread hourglass worm gear hobs, spiral flutes are typically used to reduce the abso-
lute value of the negative rake angle and to equalize the rake angles on the left and right sides of each tooth,
which will improve the cutting performance of the hob. Because of the different spiral angle on the basic worm
helical surface, the rake angle on both sides of each tooth is more difficult to balance. However, there are few
researches on the precise forming method of the spiral flute rake face. Based on the NC machine tool for hour-
glass worm, a method for grinding the rake face of spiral flute with double-cone grinding wheel is proposed.
According to the gear meshing theory, a mathematical model was established for the rake face of the planar
double enveloping hourglass worm gear hob spiral flute formed by the double-cone grinding surface. The for-
mula for calculating the rake angle on both sides of the tooth is given. The calculation results show that if the
hob with straight flute is used, the rake angles are between —19.5303° and 19.5304°. Through proper pa-
rameter selection, the rake angles can be between —8.1° and 7.3° when the hob with spiral flute is used,
which effectively reduces the absolute value of the negative rake angle of the tooth. The spiral flute of hour-
glass worm gear hob was simulated and the rake angle was measured in the simulation software. The measured
results coincide with the calculated results and this proves the correctness of the method.

Keywords: hourglass worm gear hob; chip flute; rake face; rake angles; double-cone grinding surface
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] B 4 oh A TAE M E 3 22 nm FDSOI 3 f fr 28 nm K 2 K g &, 8 09 17 & &
AT AW, U4 R MEHEN 65 RIAE(RO) WA H#TEHE, EHELERE
B, AR R K B 22 nm FDSOI 2R [ &y %y 5 47 3 7] 4 57. 8 ~206 MHz &y 5% [H 7 # 47 7, 46
BLHy T A B3 R A S B 24.4 ~90. 4 wA ;T A B R R TR By 28 nm (R B IRME B S O R
B A 92.8 ~ 127 MHz, %t f By T4E ik & AL 56 Bl H 67.8 ~129 A, *f 22nm FDSOI T % ty
TEHATT LN, ZMEREHGELER B, 2 AN, EhFEFEE 2 4 F T ,220m FDSOI
BB E R R AR R T 28 nm R WL B B R R R AR A o

X # W Kiwm; KE; ¥, FDSOL; % (RO)

FE 4K S TN402; TN710
XHEEFRIRAD: A

T SEB A B T A R A D RE B P RE IR AL,
B JCHR PR BT N BT AR ) GT i AR A 1 L s 9
WA,

T8 HL I R, — i T A 1 H T T 4
AREMRIHIHE A . A5 CMOS( Complementary Metal
Oxide Semiconductor) .75 1Y H % 18 P/N &k Bf 1
B BT R B A SOI( Silicon-On-Insulator) T. 2 1Y
H I P I A AR T R R R A o X L
AR A% o SERELAE 2 0 B A ) 1) T R A
FLAZ R o o — Rl B (i PR T 3] 19 1 A U 2 e i
{4 48 7 1 4 ( Ultra Thin Body and Buried oxide, UT-
BB) FDSOI ( Fully Depletion SOT) {1 fiw 18 15 £¢
AL AR 4 4 (Buried Oxide, BOX) J2 F 45
Z& B[R], 5 Qi 98 55 T L2y Sy 2 b GE 1) i
(Forward Back Bias, FBB) ¥ 45 1 ) 7] ¥ 1l ( Re-
verse Back Bias, RBB) 4 95 , df (445 20 1 I 1 12
7~ UTBB FDSOI X} B {E HL &V, M T G, 1YY

XE4HS: 1001-5965(2018)11-2430-07

BE J1 L& 5k FinFET ( Fin Field-Effect Transistor) [
PARE B 2 MR BT AR,
A RA B IR AR AR DI A | = M RE Y FDSOT CMOS
A R 8% 3 G Zh RE R s R RE RO TR

ACH T i UTBB FDSOI CMOS 5 1 S A&
fi CMOS {4 i 14 4 & W 19 BE 1, 1k T A0 ) /9 Fi B
SRl e A 1 2 A Y T2 AR (28 nm
A fE CMOS 1 22 nm FDSOT) () Iy 4E F ey 2% 45 1
O)ERITEE R O

