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Fig.2 Three-view drawing of rotor blade model
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Table 1 Icing conditions for rotor test
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(m-s™") (r+min"")
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Case02 37.7 1 080 0.008
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Case04 37.7 1 800 0.006
Case05 37.7 1 800 0.010
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Fig.4 Ice accretion on hub and pitch link
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Fig.6 Close-up view of ice accretion on blade for

baseline case (Case0l)
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Fig. 11  Effect of initial thrust coefficient on rotor performance
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Icing wind tunnel investigation of helicopter rotor
model in forward flight state
HUANG Mingqi, WANG Liangquan” , YUAN Honggang, PENG Xianmin, ZHANG Guichuan

(Key Laboratory of Rotor Aerodynamics, China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: To investigate the effect of ice accretion on helicopter rotors in forward flight in different flight
states, a helicopter rotor icing test system was developed. A rotor model icing test was conducted in the 4.8 m x
3.2 m test section of the China Aerodynamics Research and Development Center icing wind tunnel. The effect
of the rotational speed and initial thrust on the performance of a 2 m-diamter rotor model was examined. Dur-
ing the icing test, the control angle of the rotor was maintained constant, and the dynamic variation of the rotor
thrust and torque was measured by a balance. The ice shape of the airfoil at typical span stations and of the
entire blade was measured by two-dimensional ice cutting and three-dimensional scanning system, respective-
ly. Test results showed that ice accretion occurred primarily on the blade leading edge and lower surface, and
that icing increased rotor torque and power while decreasing rotor thrust. The rod end bearing of the pitch link
could be stuck by accreted ice, resulting in a loss of rotor control.
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Table 1 Description of node and state set of short-range air combat autonomous occupancy decision model
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Intelligent virtual opponent decision making and guidance
method in short-range air combat training
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Abstract: To train pilots’ short-range air combat skills, the traditional way based on flight simulation
technology is to have multiple pilots operate multiple fighter simulators at the same time. If an intelligent virtu-
al opponent is used to assist pilots in confrontation training, not only could the normal training process without
other pilots be guaranteed, but the training cost could also be reduced to a great extent. In this paper, an inte-
grated method based on dynamic Bayesian network ( DBN) and constrained gradient algorithm is proposed to
realize autonomous decision making and space occupancy guidance for intelligent virtual opponents in the at-
tack and defense game during short-range air combat training. A dynamic Bayesian network model for short-
range air combat decision making is established in combination with the space occupying situation, the fire
control attack area and the identification results of maneuvering actions. This model realizes an intelligent se-
lection of occupancy guidance index in accordance with the dynamic battlefield environment. A target trajecto-
ry prediction model is built for each type of maneuvers identified online to obtain the real-time prediction of the
target trajectory. With the occupancy guidance index, target trajectory predication, and the flight performance
constraints in consideration, a constraint gradient method is used to calculate the optimal occupancy guidance
quantity of the intelligent virtual opponent. Thus, a seamless combination of space occupancy decision and
guidance quantity calculation for intelligent virtual opponent is achieved. The simulation results of short-range
air combat show that the proposed method can realize rational autonomous decision making and space occupan-
cy guidance for intelligent virtual opponent, overcome the problem of solidifying the maneuver mode in tradi-
tional methods, and thus have better real time and optimization performance.
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Damage mechanics-based fatigue life prediction for
additive manufacturing metal materials
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Abstract: The additive manufacturing ( AM) technology develops rapidly and it is widely employed in the
fabrication of aerospace alloy components. Many additive manufacturing alloy components bear cyclic loadings,
and the fatigue failure is very common. The fatigue damage model considering the influence of additive manu-
facturing process is established and the fatigue lives of additive manufacturing alloy materials are predicted.
The elastic-plastic constitutive model and the fatigue damage model considering the additive manufacturing
process parameters are presented, and the finite element numerical method is presented for the fatigue life
computation. The fatigue lives of additive manufacturing metal materials are predicted, which are basically
consistent with the experimental results, and the computed errors are analyzed from two aspects including the
scatter of fatigue data and the porosity in the additive manufacturing materials. The influence of the volume
energy density ratio on the fatigue properties of additive manufacturing metal materials is discussed, and the
results are analyzed. This research provides an effective method for the fatigue damage evaluation of additive
manufacturing metal materials.

Keywords: additive manufacturing ( AM ) ; metal materials; fatigue life; prediction method; volume

energy density ratio
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Fig.6  Schematic diagram of cross camera target trajectory association
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Table 1 Comparison of experimental results of

pedestrian re-identification %
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HA-CNN[2) 91.2 75.7
TriHard! '3 86.67 93.38 81.07
HpPM 2 94.2 97.5 82.7
PGR%! 93.87 97.74 77.21
OSCNN2¢] 83.9 73.5
ATk 94.21 97.96 83.41
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Fig.7  Visual display of pedestrian re-identification effect
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Table 3 Performance comparison of trajectory
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Target trajectory association method based on orientation
constraint and re-identification feature

Al Mingjing® , SHAN Guozhi, LIU Penggao, YANG Penggang

(State Key Laboratory of Virtual Reality Technology and Systems, Beihang University, Beijing 100083, China)

Abstract:. Target trajectory association method based on detection association and deep learning is one of
the research hotspots in the field of computer vision. However, due to the lack of effective space-time con-
straints in the design of existing methods, and the insufficency of generalization ability of target apparent fea-
tures, recognition errors will occur in the case of obvious differences in target orientation, which will lead to
frequent ID switching and error association. To solve this problem, we propose a target trajectory association
method based on orientation constraint and re-identification feature. This paper introduces pedestrian orienta-
tion discrimination into pedestrian re-identification, and presents a pedestrian re-identification network model
with orientation constraint, which improves the representation ability of target features. Combining the spatial
and temporal characteristics of target orientation, position information from Kalman filter and overlap area, a
hierarchical trajectory association model based on orientation constraint is proposed to obtain the target trajecto-
ry in a single camera. A simple and effective bi-directional competitive matching mechanism is introduced to
implement effective association of target trajectories in the cross camera scene. Experimental results show that
the proposed method achieves a competitive level on MOT datasets. It can reduce frequent ID exchange, and
can effectively solve the problem of error association when similar objects are moving towards each other.
Meanwhile, with a frame rate of 19.6 frame/s, it can satisfy the requirements of near real-time scene.

Keywords: trajectory association; pedesirian re-identification; multi-target tracking; orientation con-

straint; spatiotemporal constraint
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An algorithm for generating geometric models of microscopic
specimens of PVC foam based on uCT images
ZHOU Yong, XUE Bin, GUO Yunxin, WANG Renpeng”

(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: In numerical simulation of foam microstructure, the geometric characteristics and arrangement
of foam cavities have an important influence on calculation efficiency and calculation results. We propose a
new algorithm, based on the advancing surface search geometric construction algorithm and the Laguerre parti-
tion algorithm, to generate the geometric model of the PVC foam microscopic specimen. First, reconstruct the
authentic geometric model of the foam from wCT scan image, and measure the geometric characteristics of the
foam cavity and the volume distribution pattern. Then, convert the measured foam cavity volume into a
sphere , and put it into the space through the advancing surface search geometric construction algorithm. Final-
ly, divide the space sphere into regions by means of Laguerre division, and assign wall thickness parameters to
form a geometric model of the microstructure. The established model is in good agreement with the actual ma-
terial in terms of micro-geometric characteristics.

Keywords: CT scan; advancing surface method; Laguerre division; closed cell foam; microstructural

model

Received: 2020-12-31; Accepted: 2021-03-07; Published online: 2021-03-25 1635
URL : kns. cnki. net/kems/detail/11.2625. V. 20210324. 1349.002. html
Foundation item: National Key R & D Program of China (2016 YFB1200601-16)

# Corresponding author. E-mail: renpengwang@ 126. com



2022 4 6 H it =
$48 4 556 1]

MEMXXFEFR

Journal of Beijing University of Aeronautics and Astronautics

June 2022
Vol.48 No. 6

http: // bhxb. buaa. edu. ¢n
DOI:; 10.13700/j. bh. 1001-5965. 2020. 0690

jbuaa@ buaa. edu. cn

ERWHSERR G

T mE R,

(1 Jbmt Tk R HLAR TR 5 B T H R 22 e, dbat 1001245

] BN TH-SRELBEHT S EHAE
BTG ERECHIMZT IR RETRTSHERTFHES ST &,

TR %S

ETRTHEAMRERNEL, RATHERST AW A EMRNE

\%JlflEEHLtA li

IRE, 2ER

2. RS R K RARAF, AKR5E 523723)

R FEBEREGREED, TR

B X R, FUREERE

MR REME AR, T AEFE S WBI T &, FETFEE A6 o5 AT 00 89
BEE AABARELRHATT R, LREERZA L F 0 IR DUE 2R 45 5 o R 3

B HRE 13.69% .
x # W\, A 5k
FESES

XHRIRERS: A NERS:

W B LD R — R UL A 2 ) 5 S o A%
LK, 25 ) b P — i 90°, B 15 3 Ltk
L3R B AT [ 8BS AR S, ) BT 4 R bL
B EAEGE 4 B R A e,
RS R A VR T, BN TG B R 5, %2 R
TR, AR R A R, O, AR R AR
E55 W 56 10 W8 AT &L 15 6 15 3h i 5 X 48 B s
T A o

46 B O T A T T TR B A A O
e, ERTE N2 XA T TR ARFSE . & kB
AUV T AR T 5 URL R 56 B i A L
I3 0T — 047 A7 T 2 1 A i Ak A T
(771 . A B R IR P 35 3 R X B
7 A 2RI 2% 17 7 28 BT VR 43 59k B4 B 14 %
R ES VAT SR B e S 0 1k TR A2 g
T U AR b 1 25 il R 0 /N T S g, 7T AAR &
i AR SR 56 TR R SE ML SCHR 3 ) 4R
T ol 2 S [P B 1A % A7 T 2 4 4 TR
TR 7, IR HT T 1 TR 0 23 0 X e A%

¥y & RBEAT; EHAER; HAEIL
. TH132.4; THI124; TH112.3
1001-5965 (2022 )06-0979-07

WARE i B A

2R 2E LW W R B2 o SCHK [ 4 ] 8 %0 XU 9
VAR AR Y T — b PR 5 0 B 04 R Ak A 7
VE AR BERE ) S R T 2 T A AR R A i
WIJEE , BTG SR A5 42 filh 73 SCRRLS ] 4 ] MATLAB-
APDL X Bk B #1558 2E AT 17K 8 el B2, JF A ]
A BRITHRAF 73 50 DA 25/ o e 2 28 Ay 1 23 25 B A
2 ANTTE g AT T A e R i R R 3 A o0 Al R B

TR T 0K g P B A 07 7 T B v RN AN R AR T 3
3% 2
Oy T Bk — 0 4w BEORL R G B Y K 4RE

AR SO 52 25 il R 5 SO T R B R R o)
LR R R gl = U R i i
4% Wk A 1A 00 0 AR T AR B SRR SRR AT AR T,
BT G 2 U I e AT RE I AR G S R 1R R T
%Bfﬁ*ﬂr%?‘%ﬁﬂ’)”’“%‘fi‘% ST HEA
SEUR R G A 0 5 05 OF 18 O 0 A AN 0 T S g
XF 2 Fof R R (4 7R 2 zﬁ:&ﬁklﬁiﬁcé’ﬁﬁo A At
P AT AR A e R 5 O 1 D ot — 20 B v R IA B
SR SR At TR

Wi A 2020-12-10; A BH: 2020-12-31; M4 HAATIE : 2021-03-02 12:28
M 2% H RR # ik ;. kns. enki. net/kems/detail /11.2625. V. 20210302. 0946. 002. html

E&TH: HEXAARS¥ESTAME (51635001)
= IS5 {E&. E-mail; shizhaoyao@ bjut. edu. cn

SIS o, FHRE, TRIE, & CEBFSENAERTERENE T F[T] b FMEAMK A # ¥R, 2022,48(6) :979-
985. REN JH,SHIZ Y, WANG D F, et al. Method of unequal pitch meshing of metal worm and plastic helical gear[J] ]. Journal
of Beijing University of Aeronautics and Astronautics , 2022 , 48 (6 ) : 979- 985 (in Chinese ).



980 b5 = MK K%M

2022 4

| ZHEBELEBTSERNERD
i 43 4

T s AT 5 2R R e L s b, th T 2R
39 A 58 JRE 2 20 DR T SR AR AT B 0 T R I A AR
B IR A S A AR AR 1o SR RHA B 1A R
25y DB SR — i UL B R O S, SRR A 32
A2 Bl - Ok T R4 58 RS2 B 280 B O 4
1 A 1A 3o AT 8T 5 @) Fh T FT AR 14 4 A B 1)
3z 47, T EO0E 2R RHA 58 18 T AR 5 7
WO It — 2 Rk RN R, e A 5 R
T HE 14 AR Al O I Wi o TR AR BT B AT R
TR IR A7 o B A7 AR A 0 9 R R AT AR AT .
AR SRR [ 7-8 | A iy 22 25 il B9 R, b AT 4 R
SE S TE W FT R A 8 WG A 0 A B2 B, A 48 A
HRAL (25 i AT R o, 55 45 fih i b 10 25 5 4 fih
ARNE 8, 5 %A% f i 2R U A AR [ P B R R, Y

FoA1H , B
5
& = (1)

A5 AT I 0 A R 1A A T R I 220 T W B A oz
KL R o Biia s a b e BIRHA 8 14 AR B Y B
BN by kg chy UE LT AT
h, > h, > h, (2)
TR A o7 28 5 4 JEE ) it L A 1B 45
R B 5 2% B AT B AR D R 1 R A
AL, 45 W17 A R 25 A e AR I A A B
6, =6, = 0, (3)
KH:8,.8, .8, 7 HICAME G A a b c AEHY LR A 1
fih 22T
(1) AT A 322k I 220 T W5 4 a b e 7E
R RIS I ETE RN ¢, 6, &, BIK:
g, < & < & (4)
5 2Z RN, I 2R WS R a BT SZ R AT
BN, WS R e BT R 3Z B0 B R, RS R A S
153 WA AR A e AR I 228, DRI 2% 14 8 1 7R B BE
FERW ¢ UK B R E X R R 87 SO0 R

WA AN
RGBT RERE KRR
YN Bk ek

\

FEVR TRAE FEVR b et Ak
Hefi Hefih i

B ARG A
Fig. 1 Equal pitch meshing

2 eRWASEMPERAENIE

HiLRyRH 5t

ST L, 8 R R B ) E R LT
A A8 e, AR SCR BT IEAER  AL 9  4 HT 5 A
TR B0 T B , 0 8 T 15 04 8 7 32 0T 450G 5 25
A A B AR T O M TR 2 0 0 4%
A G OV T 5 4 HE RS T 34 4 R A O L 3
ok L B, A0 B R AR AR A
4 AR 0 25 S T A (AR 4, B9 L

DA R R 1 o 147 e ) 7R 3 BE 7 o
HAR Sl 3 A

WA AP AR TR R BRRE/N AR
B2 AREEWIERE
Fig.2  Unequal pitch meshing
2.1 & RIBH S R SHE 2 16 T A B A
g T AU 0 T B RO 9 T L 0
5 BT T B R, L 5 i b LA T
R 3 A 5, ST
k=g (5)
SR8, A L B STk, A U A
LA R BRI 11 2 50 4 1 0 8
R R 5 AE I 2 ot o 0 Tl 50 4
G5 AR BB R WA B il A 1 3 A T
8. LA 4 AT, 41 U A 25 g
8, Feth 0TI 6, e VRIS 6, k2% 1 il
TEJ = A 6,0 L s SR 3 iR B

>

6, =06, +6, +d, +9, (6)
K
12F zcos’a; , 2
g EBS. ( nt sz)
6F cos’a(w —z)°
3 (7)
EBS.
2(1 +v)F,cos’a
8, = EES, z4+ (w-2z) -
In[ £ =2 ] 8
n(w —Sm) (8)
nS, —zS
H . = ! k
Horpriw 5, s, °

24F .S cos’

“ wEBS? (9)
I



55 6 3]

AR akAE 45 - & I W AT 15 SEDRHRH I 8 78 2 1 B WG 5 D7 vk 981

4F,(1 =) ps
b = wEB ' p, +p,

K(7) ~L10) h P55 R Xk 1 s,

H 2 (5) ~ 2 (10) W] 43 51l i 45 W AT 5 LA 56
(R F22 i W 5, 15 2 5 ik DA v i AT ) i T Sy
b ARHIAT B8 T 2 ik D B2 A K, D) o A AR 047 A A A
I A VX 2L RE e, R

k ik,

(10)

E o= 11
Nk, kg, (1)
it':'j:’/ﬂ‘j:lé\ﬂgnﬁﬁﬁxd‘ﬁo
i
l
l
st ]
-l
2 !
F, o
—
, A
|
L]
e | ! |
p— ’ .~y

K3 ik

Fig.3 Gear tooth parameters
&1 KL(7) ~X(0)FHSRENX
Table 1 Symbols and meanings in formula (7) - (10)

B/mm i 98

E/Pa PR

F/N 1A % 1) A

S,/mm %5 i &

w/mm B R

S,,/mm R P28 5 0 AR I8 2 ) 0 B 2
S, /mm i W A 1 9 i

z/mm 76 15 8 10 55 2 R I3 =2 ] 1
n/mm =

a/(°) k=i

8,/ mm AT 2 Ml L Al 8
85/ mm 1 By Y AR B

8,/mm S 15 AR A =
8,/mm b 2% 1 foh I 07 A AR TR
8/ mm Ui Bpe

v THFA HE

Py 5P,/ mMm AT ARE 4 S 0 il R AR

2.2 AERESRBTSRERMTETE
A5 A R AL S SR AT A S T — A IR
e Ffy B AR A BT A I T 5 AR 56 8 DL ik 1
SRR UEAE T BT 5 R K A 3 1 A
HOM ) I A0 AR A LA S AR A 45 T RS R Y
WRE A, 4 BEIE A S OR B AT LA R b AT B0
RIS RS RO, T A WA a3 AT e

& EVETESEIFRAK MG WG 6
K F (AHAB PG5 6] By — 5 85 ), m] RL# € Bt
AW AL I8 WA R B A 5 RO 1Y B
B MRS EAR v A TS — A U5 DUE A B 1
PR AT TR 230 17 K G 0T 7 1) A7, A5 30 R4 I B 1 7K
32 B KA I 0 25 H2 A8 T8 AR I B 67 ',
TR IR IO S R G S RS e AR N
TR B A B R S 1A R B2 R R 3
i (AL AN AR ol A 58 2 RO S e S R
e, MR FE F I WG A 1 AL R AT R
B R 32 B AT 6 T U X, B 2 5 WG A 1Y
KA RN Sy i T TS A BB A B, B

N = [ga] (12)
D At e BRSBTS
AR 1y ey W B RE D F A AR (B Y R
B h, N

dZ

=r - 1
h, =r, 2 (13)

Krfer, &G SR d, AR R 2>
FEIR] 50 by xof NGB A B G S RS
FH A TE B 40 A TR, R ARV BRI T R A H
FR9 2 A 1 A i R 280 A A A A 1A A 1A AR Ak i) 2 i AR
A AR H , H
g, =&, = = &y (14)
Vi AR AL (Y 25 il AR TE AR S T &S i E WG G
JIT R B2 B 15 ) e, WA i R ey i, A A 1A g
FFARH 5 W6 5 B AR 047 8 b it 5 it A g 3 1) 28 for A7
MFEXR:
F,=F, = =F, (15)
U5 58 4% 3l Y T A J5L B 0T g0, AT 35 W6 & B %)
T 2 506 A 52 ) 09k ) 8om 2 /AT
W50 Vi i Rk e R B

N

S F =F, (16)
b Bk AT F, R
Fo- 2T (17)

" dyeos Beos a,
Foh s T AL 5B R R E AR s, K T
it
O 5 AT A 45 0 5 404 0035 1 40

2T
= 18
Nd,cos Bcos a, (18)