1 RBBEH

1.1 TEFAN

i fE CMOS T WA 1(a) firs, JEfE SOT T
2 1 (b) firs, V,, X PO LV,
Skt N Bt A L

Kl 2(a) @& FBB T, K 2(b) B/~
A& RBB I 5, VoA %k PR it I %) 385 O HL S, V0

Wi BEH: 2018-03-20; SR HHY: 2018-06-08; M4 HAEATIE : 2018-07-11 16:21
M 2% H AR Mk ;. kns. enki. net/kems/detail /11.2625. V.20180711. 1144.002. html

= BI51EE. E-mail; yufang@ ime. ac. cn

SIF#: £4], T#, #H, % FDSOI # 55 (ki & oy oy gE x e [1]. AL FAUE AKX A ¥ %4, 2018, 44 (11) : 2430-
2436. WANG J, YU F, ZHAO K, et al. Comparison of power consumption and circuit performance between back bias in FDSOI
and body bias in bulk silicon [J ]. Journal of Beijing University of Aeronautics and Astronautics, 2018 , 44 (11 ) : 2430- 2436 (in

Chinese ).


Administrator
新建图章

http://kns.cnki.net/kcms/detail/11.2625.V.20180711.1144.002.html

JbAF R

%114 E B, 4 FDSOTFF {5 5 F R P (5 o B 0 T4 P RE T L 2431
o &%
NMOS PMOS
— —
N P-Sub
(a) REECMOS_ 1 2 {4 i
P-Sub /,/
(b) JEIESOI L 2 (i
B 1 A%k CMOS FIJE I SOT T2 i 14 fi
Fig. 1 Body bias in bulk CMOS and thick SOI
P-Sub
(a) FBBT{ji
P-Sub
(b) RBB7 ¥ ki
B 2 UTBB FDSOI f§ FBB #l RBB 75 {i
Fig.2 Back bias in UTBB FDSOI FBB and RBB
Skt NIt o A o i R

1.2 THESMEBNIRE

W 3 s, 5 F 28 nm (K fiE CMOS .25 Fl
22 nm FDSOT L2043 5 iH T 4l A {6 o Fl 4 2%
SrWBER I 65 3R (RO) , Hod EN Jhy fiff i vy,
OUT NI FEM frth o A TR AT R A F M Lo 4 -
W2 M LM, A SEENEKERR
30 nm, AR JE AR AE B PR T R e/ ROSH I OAH
#r , PMOS & F1 NMOS 4 (134 58 43 %1 2y 220 nm
160 nm, s3H 450 4 9, e —H FHA—1A
Jist D fil % @8 (D type Flip-Flop, DFF) [ it fx%
2 (1 i L AR R R B N R 1Y 1716,

aaval 3.'4>L>’| DL;

[ | | | ouT

{3 R B A

Fig.3 RO circuit structure
PR v g LRI P, L N PR [l IS
WA T2 32 RN Y 2 R DA O e ORR I o g
PR B0 UE L o BRI o B T AR 25 5 A% L BIUAH 3E



2432 b B = R OR

A fn s 4R

2018 4F

( Phase Locked Loop , PLL ) %5 i} o B, (25 4 A% o0 20 ¥,
WRIrZ— , o3 Wi TP A A A R IR 02 A R Sk
L, PRI DA 450 R B o 2 i 1) S 49 A L AR R 1k

T 2 3 L 3% b Y BT A AR A 1 O A e B
P, £ 35 G RE A 5 AR 177 B0 [M4 AZ L 23 930 5 A i
Zeohdn o PRI R A i TR [R) I B A Y
BB
1.3 IREESHT

PR N (ar ) A BorE A B R A I R Y
PR 5% o B — G SR A 0 SE I Ry T, U R A
S Nr, BOSE A2 AR, FRE G N, (9 5E
A ] L DR PR B B 33 3R ] R Oy

1
Joe = INT, (1)
SAH & B 48 1 7, 5 R A R )
50% F e s Z [R] IR INF E] AR MOS 48 78 58 ik He
o R A A — A AR AR B 2P HLBH Ry, T E
4 — B RC ( Resistor-Capacitance ) [% 2% i} 5 % B}
7, o MOS B I 4 R ] R ok
. 3LV, (1
A AKWV (V= V= VL 2)

7
- ?/\ Vm))

(2)
KL NWIERE (L, =L, =L); W Jy{H3E 58
(W, =kW, =kW) ;K HLZZH(K,,K,);V, N
AR (Vs Vi) s A 38 KRS R
(Aus A s Vi HLTR L
A C, RN
C,o=c (WL, +W,L) =c WLk+1)  (3)
e, A A4 00 A7 TET R R 2 o DU A% A SE
7,=0.69C, (R, + R, )/2 (R F R 455K
NMOS 4 fil PMOS 45 ) 254k tp i) ] s 1
7, = 0.26(k + 1)L, V,, -

7
1 - ?)‘ n VDD

KV (Ve = Vo = Vo)
1+ l)\ Voo
- (4)
ka Vsa.p( Voo + Vlhp + Vmp/2)
Rt MBS AE T 7, 5 B PR TR W B,
SHIREIE V,, MA R T S50
R (4) 71, 1/ 7, 5 R TRV, 1 0 2
V6 R 5 T B W4 T L3245 A R K 0 10 2 06
[ MG T 2 8 77 45 05 - B 0 5 1 7 A
TR ES ORI R
1.4 (HEEE
LB S A B TS L 7 o

B TAEFREE i 47, {8 I Cadence ICADV12. 20.
700 AT ) AR B & 11, ff ] Calibre2016. 4 _
15. 11 gk 47 DRC/LVS/LPE % 7 7%, i Fi| Hspice
2016.03_1 #4755,

TR SR N AR ) P oy T ke
AR AT, WA H R 0.8V, TR =
T 25C REMN -2V HE +2V, 534 0.4V,
TEAT L 78 00 4 0 A8 i o 30T GA Ll i R
(Freq) FA T (1) 8 I AR HL T (1, ,
1,,) o 22nm FDSOI .25 ¥ 4 (1 45 EC B[] J2& 28 nm
A RE CMOS T 25 B B FLIS [R] 1 4 £

2 BRIHESRSSMW

T AR BNAS R 20 D RO AR X B
SR AT
2.1 REMALERE

£ 28 nm i fE CMOS T 7w, M i 17 FH T B
KXo GnpE 1 R, fE BF IXORE /R Z (8] A7 7E PN
5V RZANT OV, YV WK T 0V, 5
B S LA E . wE 4 FroR, g v, >0V
BH V,, <OV, IZ T AR RAIRE. #A RN
Ly, T AR R 1, B HCIE 5 M0 B, SEBR I
PiEFW V, AT OV g R, Wk, X Fiz T2
WWE, T ARG, V,, WE R 0 ~2V,V WEH
—2~0.4V, 5K HK0.4V,

£ 22 nm FDSOI T2, #5 1l H2 & AT LA M
—2VHE +2 Vo T AERS B4, ol R
2 A S G A & S M € T A R A
Vo MV W HE -2 ~ +2V AL B KR 0.4V,

Freq/(10*Hz)

B 4 28nm {Kik CMOS T. % ¥ B (4 &
Xt i A9 % 1 5 TR
Fig.4 Output frequency response to body bias voltage of
28 nm bulk CMOS RO

2.2 HHImRE
16 28 nm R fE CMOS T 25 3 [ | JF 44 ff H
PRI TR RV, =0V HV, = +0.8V, 4



%113

At AT AR

0, % FDSOT 5 {5 55 P i ffd L B4 10 S REHE R AT 1L 2433

WA 120 MHz, (KRN OLF,V,, = -2V H
V.. = +2V B R E 92. 8 MHz, 2y J5 {5 B3 [ 4
() e /NI B AR T 23% 3 4E V,, = +0.4V
H V., = +0.4V WK% & 127 MHz, )5 1
LY R B R R AR T T 5. 8% K] 4
JR i T i AR AR AR AR B T A R
JE R H ) R V1 L IN EA  H R