B B8 T O 0] TR] B ) R RS A B TR
RN RS E T IRE, WA 4
LG W BE A ke, DR O 6 45 W5 145 7 422 ik o5 Ab
i S B ARTE 8

’ Ff
%k

F,=F, = =F,

(19)



982 1t M %

K}

PNV i S 1

2022 4

A FFH A G A S A 1Y 25 B HE il AR T M S
8y o, 8, WULAH AR 1 b A i 22 1] ) 14 1E 22
AP, = |8, -8

APZ = ‘6,2_ 8;‘ (20)
APy, = |8, -8

D) X g A 147 B B SF- B R B AP O

AP = AP, + AP;V+ 1 + AP, , (21)

IEF G OLR , — X WG & 1 14 48 Z 18] 1 1% B2 A7
—EWYMIBR 3 2 1 B 1k 14 4 7 ik 5 I 48 4 I
VRSB R P R B, 53 b A5 T 7 1 W5 1A S 2 T
T LM , i — A ke 3 G A I W N T
G0 AT 1A B R R S TE WG S i B D R AT S A
VR 7 A T R A B ) O R AT AR, D
S A% A P P 9 4 gk R i THT HE 5 B A5 R4 5 B4 1A
lia] B 2 i) 2 — o O AR o AR A Y 24 000 TR] B A
Jo s B R LR K&

AP - ca <, (22)

FRAE 45 56 Je A 2 B0E X, i I BE 5 16 A BT E
O 2, D) 52 O LU U T BT A m

' = P, - AP (23)
T
b e p, oAy i T 1A B
K3 R bR HE ST I BE m )y
P, - AP
m' = cos o (24)

™

AN B T R X TS R AT R A
e Be it 2 Hon 4 B IR BE A TR M AR A
AT 552 Bt 14 T S 32 59 R 147 AR (B3] 45 44 B
AR ECHEAT T3 R BRI A B W AT 5 A el
A R4 e A7 R TC , 7 3 ) 22 258 v B 4
AR SRR A R AT 2 o s (24) 4 F, £ 8T
HUEAS A LN SR R e = N R R VA e
SR PIG 5 25 G R AR I 0 5 ol 61,85, -, 8,
iR R VA 2 g A NG L o SR R TN
Ny WA S AR A R AT R [ 2 T Y B
by hy e b IO R 2 RO TS 1 RHA 5
ARG AT H &, ,e,, oy, S HIFTAL

3 SLIGIEIE

3.1 IRBHEH

RS N B o (U7 2 o A | B 2
2 SCA TR A7 B A S AT 5 TR] — 2R R E A, — X
W AT R 2 A 8 9 S 1A B ) < R T S RS B, —
X R A SR Y 5 T U AT S R AR A A W,
FFB 4 BN TS8R RHA FE 0 . S 80Nk 2 i

AN HEARATTE 4 FNPE S B, S AT O EE L an 7 6
HET B .
R2 REHEESH

Table 2 Experimental model parameters

ZH LU HEIRFT  ANEEIRFERAT SRR R
2 ] A5 AR 1 0.985 1
W R 17 (°) 12 12 12
WS E £ /T 7] 9°9744"(/2)  9°9'44"(f2)  9°9'44"(Jg)
i % 1 1 63
4l 1) 5 ¥/ mm 3.1822 3.134 5 3.1822
P TR B A2/ mm 7.9 7.9 65.35
Yo AR IR B AR/ mm 4.36 4.36 61.9

4 WU D R AT R Al

Fig.4 Worm model with two pitches

PP, =3.19 mm

PSS GE U B IR R R AR

Fig.5 Plastic gears model with normal pitch

& 6 mﬁﬁﬁﬁﬁ(ﬂ'“%(ﬁﬁﬁﬂﬂ 3.19 mm)
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Method of unequal pitch meshing of metal worm and plastic helical gear
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2. Dongguan Xinghuo Gear Co. , Ltd. , Dongguan 523723, China)

Abstract; In order to further improve the bearing capacity of plastic gears in the transmission of metal

worm and plastic helical gears, the force characteristics of the traditional equal-pitch worm helical gear mes-

hing transmission were studied in depth, and the unequal pitch meshing of the worm and the helical gear was

innovatively proposed. Based on beam bending theory and gear tooth deformation theory, the relationship be-

tween tooth surface load, deformation and contact stiffness is obtained. On the premise that the bending de-

formation rate of the gear tooth root is equal, the theoretical design method of unequal meshing is deduced,

and the pitch adjustment of the worm in the case of unequal pitch meshing is obtained, which is verified by

static strength experiments. The experimental results show that the unequal pitch design can increase the load-

bearing capacity of the plastic helical gear by 13.69% .

Keywords: unequal tooth pitch; metal worm; plastic helical gear; meshing theory; tooth root bending

stress
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CNN) V4 Sy — Bl s 7 FH A4 R 13 o 22 19 245 4
BT R A R RRAE R IR ), AR R B A I
T HUBEAE 5 A PR AT, A BB 28 I 2% 38 1ok 45 5 )
SRR AR e = 1t Al e SR A A A e S 45 X
B R AR 2 B BOUT = 4, S IBUE SRR R
P25, BRI AN H 246 THZ L,
BABRZAE 205, R FAUE 3 5k
TS 2 ek

XS AR TQ 5 5, AR SCHE Y T BT 1Q A ¢
AR B9 BRI 45 25 K TQCNet, Hosg 70 FIHT T B e
BAF T W BURHIE 5 2B AE . 5 R B R
B3 1Q AH CRF AR UE B 4% , 2 I TQ AHOCHKFAE | 3k
FNFE R EAFS 1.Q ZBiE S ARGAF B H
1, HA RS i 4R B R T AR A 3 3
AT 50% 85, R Z 2N ERZER
KA FPRZARIE 5 I SRR, BB ORAIE 1 i 1) )2
R B ORRAIR T B S RO R R L I
FERMZARIERI K02 R H 4251 15
AR A 25 T8 8 R AR B R AT 0 28 IR B
Z AL RE 7 1 ) I 2k 28 B AR ) 4 2 B8R .

P 2 S IQCNet [ 4% 25 4, i A K040 2 e [] <
o N TQ Feal it o L A0, 95 0 ~ L -
1, IQCNet 75 A JE B0 B N &R, 55 1 DN EHRZE
R (1,2) 1 08 5 4 42 B 1Q AHSCHRRAE , 45 1Q
T ERAE R N x2 AR T N x 1,44 J5 2 ik 1
MTHA R RE A T ORI — 2 AR JE fF % VGG I
4R Z)Z (3, 1) /MK U 4% 4R B SRR AT, 15
TRUEIERSZ BF 1 25 11 R 00 B B S 8O T2
AN BB A J PSR FH e O vl A R AR S 0l A B, o —
A BRI BT [ 3 0R

TEr 2B B, A5 % ResNet 45 SR ATHG H 16
N - 14 M 4k ( adaptive average pooling) 24 Flat-
ten, -4 > REAE 38 38 YRR AR 218 1 S BT YRR AR
1B, $2 1 0 4 10 2 A 1 6B 5 FAE Jr SR T T A
EEE BRSO 5t

BRIt 2 A 7E 45 BRUZ 1Y B 5 0 ek B )
B hAL V9 — 4k ( batch normalization, BN) ™' #:4f
DA fIASE A i) - 1 AN R B, OF By 1k 4G
W0 2% R ] Re LU A Ry 005 o8 %, 7673 2 2R H
Sigmoid 1y 7328 pR%L

IQCNet [¥ 2% 25 #h) 2 % J& v R i B & 1Y,
IQCNet Mt H ANERZES 1 AR Z L,
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B2 TQCNet [0 45 4 fs
Fig.2 1QCNet network structure
HEAGBRZEES C DR BGEE, hERR M, =E[X(t)""X" (1)"] (2)

AN [ 45 ¥ 2 50 TQCNet W 2%, i TQCNet (H, C)

TR ARG S4, Hoh H R B RZMZE4 C

FoRBNEBRZEN G R ECE GRIES) . filan,

IQCNet(2,32) KB A 2 M EHE, BRHEAS

32 BB A IQCNet M %%, £ 1 Sk IQCNet (2,

32) B LA, A B A ks U 128 x 2,
%1 IQCNet(2,32) WKL

Table 1 IQCNet(2,32) network structure

IZEZ S MARSE  Reb/28 BREHE
Conv2d-1 128 x2 1x2/1 x1 32
BatchNorm2d-1 128 x 1 32
MaxPool2d-1 128 x 1 2x1/2x1 32
Conv2d-2 64 x 1 1 x3/1 x1 32
BatchNorm2d-2 64 x 1 32
MaxPool2d-2 64 x 1 2x1/2x1 32
AdaptiveAvgPool2d 64 x 1 32
Linear-1 16

3 XHEE®E

3.1 EMERE

FPUE (cumulants ) J2& 98 i 7 20 H I =
Y48+ B 4R 1E, i K 5% i 4B ( K-nearest neighbor,
KNN) Jr 3550k 2 Al as o~ b HI Jr 280800k, ik
R 5 KNN #9241 & (Cumulants + KNN) E 2
L8 N TR Y J5 ik AR SR, DAy L Bk o
7E KNN Zp2 i 4% k i B E0h S,

XF—PBEAEEHENES «(1) ,p BriRE
SRS

C,, WHEHLASBE X (0) 1 p Wy 4 BB, ol A
AU M, 192 558k %7, Cumulants + KNN 5
VI8 A 5 B BB M B AR AT 1 B (C L €y
Coo Co,Ciy Coy Coy, Cy) I BB I A M1
KRN

C, =M, (3)
C, =M, (4)
Cc, =M, -3M,, (5)
C, =M, -3M, M, (6)
C, =M, - |M,|* -2M,, (7)
C, =M, - 15M, M, - 30M,, (8)
C, =M, -6M, M, —-IM_ M, -

18M5,M,, — 12M,, (9)
C, = M, -28M, M, - 35M;, -

420M>,M,, — 630M,, (10)

3.2 xE Mg

HBIE TQCNet H 4R HL 1Q AH S HRAIE A 7545 2%
P P R B T — N R OR AR 1Q M4k
fiE2Z A1, 19 45 J Al 35 43 15 1QCNet 58 42 A [H] ) 1
2% Jf 44 0 IQCNet-N(H, C) . #3£ 2 iy 1QC-
Net-N(2,32) 5% 1 49 IQCNet(2,32) % b & ¥,
5 #1422 UAE T 1QCNet 55 1 A ERZE R T
(1,2) 8 i 28 HE B 1Q MG HRAE , 715 B4 4
fiirh 2 M) T 1, TQCNet-N o fi itk b B

LAk, 288 £ T CNN2'  CLDNN' J
CNN_LSTM ™ 45 [ A B #22 4b B JFUHG 1Q 15 5 B 35
Ji 2 2] B9k 5 TQCNet B3 HE47 06 He L 4% 2 0l



55 6 3]

FERAET, % BRI M % TR RS A 2 dil 1) 5H vk 989

%3 . H, CNN2 5 IQCNet #5 & CNN £
4,1 CLDNN 5 CNN_LSTM 2454 CNN 5 i i

#& 2 IQCNet-N(2,32) MK &
Table 2 IQCNet-N(2,32) network structure

£ 5 W12 12 W 2% (long short-term memory , LSTM ) 22K MARSE  Reb/28E BRI
BRI, CNN2 i R B B 2 M 30 Com2d 28x2 1x2ixl 32
SR 7 S 2 S H s CLDNN i g g gy g oo e >
s OO e
G, 5 R T CNN B3 RRAE S I LSTM B[] 2 BatchNorm2d-2 64 %2 32
RN DNN 432555 2% [ B9 4L #%; Tii CNN_LSTM /& MaxPool2d-2 64x2  2x1/2x1 32
FRAE CLDNN ¥ 3k (4 B0 4% 45 ¥ , 76 RM12016. 10a AdaptiveAvgPool2d 64 x2 32
BRI T S BOR S T S U e, Lot L
x£3 MUEMESH
Table 3 Parameters of networks for comparision
% £ 2 Bk HBREE B R A 3 %K LSTM 2% LSTM HIC4L

CNN2 2 (1,3),(2,3) 256,80 0 0

CLDNN 3 (1,8) 50,50,50 1 50

CNN_LSTM 2 (1,3),(2,3) 128,32 1 128

4 SCIGUOIE

4.1 HFEE

SR FHSCHRL 16 ] GNU Radio #4115 1/
ELAE L 1Q 15 5 4 5 RM1.2016. 10a #4750 1IE

RML2016. 10a s 5240 & 11 FiE 5 0 6l
X, Hrp 4 & 8 Fp s 9 il Jr 2 (BPSK, QPSK |
8PSK,16QAM ,64QAM , GFSK , CPFSK , PAM4 ) #I
3 Fh AL 1 J7 =5 (WB-FM , AM-SSB {AM-DSB)
AR LA - 20 ~ 18 dB {915 W b I35 T A2 5, B
55 8 A 1Q RAFE i, BRI I X AE B A5 1
o454 T BFEAR Ky 1000 A, i34 22 000 4~
BEA, AR B 128 x2, Hd 2 &
R 1Q PR RAEAS 5,128 S RAE A KIE,
4.2 ZWHEH

7E Ubuntu 18.04.4 LTS 64 fif§:/E &% |, i
H Python Zi#21E 7 M Tensorflow IR & 27 > fE 40 5¢
PR 45 B 5 YN AT G o v I 2% I 2 B 4
AL AL 3R /N (batch size) Sy 1 024 4 2k pR KK
JFHAE LA (cross entropy loss) , {4k #% % i Adam
Ay , 2 3 % (learning rate) 24 0. 001, Fo 4254
A Tensorflow 1 () BRIN S 5L,

SRR A A 2 28 AR R A
o Hod TARSH T M 2, i A= H T
TS A HERE IS [A], SEH B A fE R IR 4 R,

x4 LWiEE

Table 4 Experimental equipment

W 152 25 CPU GPU W1/ GB
PC i9-7920X RTX 2080Ti 64
Jetson Nano Cortex-A57 128 4~ CUDA #% 4
P EEIR 4B Cortex-A72 ¥ 4

4.3 EEFH*E

SR JH U HE ) 3 Accuracy X 0 45 451 7Y
M3z Ak RE T HEAT T R B o, X T A S n) AR i
LS (RL RN T (B Y 45 R, AT DA AR
HIE] TP PR IE#] FPE 4] TN F14h 52 5 FN,
Fr, Accuracy = (TP + TN)/(TP + TN + FP +
FN) , BUEFA 43 25 B i YRR A 50 5 2 IR R AR
He

P B8 PFAl R F 22 R Bl AL 52 56 5K P 308 1Y O 1%
PAFMZE R, & 3 fros . DB & o Bl AL Al
A AN GRAEAS B GE A A 5 I R F BE AL
SE IR AL W S B R 5, AT RS A 25 5 ik 5
R VRIS R BT A R O A 20 IR 2
A SEE AR AT 10 BEALYIZR 5 M

PRI Bk 5T R E 4 R, H
J6 SR FHIC T 0] B BL R A 00 O =X, b B9 AR 4 822
Y H A A2 N ZRAE A 5 S UEREAS 5 SR I, X I 2R
ARBEFT NG, BN ZREE IR (epoch ) FRIEAT B UE,
Y25k 80 AFEWR T , 8 HUAE 30 UEAE AR 3R 45 e 11

sttt o) [ B s

i = P s o

A
T s
e R -
A el ST YY)

3 SRR AR

Fig.3  Flowchart of overall experiment process
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B o BEA LA DI B HOE SR 45
WK E%Zgg:ﬁ+ Syt

B4 S bR R
Fig.4  Flowchart of experimental procedures

MAERR R S BUE N B AR SR e, R4
TREAS T 2505 W LU T A AR AS A S IR A, AR AT
A5 LT B U TR R
4.4 HFERER
4.4.1 1Q A8 & 4542 A O

S 43 I A T AN R S A B R
IQCNet 5 IQCNet-N W 2% it 47 X L, 35 HiE IQCNet
PRI 1Q AHOCRRAE & A5 A 2, 2 & A F T4
il o7 2B TR A

BS5 HRH34MS M ERZEEZES
16 >4 FZ 1) TQCNet 5 TQCNet-N [ 2% 45 14 (1
PUNMER 2, K6 AR 3 4 M5 M2 H S
JZA 5524 A~ B ) 1QCNet 5 1QCNet-N [ 4%
SRR MERR R . B 7 R 34 RS A
ZHEZE32 N ERZE IQCNet 5 IQCNet-N
K] 4% 55 ) 1R R0 HE 1R 2

HH IS ~ &1 7 AT, > 90 2 % B N 4 R 4L
58 A A B, 7E % A5 B IR, TQCNet [ 25 [
TQCNet-N (14 51 i K #8 A W] 1 i) £ % o

725 WEME L4 BIFE 20 ~ 18 dB 5 0 ~ 18 dB

U A BF, IQCNet 5 TIQCNet-N 75 % Ji 16 .24 F

90
80
701
60
S50F
401
30F
20+
10}

BUIMERG /%

030 Tl6o12 =8 40 4 8 1216 20
{5 Lk/dB
»IQCNet (3,16) — IQCNet (4,16)
~<IQCNet (5,16) ~IQCNet-N (3,16)
IQCNet-N (4,16) +IQCNet-N (5,16)

F5 16 A3 FRAZ N A ) %52 1) 190 265 25 4
I B R LA
Fig.5 Comparison of recognition accuracy between
different depths of network structure under

16 convolution kernels

BUIMERG /%
W
(=}

20-16-12 -8 4 0 4 8 12 16 20
{5 [ /dB

> [QCNet (3,24) <« IQCNet (4,24)

~< IQCNet (5,24) + IQCNet-N (3,24)
IQCNet-N (4,24) IQCNet-N (5,24)

F6 24 A FUZ IS A [R R B9 0 45 45 44
P R Af R L
Fig. 6 Comparison of recognition accuracy between
different depths of network structure under

24 convolution kernels

PUMMER /%
W
=

-20-16 -12 -8 -4 0 4 8 12 16 20
fri W [t/dB
> IQCNet (3,32) —« IQCNet (4,32)

< IQCNet (5,32) + IQCNet-N (3,32)

IQCNet-N (4,32) IQCNet-N (5,32)

BT 32 A BRI AN [] % BE 14 90 465 45 44

PRI VA B 2 LA

Fig. 7 Comparison of recognition accuracy between

different depths of network structure under

32 convolution kernels

32 A B I, TR T[] R BT 0% 7 24 1R 0 o
R 3.4 F 5 AR A R 4 R B T
KRR R 58, LA RS [R) R B AN ) 4 B i
0 oIS R

Mk Sk B IQCNet &5 IQCNet-N [ 5 5] 7 74
S 2 I P 2 VR B 1 1 i 2 = L A0 B B B
{380 AT — Al R PUNME AR R A8, (RS
AT SR B AL B T, IQCNet #5022 Lk 1QC-
Net-N [ TR 51 i ff 32 28 5

MIE MR AR - 20 ~ 18 dB yw [ A B, SR
16 45 F#% , IQCNet [t IQCNet-N [~ 137 15 Jj1] i
2R 7. 61% 00 4k A 24 F1 32 & B AT,
IQCNet Lt IQCNet-N (1) - $57 15 551 o #ff 2% 49 il $12 1
F5. 1% 5 7.75% . 1 A7 A5G M oK T
0 B B & , 24 R 16 4> 45 BUAZ I, TIQCNet [
IQCNet-N (17 ¥R Ze 48 5 9. 76% , 4 % ] 24
132 ANEFREEE, IQCNet [ IQCNet-N f S 1437
SES NP T 6.57% 5 9.48% .