£ 22 nm FDSOT FF [ v, k5 i B9 T AF 2% 14
2V, =0V H V,, =0V, &HH#H3E Ferq 24
158 MHz 5 (i (15 0L T,V = —0.4V H V,, =
+1.2V W43k 57. 8 MHz, 2 )5 i E.5 Bl N 1
/N IR REAR T 63% 3fEV,, = +0.4V H
V= +0.4 VIS5 O 206 MHz, J2: J5 47 B0 70 [ Py
() e KATR R IETE T 30% . 5 RS T
R R AR AR ARG OO, T BBV, M RE A T
KW AR L5 R a3 1 iR,

1.7

=

5 13 2.0

— e |

= 1.2

o S| o

2 04 %5
0.9 ~04 =

=
0.5 =20
2.0 1.2 0.4 -0.4 =12 =040

V.V

pbb

&5 22 nm FDSOI T. 25 3R B 25 fi i T 4T i
M3 1) 5 )
Fig.5 Output frequency response to back bias voltage of
22 nm FDSOI RO

F1 2T ZIRFENHHTER L
Table 1 Comparison of output frequency of RO

between two processes MHz

L I/ AH 1E e oK AH
28 nm {& 7 CMOS 92.8 120 127
22 nm FDSOI 57.8 158 206

2.3 BESHER

BWE EN G50 0V, IREH DI RE G B, X i
CINDREEIE: FroN Ry

Xf T 28 nm K fiE CMOS T2 25 FR B4, 3F 14 i 19
BRI 1, =2.34 x 1077 A ZERMRAYHE BT,
V,=-2VHV, = +2Vifl,, =1.70x107"A,

S J U LT TP A R /N LT, LR AR T 93% 5
TV, = +0.4VHV, =0V H#HSHEEHN
1.26 x 107 A, J&Ji5 1) B3 B P 11 e K R 3L, 386
T 5.4 1%,

XFF 22 nm FDSOT T2 R4, AF 45 i 19 0 2
HLIE 00 M 2.99 x 1077 A 7675 D A1 00, 5%
NSO 1.33 x 1077 A LR IR MK T 56% ;
ARSI N S5.34 x 1077 AT 2 £, H
PR g SR 2 iR,

R2 2HMIZHENGRSERIE
Table 2 Comparison of standby current of RO

between two processes A

TR /N H IE % 8 R E

28 nm fAfiE CMOS  1.70x10°%  2.34x10°7 1.26x10°°
22 nm FDSOI 1.33x107°  2.99x10°? 5.34x107°

2.4 TIEHRE

%t F 28 nm R fE CMOS T2 (1 6 B, JF 14
M ALY 1,0, 0 1,01 x 107" A 76 1A ) 185 1L
T B/ TAEM AT W CAER W 1, N 6. 78 x
107" A LR AR T 33% 5 dic K TARSI 2 1 A%
HLHE L0, 0 1,29 x 1078 A BTN T 28% . [ 6 &
AT AR 1, B A B0, 3 23X A
ST TR TR TAER R .

P22 nm FDSOL T2 20 1 34 [, 4 8 I 1Y T
VERLIR 14, 0 7.03 x 107" A, 1ET5 R A1 BT,
T /N TAEBUR T 1 TARHR 1, 4 2.44 x 1077 A,
HL I AR T 65% 5 e K T AE MR T By TAF s
Ly 9 9.04 x 10" A BEFN T 29% . [ 7 JER H
TAEAS A A 1 B0 TAE I L, BAK A1
o BLRXT S R 3 i

B 6 28nm {KfE CMOS T. % ¥ B {4 ff B &
b AT HL YA A4 5
Fig.6  Operating current response to body bias voltage of
28 nm bulk CMOS RO



2434 Sl A PN

g

2018 4F

722 nm FDSOT T2 3 B # ff HL HS X A oL 3 A9 52 i
Fig.7 Operating current response to back bias voltage of

22 nm FDSOI RO

R3 2WHIEZHENIERRITLE

Table 3 Comparison of operating current of

%4 22 nm FDSOI T2 HMBHE S KM L
Table 4 Comparison of output frequency of 22 nm

FDSOI RO between simulation and test

RO between two processes A

T 20 B /N H iE WA & K H

28 nm {AfiE CMOS  6.78 x 10 ~° 1.01x10°* 1.29x10°*
22 nm FDSOI 2.44 x10°° 7.03x107° 9.04 x10°°