P NI S PR 53 Y 726 A R &/
{E ,1IQCNet [ IQCNet-N [ 3 35 50 e 1 5, 16 15
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Table 5 Average recognition accuracy

S 59 3R T R/ %o
s 5B -20 ~18 dB {5M: [ 0 ~18 dB
IQCNet-N(3, -) 47.70 73.47
IQCNet-N(4, -) 50.33 76.49
IQCNet-N(5, -) 53.49 80. 14
IQCNet(3, - ) 54.36 82.36
IQCNet(4, - ) 58.37 86.72
IQCNet(5, - ) 59.27 86.82
IQCNet-N( - ,16) 50.07 75.90
IQCNet-N( - ,24) 51.75 78.38
IQCNet-N( - ,32) 49.70 75.82
IQCNet( - ,16) 57.68 85.66
IQCNet( - ,24) 56.87 84.94
IQCNet( - ,32) 57.45 85.30
IQCNet-N 50.51 76.70
IQCNet 57.33 85.30

MLt -20 ~ 18 dB Beditim 1 6.82% ,fEfF ML O ~
18 dB Bt 2 /& T 8.60% , 15 B TQCNet #2 B i 1Q
HHSCHRAE i 2 $ o 1 98 ) =X 1R 0 o 1 % E
A TQCNet £ Ui 1Q A SCRHIE 24 201 o
4.4.2 Bkt

SEIGYE N Cumulants + KNN (IQCNet(4,24) 5
CNN2 .CLDNN J% CNN_LSTM #E47 5%t k. .

i E 8 n A, 3 F AL S ) Cumulants + KNN 7
0 U A R B AR TR B AR T ik . AR IR
JE2E 2 kb IR G B CNN 5 LSTM 454 1)
D5 B U I R 5 TR AR FHOCNN 7 i, 31X
FFIEP Ry LSTM BEAT 24 B ] 7 51 R A0F 442 1=
THUNMER R, R 6 5 Py I fE M L AE -20 ~
18 dB 5 0 ~ 18 dB i [l P i ) - S5 SRU) e fy 2%

FEZEME L —20 ~ 18 dB 4544k F ,IQCNet (4,24)
SERUAHER IR B T 58.15% , 7 {5 M KO ~ 18 dB
FAET T 2R 0 o o Gk B T 86.94% ;A X T
4% 1) Cumulants + KNN J7 3%, 76 - 20 ~ 18 dB
i, IQCNet (4.,24) 9 5 2 5 50 o 8 R 48 & T
23.61% ;{E{S W H 0 ~ 18 dB I}, IQCNet(4,24) [
S-SR R R AR 5 T 31.54% . 1L 1QCNet A

90 > E b

80 0P, SRV RN
70}
60
S50
40}
30t
20F 2
10+ = oS
0—20 -16 -12 -8 -4 0 4
friME LL/dB
»-1QCNet (4,24) —¢ Cumulants+KNN
-~ CNN2 ~ CLDNN ~ CNN_LSTM

P8 g HA T s B R S o A 2 LA

Fig.8 Comparison of recognition accuracy with other methods

PRAER 2%

<

éIII2III6I20

X} F AL 4 Cumulants + KNN J7 6 1 31 51 5 R H
ERTAIUE /S

55 H A T B R 2% %) 1, CNN_LSTM 5 1QCNet
W2 B 45 Rt T HA 3 Bk, BARTE -20 ~18 dB
A, IQCNet (4,24 ) ()37 51 vE 7 R A F CNN_LSTM,
A5 ML 0 ~ 18 dB Bz, IQCNet (4,24 ) B F
CNN_LSTM, B IQCNet £ 2835 3] T Y B4k i 1
T HE A R IK o

T HAF U B TQCNet 553k XA 8] 3 il {5 =
IR BIERE, R 9 51 10 th oy Bl R T 1QC-
Net(4,24) ZE{EME 1 0 dB 5 6 dB B 1 VR 1 46 1%
AL, B 160AM 5 64QAM , AM-DSB & WB-FM
SR 2 RIEE Sy WA A, At 8 ) 2 A AR 4k
TER ML S

*6 FEAEFHANAHRE

Table 6 Average recognition accuracy of different methods

‘ I %
WIRES — —
{5 -20 ~ 18 dB fHM Lk 0 ~18 dB
Cumulants + KNN 34.54 55.40
CNN2 56.82 78.86
CLDNN 56.84 82.92
CNN_LSTM 60. 19 86.89
IQCNet(4,24) 58.15 86.94

BUMMER /%
SPSK. 0.0 1.0 03 04 02 0.0 76 1.9 12.00.0
0.0 0.0 0.3 0.0 0.0 0.0 0.029.4
0822 13 0.1 00 06 1.7
0.0 2.1 0.0 0.0 0.1 0.0
0.0 0.0 0.0 0.2 0.0 60

0.0 0.0 0.0 4.2
0.0 0.0 0.0 40
26.2 0.4 0.0
64QAML 04 0.1 1.1 00 0.0 0.0 0.1 0.0
QPSK [10.1 0.0 0.8 03 03 00 0.1 2.8 0,5.)0.1
WB-FM | 0.048D 0.0 0.0 0.0 58 0.0 0.0 0.0 (I),on

& D DS S
S D S
S SIS

20

K3
&9 TQCNet JEVE R FF ({51 LL >l 0 dB,
R ERG 2R N 81.84% )
Fig.9 1QCNet confusion matrix (SNR =0 dB,
Accuracy = 81.84% )

4.5 WMESHEIETHIE

SIS HL T IQCNet(4,24) 5 CNN2 ,CLDNN
FI CNN_LSTM 347 % 2% 2 B8 i S X 45 )1 5 if
(] 3 B[R] 9 % LG o

H1 7 WD, TQCNet (4,24 ) £ 19 25 2 4]
T HA 3 B 4%, CNN2 .CLDNN #1 CNN_LSTM
R 19 2% 2 %53 53 9 TQCNet (4,24 ) (901 (12 F
18 f% , TQCNet £ i5 B AH 55 R0 MEBA R A 55 1F T,
W2 SR D .
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PUNERG /%
100

SPSK.O.I 0.7 0.1 0.0 0.0 0.0 09 03 43 00

AM-DSB—0,0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.020.7

AM-SSB| 0.6 1.9 02 0.0 05 1.9 W30
BPSK | 0.0 0.0 0.0 0.0 0.0 0.0
CPFSK | 0.0 0.0 0.0 0.0 0.0 00| [F60

GFSK [ 0.0 0.0 0.0 0.0 0.0 0.2
PAM4} 0.0 0.0 0. 0.0 0.0 0.0 0.0 40

16QAM} 12 0.0 1.1 00 0.0 0.1 0.0jf 19202 00
64QAM[ 03 00 1.1 0.0 00 0.0 0.1 30488 0.1 00| | |
QPSK} 13 1.0 12 00 00 0.1 00 02 0,1. 0.0

WB-FM} 0.036.0 0.0 0.0 0.0 24 0.0 0.0 0.0 0.0.

RO R B Uy R S B
F L X F & S &
EFFEEES, =

YR
v@ QV’\‘QQ@(Q- O’q\

¥ 10 IQCNet JRVE 4 4 ({51 1Ly 6 dB,
TR AR RN 87.62% )

525 ok F RTX2080Ti 1 24 M 45 YIl 25 °F 5 %t
B g AT ISR, R T 1 B I 2k
], CNN2 ,CLDNN F1 CNN_LSTM Il £ i 1]
43534 TIQCNet (4,24) f#5 4.8 .26. 5 F1 15. 6 1%,
IQCNet fY Il 25 B[R] fe 2 o S 36 6 U AW %5 Uk 4B
5 Jetson Nano 2 FfA 5] 4244 (1 fix A 20-F & D ik
) 2% 1 4 B S ], FL P Jetson Nano SE |l T GPU
i) CUDA Jin 3 , 1 &% %% Jk 4B { K 1] CPU B 47
B,

T REULE2FFEET 1R E
PRI [H] . 7EM 45k 4B °F- &5 1, CNN2 ,CLDNN #
CNN_LSTM [ 4f 3 i 8] 53 51 2 TQCNet (4,24) 1y
17 .21 F1 20 %, Wi 7F Jetson Nano V& |, CNN2 .
CLDNN F1 CNN_LSTM ) #k 24 i 5] 43 51 & 1QCNet

Fig. 10 1QCNet confusion matrix(SNR =6 dB, (4,24) 711 3 12 4%, UEHH IQCNet B4 3 A a]
Accuracy = 87. 62% ) B, EA R TR A R T .
®7 MESH5ITEEE
Table 7 Network parameters and compute time
%9 2% 24 i 1o 2% 2 50/ A~ RTX 2080Ti Il it [a] /s WEEUR 4B AT ) /s Jetson Nano ff: #LA [i] /s

CNN2 5 369 947 823 3035 5243
CLDNN 71 311 4523 3 794 1585
CNN__LSTM 108 971 2 673 3 564 990
IQCNet 5963 171 181 473

8 35 A Bk A TR E A 8 AR A 2 HORN

5 & it SEAT 1A 45 7T 10 P G I TQCNet f22 — 5 ik

T ) £ 0N T A A S U R gL R T
— i A PG 1Q 55 BB B 2 M 2 454,
KM RML2016. 10a i fE Y 11 F {5 8 6l 7 =X
HEATHAE , 10 Y REHL S0 5 15 2 DL 4521

1) 5 IQCNet-N #f b, IQCNet 7£ {5 M Lt
=20 ~ 18 dBZEMF T, K ~F 25 U i o R 4R e T
6.82% ,TEfEMEIL O ~ 18 dB £ 4R, #2438 1)
MR R 17 8. 60% , BB IQCNet & iy 1Q AH
KRR 2 A AL, BE 2 4 e 0 ) O =R ) o
T

2) FEf5ME L -20 ~18 dB 5 0 ~ 18 dB k{4
T, 1QCNet ¥ 2 R HE 1y < 73 3l ik 2 1 58. 15%
5586.94% , #5454 45 35 T Cumulants + KNN J7 3%,
) 55 15 M b 2% 1 1, 300 oE iR R 43 4R T
23.61% 5 31.54% ,

3) 5 H BN A 88 By CNN_LSTM AH
6, IQCNet 5 2 35 2] 1 AR ] 7K ~F 1 HU50) o i 52,
{BALAE T T R & 5. 5% 0 W 28 285, Il 25 I [R] (X
NETH M 6.4% , %Ik 4B 5 Jetson Nano & T
e (] AR 1T 1 5% 55 47.8% , i W] TIQCNet
NN i A IR R A R T SV N

b R B A BRI 2 254, 38 A T B 2 A
BB B Sh iR U R S
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Abstract: Automatic modulation recognition is a key technology for spatial cognitive communication sys-
tem, which helps to realize adaptive signal demodulation. Although the deep neural network has the advantage
of strong feature extraction, it suffers from the problems of numerous parameters and large amount of calcula-
tion, and thus is difficult to be implemented in in-orbit applications. To mitigate these problems, we propose a
lightweight, high-performance convolutional neural network structure. The network first extracts the in-phase
and quadrature features of the signal, then the time domain features, and finally the mean value of each chan-
nel feature for classification. The experimental results of the classification of 11 modulation methods show that
when the signal-to-noise ratio is higher than 0 dB, the average recognition accuracy can reach 86.94% , which
is 31.54% higher than that of traditional cumulant methods. Compared with the current deep neural network
model with high recognition accuracy, the network proposed uses only less than 10% of model parameters,
and increases the calculation speed by an average of 20 times on Raspberry Pi 4B.
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Abstract: Aiming at the problem of model data fusion among different design tools in complex product
design, the research explores the fusion strategy of end-to-end heterogeneous model data between tools. A
multi-layer collaborative strategy of heterogeneous data is proposed, which uses the dynamic characteristics of
database management and model attribute sharing to realize the integration of heterogeneous model data. In the
system integration environment of OpenMBEE, through the secondary development of the modeling tool
CREO, the strategy is employed to obtain the dynamic model attribute information in the whole life cycle de-
sign. The effectiveness of the strategy is verified by 3D model editing and reuse function testing. In order to
realize the fusion of heterogeneous data, an intelligent algorithm to automatically obtain the attribute informa-
tion of visual model is explored, based on Transformer model and bi-directional LSTM ( Bi-LSTM ) model.
Utilizing the multi-layer perceptual characteristics of neural network, the algorithm realizes automatic extrac-
tion of heterogeneous data attribute information through deep learning and feature analysis of the attribute infor-
mation in the model. The effectiveness of the intelligent model information extraction is verified by the model
data set that is established with the requirement analysis models designed by modeling tool CAMEO.
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Table 1 Center frequency of different K values

KA{H L 3%/ kHz

5 1.33,0.54,0.26,0.08,0. 002

6 1.61,0.90,0.47,0.25,0.08,0.002
7 1.99,1.34,0.81,0.45,0.25,0.08,0.002
8
9

2.13,1.54,1.04,0.67,0.43,0.24,0.08,0.002
2.36,1.66,1.54,0.96,0.63,0.42,0.24,0.08,0. 002
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Table 2 Correlation coefficients of modal components

U,
SO

IMF Vi

IMF1 0.088 6
IMF2 0.102 7
IMF3 0.126 0
IMF4 0.159 3
IMF5 0.208 5
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Table 4 Classification result under noisy environment

LWy WU R/ %
EMD-MPE 86.67
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VMD-MPE 100
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Table 5 Classification results of different diagnostic methods

U 45
L7 12 e s e 1 I3 A % LR R B HERR 2/ %
EH It % Ji
I 20 18 1 1
EMD-MPE IT % 20 2 14 4 80
4 i 20 1 16
TEH 20 19 1
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Abstract; Fault diagnosis is an important technology to improve the reliability of the switched reluctance
motor (SRM) speed control system. To address the non-linear and unstable fault signal of the switched reluc-
tance motor power converter, and the problem that effective information is easily covered by noise, a new fault
feature extraction method is proposed. The DC bus current is subjected to variational mode decomposition to
obtain several intrinsic mode functions. The average value of the permutation entropy of the multi-scale effec-
tive modal components is taken as the feature vector, and is input into the support vector machine classifier for
fault identification. In order to verify the feasibility of the proposed algorithm, a simulation model was estab-
lished and compared with traditional fault diagnosis algorithms such as wavelet analysis; meanwhile, a
switched reluctance motor experiment bench was built to test the open circuit and short circuit fault states. The
simulation and experimental results show that the method proposed in this paper can reduce the influence of
noise and improve the accuracy of fault identification rate.
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Table 3 Effectiveness of auxiliary reasoning module
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Near-eye gaze estimation based on multitasking auxiliary reasoning

WANG Xiaodong', XIE Liang”” ", YAN Huijiong’, YAN Ye*’, YIN Erwei’”, LI Weiguo'
(1. College of Software, Beihang University, Beijing 100083, China;
2. Tianjin (Binhai) Artificial Intelligence Tnnovation Center, Tianjin 300450, China;
3. Defense Innovation Institute, Academy of Military Sciences, Beijing 100071, China)

Abstract: Eye-tracking interaction is the key control method for head-mounted virtual reality (VR) /aug-
mented reality (AR) devices and non-calibrated gaze estimation is one of the core problem in current VR/AR
eye-tracking interactions. Efficient and robust non-calibrated gaze estimation requires a large amount of train-
ing data and an efficient network structure. Based on the existing deep-learning-based near-eye gaze estimation
method, by adding multitasking auxiliary reasoning and increasing the multi-stage output of the network struc-
ture for joint multi-task training, we achieve an effective improvement of gaze estimation accuracy without in-
creasing the refer time compared to the original gaze estimation network. During model training, multiple in-
termediate stages of the gaze estimation network structure are used to derive multiple parallel network headers
for auxiliary reasoning about eye features, including semantic segmentation of eye images, iris border frames,
and eye contour information, to provide multi-stage relay monitoring for the original gaze estimation network,
which effectively improves the generalization capability of the gaze estimation network without increasing the
training data. Experiments on the open datasets Acomo-14 and OpenEDS2020 show that the accuracy of the al-
gorithm is improved by 21.74% and 18.91% , respectively, and the average gaze estimation error is reduced
to 1.38 degrees and 2.01 degrees, compared with the network without auxiliary reasoning.

Keywords ; gaze estimation; augmented reality ( AR) ; human-computer interaction; multitask learning;

auxiliary reasoning
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3D cooperative path following control of multi-UAVs with input saturation
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2. Second Military Representative Office of Air Force Equipment Department in Luoyang, Luoyang 471009, China)

Abstract: Aiming at the problem of multi-UAV cooperative path following in three-dimensional space, a
cooperative controller was designed based on backstepping. To avoid control input saturation, an auxiliary con-
troller was introduced to ensure control performance of the system. The six degrees of freedom nonlinear model
of the UAV was feedback linearized, and the uncertain disturbances of the UAV and the unmodeled dynamics
of the model itself were estimated and compensated online by radial basis function, thus improving the robust-
ness of the system and its capacity to resist disturbances. Meanwhile, a first-order filter was introduced to
avoid the derivation of the virtural control variable in the backstepping method. The graph theory was adopted
to solve the communication problem between UAVs, and the consensus theory to realize the cooperative control
of multiple UAVs. Finally, the Lyapunov stability theory was used to prove the stability of the system. The
simulation results show that the designed cooperative path following controller can achieve good cooperative
tracking control effects.
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p
q
1 2 3
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An improved PSO-ARMA method for temperature error
modeling of hemispherical resonator gyroscope
WU Zongshou, WANG Lixin* , LI Xinsan, LI Can

(School of Missile Engineering, Rocket Force Engineering University, Xi’ an 710025, China)

Abstract: To reduce the drift of hemispherical resonator gyroscope (HRG) caused by temperature effect,
a temperature drift compensation model is established, which compensates the deterministic drift related to
temperature. An improved PSO-ARMA modeling method is proposed to compensate the uncertain drift. This
method introduces the decreasing inertia weight strategy into the opposition-based learning particle swarm opti-
mization ( PSO) algorithm, improving the algorithm’ s ability to jump out of the local and converge fast. In the
modeling process, the improved PSO algorithm is used to optimize the ARMA parameters, thus improving the
model accuracy. The experimental data of HRG temperature rise are used for verification. After the model
compensation, the output accuracy of HRG can reach 0.07°/h, which is twice as high as that of traditional
ARMA modeling method.

Keywords : hemispherical resonator gyroscope ( HRG) ; ARMA ; particle swarm optimization ( PSO) al-

gorithm ; opposition-based learning; temperature drift compensation model
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FEHEMTFSRE L o TEGO 2% 2] R Bie LUk

E(I'(x)) = E(max(G., - G* (x),0)) =

i 1
foﬂﬂ{ﬂw@u>'

~I(x) - G (x))”
252 (%)

-G (x))

O’G(X)

- (G;in

exp }d[(x) -

(Gl —G(ﬂ)ﬁ

~

G. -G (x
aawq(nu;)) (14)
s G2 T R @mm«ﬁﬁﬁﬁ& =
minC |G 2165 |2 [ 62 )51 () Jf sy
M B, 1 (x) = max((Gl, - G'(x),0);
G (x) M6y (x) 425N Kriging FCHLALR H fY
B A BRIE L ;@ S b 1F 25 40 75 (1) LBUOM i 66
Bso bl I 25 4516 10 105 25 5% 17 B 8K
2.2 BEEMETEMRTEEREES

508 15 /I A O 6 AT SR MCS 2 Al
BOREAG R k. MR B A S
UL T TR 95 6 R 00 TR AR 7 A
S A 3 M S A58 e 1y M 4 N 6 0
SRR L T R 3 ) e A 22 1 5

P, =L”1p(x)fx(x)dx :j I (x )fx( x)

(0"
4&uyffﬁ (15)

”CﬁP 1, () g B 78 R f () i A2
=[X,, X, X, 1" [ HKE A BE 5% B oA

hx(x)%igdﬁﬁ%fuﬁ
AR B A A4 T PR oy (o) SRV RS

hy(x)dx =
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b3 [ 5] (16)
SRR P, BB E(P,) FIJ7 2 Var(P,) N
i <5 o ) o
Var(ﬁ,) —[]1\[]2‘( (( )))—ﬁ?]
(18)

e BB THE 07 5 R B Cov[ P ]

Cov[P,] = A/Var(P,) /E(P,) (19)

AR TR SR R AU A

aP, afx(x) 1
Pl R W e
[F(x) . afx(-x) 20
ey a0 ) e
Xrboy WAL R X, M5 kA28,

M) FH L A R A PR By () A N AN A
A AR [y, x, e 10 00 AT S e R 6 B0 A

HHiEaP/ 00y

P 1o [EARACY o)

he(x)) 96"
AT S R L B AR T 0P /060y (R
E(aP,/a0y" ) FiJi % Var(aP,/a0y" ) K

90y N £

~

E( 313:)_ (li( Iy (x;) 6fx(x>)) P,
26y N A Vhe(x) a6y a0y

7

(22)

aP\
80(“) -
Xl

lﬁVar( I (x)

ar(L ! ( I, (x;)

Var( V2 afx(x))) -

he(x)) 90"
_afx(x))z 1
h(x) a0y ) N -1

VX (el ) ()

(23)
A FE P JR S R AR B S R RO

Cov(aP/a0y)) = Vmu@/wﬁ>/Ewﬁ/M$>

(24)

2.3 AK-IS &SRR
AK-IS 350 [ 1 W Kriging 15 84 5 22 fif B
LRIk A S O R B — R AR
TESRAF BT A i 2l RE o R R R, A

SRR 5 RS LRI AR AR Sl v R A T pR A
i 17 b 7. Kriging XA 3 F UL SLAY Kriging
AR AR YRR S T R oK A AT AT SE A AT . L
EIT R R AR i 3 B,

[Wﬁdﬁ& -Yﬁ”xflﬁﬁ%ﬁiiilﬁ]
L | RN g i e
!