3 MABRERERS O

£ X 22 nm FDSOI T 2847 1 i B 3 k. 4n
8 Jir 7, M58 42 45 1 Mbit 1) SRAM, 8 4>
8 Kbitf#y DFF 4 F1 4 A>3 [, % (K 18 F1 3 mm x
3 mm,GPIO & FIARfEFLITE i Invecas $2 41k,

P A G 22 nm FDSOI T 2 3 [ i#4T T ATE
MR, ATE $E45 8 JT50EX-1 iR & o MR T = K
WM R 7 Yk s s 2 AN 3% 4 BoR IR X 0
FAE A SEMMEHEAT T X EE . B9 25 T Han R AR
5 FL A A T LB

& 8 22 nm FDSOT L8 F it 4]
Fig.8 22 nm FDSOI test chip layout

Ay 3 45 2R/ MHz
CRLNIVAY - -
{5 A8 S E
(0,0) 158 154
(+1,0) 177 175
(+1,-1) 201 193
(+2,0) 205 195
(+2,-2) 255 239
300
N200
100
—— i H{H
—m— S
0 1 2 3 4 5 6
[E'Jq-l e

LA

9 22nm FDSOT T2 5F B4 i 4 45 %
A7 LR SE I %o H
Fig.9 Comparison of output frequency of 22 nm

FDSOI RO between simulation and test

S L RS, B0 W 0 i AR S Ll
g ALV 1. 1% ~6.5% 5 5 fiil Ok,
Ze O . T i ) R e AR 7 R S 5 B
AT AR R o 25 1, 9 Ji X B3R AR S, )5 5
AE LU M S e S 285 50, B B S 0 (E
(ELASE TR F T A P8 AT 5 A0 o

4 £ ®

ARSCRHARRE CMOS T2 (1) {4 i 1 FDSOI T
ST T AL . T AN R Bk X 45 44
HITFAE , FE R RE CMOS T2 b 77 76 1A i L 1 Y %
SR 2 Bl I R I 1 i AN TE 2 AT
1 HEAT LA D FE L B PR RE . LA A 4 590
65 IR B, 5 5 A R R F
FDSOLL. Z /) 38 B, 5 4 8 O 19 AR AR S 47 X5
Eb, 75 O T DA 4 R 038 N — 63% 4% 5 30% ,
[7] s 6 57 19 A FL 0 AT L - 65% 78 4L %] 29% 5
R X T 1R 5k T2 0 36 B, BB 45 R AL AT A
- 23% V& FI5. 8% , [F] ik Xif 7 A T4 HL LA AT A
M =33% AL 28% , X F FDSOL T2 (1 3 [ ,
S 2% SRR B4 SR L B0 G A AR AL B 0 B
48 SR AN SN 45 SR Y 25 S A T 4 A I VI L O 4



%113

0, % FDSOT 5 {5 55 P i ffd L B4 10 S REHE R AT 1L

AL ALF

2435

RAGEIT S HMAE. B I, 76 D) ¥ f 1 fg
2 ANJ5 T, FDSOT 125 Ha B 5 Db 114 3l 25 1 47 31 ]
oA rE CMOS 125 HL % A 0 114 2l 285 81 19 91 i 22 K
(IEAN

T T DR R 4 v B AT LU OE L 7
i BRI 5 43 el 6, T LA £ i, SXRE AT LA
il R A5 B Ak . S F LR S5 ie, mT LIS Bl
B AL A BT I A AR T AL L= HE R 19 FDSOI
CMOS 4 B Ha 5, DLl JE A ok it A% o) 48 A ey 4 ik
A 5 3K o

B igt @%*Eﬂ#%ﬁ@%w%%%aw
RREWEFoR Z WA TRAIAERS L,
HEBET MO TERARDARAEGETEG ,In-
vecas 2~ &) #9 Vivek #= GlobalFoundries 2 3] #9
Louisa, Wesley f2 M| X % sl it A2 P ey # 85,

22k (References)

[ 1] SUNPP,WANG G A,WOODS W, et al. An adaptive body-bias
low voltage low power LC VCO [ C] // Proceedings of 2010
IEEE International Symposium on Circuits and Systems
(ISCAS) . Piscataway , IEEE Press,2010:1121-1124.

HART M J,YOUNG S P,GITLIN D, et al. Structures and meth-

—
38}
[

ods for selectively applying a well bias to portions of a program-
mable device: US2003/0053335A1[ P].2003-03-27.

[ 3] NABAA G,NAJM F,AZIZI N. FPGA architecture with thresh-
old voltage compensation and reduced leakage: US2008/
0180129A1[ P].2008-07-31.

[ 4 ] NEDELCU S,HAUER J,KLEIN L, et al. Dynamic body bias for
22 nm FD-SOI Technology[ C ] // Proceedings of Analog 2016
IET/GMM-Symposium. Berlin; VDE-Verlag,2016 ;44 48.

[ 5] DESTREEL G,BOL D. Impact of back gate biasing schemes on
energy and robustness of ULV logic in 28 nm UTBB FDSOI
technology[ C] //IEEE International Symposium on Low Power
Electronics and Design ( ISLPED ). Piscataway, NJ; IEEE
Press,2013:255-260.

[ 6 ] BERNARD S,BELLEVILLE M, VALENTIAN A, et al. Experi-

[

mental analysis of flip-flops minimum operating voltage in
28 nm FDSOI and the impact of back bias and temperature
[C]//2014 24th International Workshop on Power and Timing
Modeling, Optimization and Simulation ( PATMOS ). Piscat-

away,NJ: IEEE Press,2014,5596:1-7.
[ 7] CHANG W T, LIN S W, SHIH C T, et al. Back bias modula-
tion of UTBB FDSOI, bulk FinFET, and SOI FinFET[C] //
2016 IEEE International Nanoelectronics Conference (INEC).
Piscataway , NJ: IEEE Press,2016;1-2.
SKOTNICHI T. Competitive SOC with UTBB SOI[ C] /2011
IEEE International SOI Conference. Piscataway, NJ: IEEE
Press,2011:1-61.
CHRIRAT S,BEIGNE E,BERTHIER F,et al. Ultra low energy

—
oo
[

—
A=
[

FDSOI asynchronous reconfiguration network for an IoT wireless
sensor network node[ C] //IEEE S3S Microelectronics Technol-
ogy Unified Conference. Piscataway, NJ: IEEE Press,2016:1-3.

[10] RASHED M. 22FDX FDSOI application towards IOT for smart
devices[ C] /2017 30th International Conference on VLSI De-
sign and 2017 16th International Conference on Embedded Sys-
tems ( VLSID). Piscataway,NJ:IEEE Press,2017.

[11] CHEN L,LOMBARDI F, HAN J. FDSOI SRAM cell for low
power design at 22 nm technology node[ C] // IEEE Internation-
al Midwest Symposium on Circuits & Systems, College Station.
Piscataway , NJ: IEEE Press,2014 :527-530.

[12] SAKURAI T, MATTSUZAWA A, DOUSEKI T. Fully-depleted
SOI CMOS circuits and technology for ultra-low power applica-
tions[ M ]. Berlin; Springer,2006 :108-113.

[13] RABARY J M, ANANTHA C, BORIVOJE N. %% 5 4 i g

—m R SR (M. de a7 Dok i R A,

2012 :140-146.

RABARY J M,ANANTHA C,BORIVOJE N. Digital integrated

circuit—Circuits , systems and designs[ M ]. Beijing: Publishing

House of Electronics Induslry 2012 :140-146 (in Chinese).

BN sk EH AT 4. SOT CMOS H AR KL M. b

b8 :ﬂ+.'ﬂhmi ,2005:168-172.

HUANG R,ZHANG G Y,LI Y X, et al. SOI CMOS technology

and its application[ M ]. Beijing: Science Press,2005:168-172

(in Chinese).

[15] GAO C,ZHAO X,ZHAO K, et al. DSOI-A novel structure ena-

[14

[

bling adjust circuit dynamically[ J]. Journal of Semiconductor,

2016,37(6) :065003.