AL T AR 2 e K (),
IS,

OIRFEAIET,

(HyalKrigingft i, (X) )

HE X B ¢
GETETD) [ TS RER AT J

P AT 2

78S FEAH

max (E(I'(x)))
<0.01?

B3 AK-IS 3L 5 ml S i A

Fig.3 Reliability calculation process of AK-IS method

AK-IS vE BAR AT AL BRANE -

BB R — R B kR A A BRIR
BT RMBT R

W2 g BRI 5 R R BT AR U AR
W S Ky A B 10 I 0 % BE RS (x) B AR
s PR B PO T A S A T R A
hy (x) IR Ay Cx) i HC N A HE R A2 BURE AR
o RN A 4 R

'3 MR GRREARSE T, TEfA
AR gt 23 (] R FH BT B8 S 5 7 AR R AR A ny AN
SRV R EAGE R P P A B REA G ny . B H

X,

or e@r
B4 M by (x) 7R Bl

Fig.4 Schematic diagram of construction hy (x)
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Xof 1o L S ) i e (R R I e AR B T
$B®4 R Tt &) I Kriging £ A
g,(X), 3T DACE T HAFH T Kriging A,
TS TS hikfrm b AN, T
CAGERY g, (X) , TEREA T S\ VB SR AR AR AR AT,
LN
x"™ = min E(I" (x)) (25)

xeSig

R 6 K WreE o ok BEE IS Y
max(E(1" (x;))) < 0.01 i, {3 N2 > ok # 45
1B, BB BR 7 1B RO AR 7 WK S AR A
AV GEASE T A EHT g, (X) BB ER 3,

FB|T  HH AT Kriging B ¢, (X) THRK
R R g, (X) THEFEAM S —
A 5K B R IR 3 o ek B 1 (2 9 LA
K (16) KK AMR P,
L(x?) = {0 gk(x(/:>) >0 (x9 e Sy)

1 g, (x") >0
(26)

]S KW LS R st . R R R
RESAG THE 19 28 S5 2 BOH B AK-IS 125 1 i S
HitBm Ay

cov(iaf):\/Nl_l[Nl 2](1( )f‘((x)) ?]/13[
(27)

W Cov(P,) < 5% , BV H55 45 5 g 84, 75 10 24k
SEHE RN 1 000 ASREAR 21, 3 RAEA I S,63R
5B 2 H IS

3 M=ERRBFHMATEERA
i'ﬁmﬁif&?ﬁ#‘ﬁ

3.1 MEERFBHMARTEBREHSN
A A5 %6 A B R i LA RS R is A7
SR bR 2 I 1 R L 2 Bl
ARAERRAS T TAERT, B e I 25 gl B 7 2B s
ATl BC 5 AR T 5 ) T R JRE S T R i
7= A W B 7 ol 3 AT BR 25 40 1 AT BR TR
G 15 B 3 oK AR YA T 0 Bl R TR AR OE a0
F SR, Xﬂ“ﬂ’ﬂfﬁéﬁﬁ&m"{ﬁrﬁﬁu&‘m@?
Ro ATLLE PG s AR R 5 2l i R
JIERAR ), oy b U 3 AR T i AE T il (] B
I JRE A3 A, 37T 5 ) T 9 L
552 Al T P 1 5 )y ) R A 6 EE
Bl 7R o AT LUE B, 0l 5O 04 2l i T i s
FE SRR 8 e S L TR, R S

SRR R G TR 1061
x1 BHWMEAEINETESFSE
Table 1 Random variable distribution
parameters of journal bearing

28 VIV SRk P v 22

AR 5L B/mm Normal 30 0.011
Pt 42 R/mm Normal 9.97 0.01
A H PR C/mm Normal 0.03 0.005
B n/ (v - min~ ') Normal 7 000 500
IR p/(Pa - s) Normal 9.66 x10 * 0.1
T 0> 2 & Normal 0.8 0.01

FPEATE /(10 m)

Fig.
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iy

200

I 84 4. 7
& 75‘/?‘/(3 0 -0.5 %\\\ﬁ\\h&@f’\
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Fig.5 Bearing deformation
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Pressure distribution and pressure peak value of EHL
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Fig.7 Comparison of circumferential oil

film pressure distribution
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WO ity B A L AR T 15, 04% o R kg W44 Bt B
FE F T (B R, n S ) FH JEE 2R A7 0 8 il 7R AT
PR, T 5E R S WA, T A ZE SR AT 02 O 5 2 v
Byl R s 252 A B B AR TE
3.2 HEZERESW

AL 25 15 e 5 T Bl Al R 2 0 T e T S
s 15V S R P RE A 2 FE AR, A2 B sh K
JUZHEM TS HN W, £ XESHEE
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SORSINEA N S AL /N o | A B e R A L =
T 68 H1 ¥ Bl B R Bl e v B R 2R B, B D i
(BB 3 15 VT 46 b e [ A B T B2 B ik B0
AR O3 B A A R .l T 3h b R I
W53 b, 3R 20 B R sh R T R D R KR Ak B
R e 25 Ty e R AR AL B X % A A A AR FRCIR
G(X) =P, - P(X) (28)
P, RVERIE TS P (- ) i ol il 3 3l 4
AR A BB R T s X N A &

e X 23 15 56 5 e gh il R E AT AT R O AT
i, SR MCS ¥ 18 P B0 52 3037 v 1A 80 107 Yot
T Sh A R AT R BUE AL, IR 45 SR A RS B
fift 55 1S \AK-MCS 35 dE£7 4 E, 77 58 M 43 45 57
22w, Frho N, ki Bl Bl s i i AR A
VA FH B N O 45 3 AR Tt BLASE 5 & S AR G 5 2%
AT, MCS IS, AK-MCS . AK-IS U Fh 75 322 2k % A
FAGTHEE BT 5 MCS M 1, 1S ¥ i 50k
BB AK-IS 3 F1 AK-MCS 341 3E , A X% 22X
0.432% , 5 AK-MCS#: A1 o, AK-IS 3 £ 3k kE A
AL/ AR AK-MCS 35 (9 0.85% , K K455 T
F 38 N 2% 2 357 Kriging X B R (4 i [0, 428 &5 T
Fa 7 Kriging 18 HAR R 14 %4 % ; [R] i AK-IS 46 fr i
FHA B 0 550 3 1 v A5 1Y 0 Y B IR S 2 T 3 Ak 3 Fb
U7 i AR LS SR 49 UK, HE IS 9570 9 951 1K
b AK-MCS /0 151 3, T8 SOR W AR T, %
225 U 0 9% W 2 il R T S 0 BT A R A S L

HRE vf S 2 AR TR X, 3 a2k A R
% 13k 6 4725 5 1 ¥ (A 25K (%, 75 1
HOEIF A SR 3R 3 PR,

F2 BHMATEETEER

Table 2 Calculation resucts of reliability of sliding bearing

A~

T5 i Nean N P/107* &%
MCS 107 3.22 0
IS 10° 3.230 2 0.317
AK-MCS 200 1 290 000 3.2332 0.41
AK-IS 49 11 000 3.2339 0.432

x3 BUMWMARGETHEER
Table 3 Calculation of results of sensitivity

analysis of sliding bearing

ZH A IEN 2 e
AP/ oy 1.55x10 7?2 P/ a0y 7.68 x10°°
AP/ dug 0.261 P/ oy 1.97 x10 73
P/ o -2.32x10? P/ o 7.78 x10?
P/, 2.15%10°7 aP./ oo, 6.66 x10 78
aP/ o, 1.422 476 aP/ a0, 0.625
P/, 0.012 163 aP/ oo, 3.57 %1073

MOP/duy FATLIE H , A& B.R.n.n.e 1
B(E RS N IEE, B % AZ i B R n.m.e M3
B3 K, 2 SO S5 Bl 22 348 A, A 2 0 6 5 0 sl
AR TG AR C 0y RS U, B E AR
i C Y(E 3G K, KB 2 BE 2 98], i Bl il ok
BT%4A, NoP /ooy TAILLEW & B.R.C,
n.m e MFRME 22 58 BRE S 1EMH, R RO R Bl AR
I 1Y b 7 22 3G R T O, AT SRR N, FEIX 6 A
A AT REME XS AR i C R WU, B R e IR
Z N n RO R SR BT AR T, R
BOEREBR C AW M 0 1, 76 9 shfl R 2 17
ok A AT X e i e B R DR R Rl R A B
AT SEE

4% #

AR A AK-IS 355 it 25 U %8 22 1 3l il 7k ik
AT AT SEE A AT A B A0 T 4548

1) 2 B2 0 %6 2 W 2h il R il BC 59k AR B
B 7 BEE 1 i 7 W i W Sl AR T ity B D e B 6% 9l
JE 7 WA, 2% Bl 7 ) 3501 AR TR A il R R 5 )
BT r 0 5 ) S 8 200, A 15 W AR SR R R Y
R AT 7T A 40 B 45 2R 0 HE A 1