EEEN
E& B LU A EBUIS SO L K AH ML
Beit FPGA i

FE L RRA,HLATIW, EBEI I S01 T L KA
IO AL B | R ML A S B i o



BloF
2436 A oB0ME % MR k2% 2 R Mg 5 2018 4F

Comparison of power consumption and circuit performance between
back bias in FDSOI and body bias in bulk silicon
WANG Jian'?, YU Fang"®* | ZHAO Kai’, LI Jianzhong’, YANG Bo’, XU Liewei’

(1. Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. Shanghai Fudan Microelectronics Group Company Limited, Shanghai 200433, China)

Abstract: In this paper, the body bias circuit in 28 nm bulk and the back bias circuit in 22 nm FDSOI

are analyzed and compared from two aspects: power consumption and circuit performance. Taking a 65-stage
ring oscillator (RO) with 4-level frequency divider as an example, post simulation was conducted. The simu-
latior results show that, for 22 nm FDSOI RO using the back bias technology, the output frequency can be ad-
justed from 57.8 MHz to 206 MHz, with the corresponding operating current varing from 24.4 pA to 90.4 pA,
while for 28 nm bulk silicon RO using the body bias technology, the output frequency can be modulated from
92.8 MHz to 127 MHz, with the corresponding operating current varing from 67. 8 wA to 129 wA. The 22 nm
FDSOI process RO was measured and the measured results are consistent with the simulation results. There-
fore, from the view of both power consumption and performance, the adjustment ability of 22 nm FDSOI cir-
cuits with back bias is much more efficient than that of 28 nm bulk circuits with body bias.
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Table 1 Airport gate information Table 2 Gate pre-assignment plan
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Table 3 Solving results of three scheduling strategies
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Table 4 Gate re-assignment result of affected aircraft
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Joint scheduling of both taxiway and gate re-assignment based on
bi-level programming model
JIANG Yu", XU Cheng, CAI Mengting, CHEN Lili

(School of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract. With the rapid development of air transport industry, the growing demands of air traffic put for-
ward higher requirements for airport operation efficiency. To improve the surface efficiency, a bi-level pro-
gramming model with taxiing scheduling model as upper model and gate re-assignment model as lower model is
established based on the analysis of the operating mechanism of the airport surface. The genetic algorithm is
designed to solve the model. The proposed model is tested by simulation based on the real data of a major do-
mestic airport. Gate re-assignment is carried out firstly and then scheduling taxiway in the manually strategy.
The results show that, compared with the manually shceduling strategy that gate re-assignment is carried out
first and then taxiway is scheduled, the disturbance value of gate is reduced by 26.3% and the total taxiing
time is reduced by 24.79% with the proposed bi-level programming strategy. The operation efficiency of taxi-
way system and gate system are both improved. The joint scheduling strategy described in this article further
improves the operation efficiency of the airport surface. It can provide theoretical guidance for the actual oper-
ation of the airport.

Keywords: gate re-assignment; taxiway scheduling; bi-level programming; genetic algorithm; multi-ob-

jective optimization
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Table 2 Estimation error for KITTI dataset using ORB

feature and normalized HARRIS feature

e IS &5 R AE R4 ERE IR/
N 38 X K B /% (¢°) +m™")
B 1.59 0.0065
J-|—{r, HARRIS =
& 2.44 0.0134
7 1.89 0.0086
ORB
7 2.67 0.0156

®3 KITTIHEERE 0 A ~ 5 10 ARKF T
B 25 2 AR B T 495 47 1
Table 3 Average pose estimation processing time of

KITTI dataset from 0 to 10th group of

image sequence ms
e FIRRAL FROEAZIN  FRAEVCRC AT BB TmE
JH—1fk HARRIS 25 62 11 98
ORB 15 117 11 143
PV ia 7] g /b F ORB 55, A LA 3k 31 5
AL BE

3.4 EEMHITRRITH

R T B UE A SCHE A0 LR A A i A AE
B RORE AR SCHE B T 2 i VISO2-S Bk
SRR BT RotRoce B35 1 X U3k, R
FH KITTT 4t 46 42 4t 09 4 B2 3% J5 v, i 2 f 55
18 Bl I 5 R 4R FL AR 25, 31 EAE 100,200,
300,400, -+, 800 m % - JF 51| o (1 °F- % 15 22 Fl e
FEIR 25 W F M, OF LA BE R A 8 A R BOR
R AER T 3 PR AR A KITTL I 2R 8048 48 -
L1 205075 3 (9~ 347 B 1 25 e B iR 22 DA S B
— T ) - 2 b BB (], Gl A LA R DL, S
) VISO2-S B3k 11580 ol B e b, {H i SR FE S M2
1M H ARG BE EE %% 85 19 RotRoce 75 K 2 W& 5, 5
S V- X T B AR SO 1

AT RN A T S B A PSR AR Sk B
T OKITTI G S R A5 0 558 5 I B i
LER A HIB S IS R g SR O E 2
FANTET TR o B SE B g5 0] LLE I A SC

x4 FAEAEZEKITTIHFEELL0A~F 104
HIELASHMETHREREHEESIT
Table 4 Average pose estimation errors and processing
time of different algorithms on

KITTI dataset from 0 to 10

O PBIRE/% EERZE/((°) -mT) CRHEE/s
RotRocc!'® 1.25 0.004 1 0.200
VIS02-s3) 2.44 0.0114 0.050
AR S 1.59 0.0065 0.098

400

I
300 F I'u.; \ ! K

E 2001 B
) \""‘-.
100 ! \ [
ok J "T—_:—_J
—RotRoce
VISO2-S
~100 = - : : . . .
=300 =200 =100 0 100 200 300
Xim
(a) 5041
400
AW )
FLfi f
300 —RotRoce [
VISO2-8 i

200 j:‘mﬁ
o —— | i /

100 |

Zim

<

-100 = - ! ' : :
-300 =200 -100 O 100 200 300

X'm
(b) 555441
BT &G0 KITTI R4 P 28 0 LRSS 5 L8R M
Ik 7 RURFRELE S
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A real-time visual odometry method based on crosscheck of feature
FAN Weisi, YIN Jihao™ , YUAN Ding, ZHU Hongmei

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

Abstract; Odometry is widely applied for continuously obtaining system poses in automatic drive system
and robot navigation system. Visual odometry can achieve high precision of target motion trajectory estimation
with low cost, while feature-based visual odometry has the advantages of low time complexity and high process-
ing speed which are conducive to real-time processing. However, traditional feature-based visual odometry has
two technical bottlenecks: low accuracy of feature detection and matching, and the low effectiveness of objec-
tive function weight in pose estimation. To address the low accuracy for the feature matching between frames,
we present the crosscheck feature matching strategy. It adds the reverse check on the foundation of traditional
single-track ‘circle’ matching strategy to obtain more accurate matching feature sets. This strategy increases
inlier ratio and solves the low robustness problem in a single-track ‘circle’ strategy, which improves estima-
tion accuracy. Meanwhile, we use motion information of previous frame to reduce the searching scope of cur-
rent frame in crosscheck strategy. To address the low effectiveness of objective function weight, we use the oc-
currence number of features as its life cycle and present a objective function weight setting method that adap-
tively considers the life cycle of extracted features. In pose estimation, the life cycle of feature can reflect the
stability of features and the objective function weight based on it can decrease the accumulative error. We
evaluate the proposed method on publicly available KITTI dataset. The experimental results demonstrate that
the proposed method can achieve high-accuracy real-time visual odometry calculation.

Keywords: feature matching; visual odometry; crosscheck; pose estimation; real-time
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Numerical simulation of near-field magnetic anomaly field for large-scale
ferromagnetic objects
ZHANG Mengying, WANG Hua“, GE Lin, CHENG Hao

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

Abstract: Magnetic anomaly detection is a widely used approach to detect ferromagnetic objects, which is
mainly based on the spatial distribution of magnetic anomaly field. The spatial magnetic field model of rectan-
gular ferromagnetic object is derived. The spatial distribution of the magnetic anomaly field in the near-field of
the large-scale ferromagnetic target is analyzed using ANSYS Maxwell. For different geomagnetic field direction
conditions, the laws of magnitude distribution and vector distribution of the magnetic induction in the near-
field are obtained, which reveals a universal symmetry and regularity in magnetic induction modulus field and
vector field. The shrinkage ratio experiment is conducted and the magnitude distribution and vector distribution
of the magnetic induction in the near-field of model are measured in similar conditions, which validates the
consistency and correctness of the spatial distribution law of magnetic anomaly field.

Keywords: ferromagnetic objects; near-field; magnetic anomaly field; numerical simulation; shrinkage

ratio test
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