2) R AK-IS ¥ 5 1 ol b R 2R 47 8l R T
AL HEE A AT, A R R A M AL A AK-MCS 1
19 0. 85% (I8/b Ha i 153 A7 A [R] R ), 9] FH LS bR
BOREAL N 1S 19 4. 9% , 5 MCS 340 FC A X 1%
264N 0.432% W R B3 T i 25 14 56 52 1 3 b
R Bl H A AT R R TR ROR

3) it REETHELS R, ERMR TSR
AN BRI 6 AN AR X AT SR Y 5 e R
Hrp B R nm.e ¥IEM 250 3h K s R E
T A SRR N R DG, A B R A R R 8 A AT SEE
NV AE W Sl AR T RN A2 AT R s S

4) 45 L T B B T T R A A 1 R OR
T8 Bl R AT SRR S B O 1 R A RO v Al R T R
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Reliability analysis of journal bearings inside aero-gear
pump based on AK-IS method
GAO Ning, LI Huacong”™ , HONG Linxiong, CAO Rui, FU Jiangfeng

(College of Power and Energy, Northwestern Polytechnical University, Xi’ an 710072, China)

Abstract: To study the hydrodynamic lubrication reliability of journal bearings inside aero-gear pumps
running at high speed and with low medium viscosity, an elastohydrodynamic lubrication ( EHL) model
considering elastic deformation of bearing bush is established by coupling Reynolds lubrication equation with
influence matrix. Considering the uncertainty caused by the size tolerance and operating conditions of journal
bearings, the peak pressure of hydrodynamic lubrication, which is closely related to the lubrication character-
istics of journal bearings, is taken as the reliability criterion. The AK-IS method combining adaptive Kriging
and importance sampling is used to calculate the reliability and sensitivity of the hydrodynamic lubrication
characteristics of journal bearings. The results show that considering bearing deformation, the pressure peak
value of journal bearings is 15.04% lower than that of rigid bearings, and hence the influence of EHL on hy-
drodynamic lubrication of bearings cannot be neglected. The results also show the accuracy and efficiency of
the AK-IS based reliability analysis of hydrodynamic lubrication of journal bearings. Moreover, the degree of
the effect of various uncertainties on the reliability of hydrodynamic lubrication is different, with the radius
clearance of bearings being the most sensitive to reliability, and the rotational speed the least.

Keywords ; aero-gear pump; journal bearing; elastohydrodynamic lubrication ( EHL) ; AK-IS method;

reliability analysis
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1.1 EEEX
1.1.1 &HER

AR A B 4 A3 X ) J) BWB-350 RALAR
R T 97 4 S . BWB-350 KL 35 B
IEEE':F' CoA Rl B AR B, L L FR 4
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Fig.1 Blended-wing-body aircraft with boundary layer suction
*£1 BWB-350 2kS#
Table 1 Overall parameters of BWB-350

S8 HE
e RKAUFE/ km 14 800
JAL 755 B/ m 11 000
AT i E 0.85
BT/ (m s 84
P HE/ (m-s™") 72
R K/ kg 232 000

&2 BWB-350 JLASE
Table 2 Geometric parameters of BWB-350

E 2 BE
FE/m 68
2%/ m? 560
AMELET S A/ () 36
JEZ 8. 14
TR E K/ m 10.6
0 BRI 2P S /m 27.3

1.1.2 RBREAFRSI=HFE
AR SCHFSE W A 4 AR X BWB-350 R AL Kk
AR S T s ERE A2 IR o 35 B A B

EaAREWME 2 iR, 8 &kl Fm A,
A F 3 B 4 il T A R XA B A o K TR
E’mﬁﬁ TN, 1 A LA 2 4ok 12, L1

W R A S T AR B R, L2 W R ) 4 BT
mzl:%%ko W ASRE Lo+ 4000 + 0B ROR,
WUL1-0.5” R Z WM AL T4 1 24, 0 B AE
L=0.5¢ /b, L >y [ 4 i 3 80 1 05 B i 2% 1) 5%
MIBEES L =0. 5¢ 4836 WM FE B 157 2% 1Y 5% ) BE
B 0.5¢,c REMEZAK KT RS mHLE K AL
B (0 45 1 5 B Bt 7R SE bR TR i O vE AN %
S 1 W SN o

AR SCHE BWB-350 AL - 4 4 W <3 3 4% 4l
B, BRI A BT IF L1 i <R
RUCRAS T L FTHF L2 o i i SOl #89% 12 v 4 Fif
W A A B T B L A 5

L2-0.5
/7] 12-0.55
“{12-06
-4 12-0.65

B2 b i R A SR B R A R R
Fig.2 Schematic diagram of suction arrangement of

center body and outer wing section

1.2 #HEFAE

LI = 4k 58 % 5 i F 35 Navier-Stokes ( RANS)
VE 4l 7 F 36 1 7 e 00 0 B =R 5 oK A
125 00 B B SR A, i AR B Ry S-A BEEY ) T R
TR I T, KB PLA T T R T
MO R O R A M R AL, I
SERIA% Ry C-H 451 4%

Cc

m_suc

chp; (1)
Xh:C, KR REGh WAV, AR
FEWCR L 5p, NSRRIV, WIEST ik
b (G 37) R Wi 5 p., NG5 T AL (I3 ) Rt
AC = 2 (2)

K AC KRG PO,
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1.3 F7EWiE
Wk 3 ~ £ 6 o, 73l e B ik B Ma A
0.21,i04f o Hy 10°F1 H £ Ma 9 0.85, 1 f) «
2. 6°MF, A ARSI R A B T 5 AR BE AT 5 IE
BEIOH FR G 1 IR AR W 0, A TR RS AT
FOBS AE a8 2 I HER S R TR E o 78
551 2 RS TR R 2 x 10 7T LA L, 0 Ak 2 B
150 x 10° B, CHLI T+ J1 R €, FIBH ) 7 8
C, BT RGE , WUG 825 35 % JE o 150 x 107
551 AR R R 2 x 10 7 R RAS
£3 TRy, FEHTESE R (Ma =0.21, a=10°)
Table 3 Comparison of calculation results of

different y_  grids (Ma =0.21, « =10°)

%4 4 EERA Yo ¢, c,
BRE/10% A R '

150 1x107? 140 0.984 2 0.116 43

150 1x10°* 16 0.989 3 0.117 39

150 2x107° 2 0.989 9 0.117 89

150 1x107° 0.8 0.989 7 0.117 92

x4 AEMBEETESLERITEE (Ma=0.21, a=10°)
Table 4 Comparison of calculation results of different

overall grid densities (Ma =0.21, a =10°)

o

%12

J‘..To.‘ C, C,
BRE/10Y A
70 2x107° 2 0.985 3 0.116 41
100 2x10°° 2 0.986 2 0.116 93
150 2x107° 2 0.989 9 0.117 89
230 2x1077° 2 0.989 8 0.117 84

x5 AAy,. MBHITEERITLE (Ma=0.85, a=2.6°)
Table 5 Comparison of calculation results of

different y_  grids (Ma =0.85, @ =2.6°)

AW RER . e

L IO T S '
150 1x107° 140 0.353 7 0.016 50
150 1x10°* 16 0.354 0 0.015 25
150 2x10°° 2 0.354 1 0.015 50
150 1x107? 0.8 0.354 1 0.015 50

F6 ARAMBZEITELERITE (Ma=0.85, a=2.6°)

Table 6 Comparison of calculation results of different

overall grid densities (Ma =0.85, a =2.6°)

9 4 512
- A_L J.L C, C,
HHEE/10* MRS
70 2x10°7° 2 0.354 5 0.016 50
100 2x10°° 2 0.353 9 0.015 75
150 2x10°° 2 0.354 1 0.015 50
230 2x10°° 2 0.354 1 0.015 49

1.4 ®ITEMH
AR SCHIFFE BT 35 K i "R DR 25 1 AT 2%
HFSEANER T iR,
®T ITEMG
Table 7 Flight conditions

. ) L , HIE/

W& wEE/m S MFR O #E/Pa #HE/K R
(kg-m™)

Ak 0 0.21 1.60 101 325 288.2 1.2249
WM 11000 0.85  0.68 22700 216.7 0.3639

TE:MFR O R %

2 BERRE

ARSI I T A BB I — B SR, E3h ik
LI R B R A BB BN B A S A 8 R
T KT B8 A IRFEAE S I BAT RS
A B AR 0 B AR B W R Bh i,  E R ROIRES
AN B AR R O %

2.1 REME

TEANELBE 4y WP L1-0.05 . 1L1-0.1 L1-0. 3,
L1-0.5 PUFp{ & J7 28, B E 2 fian. W< fh
JEb=90° M H TREM . W FEME h =0.005¢, ¥
JEm AL S TANE B B, IR A S R =
0.02, ®ATE k% Ma =0.21, % zh#HL MFR =1.6,

KM 0.05¢.0. 1¢.0.3¢.0. 5¢ PUA B 4047
AR AALE B 3 (a) A RS A R RS E
TH I REE S ARt g, Hod, TSR
& BWB-350 RHLA sl R, 15 0 JE il B ADIR &,
0.05¢ F2/x 4 & L1-0.05 J5 BWB-350 KHLAYS BN
etk FEMERTTE o = 12°DLAT, FE R R R F A
TRAFFAAS et Be e RIV I R B 1.299, H#K
T A A S B WAL A B N0, 05T
LRPEBTE 1 B, O 1. 392, b i v AR R 14 i
T.16%  HEAERLBITE 13°mf, T ) 5 B2 Pk Be &5
W IR BERE, & A JC i . 0. 05¢ W3 3l 45 il O
2T RN 140 A BT R, R KA
12°9E 22 % 13°, fEIf KT 9°LLJ5 ,0. 1¢.0. 3¢,
0.5¢ WS A B 0 B T 1 ZeRHPRIF I A A R 72
FER TR, BlE WAL E IS R, i s B 6T
R T R B P T RO B Wi A2 25 Bl FIa
WA B, T ) RO B A BE R U B TR
SALE MG B R R AN R, A
L] A 3 B s AR AR s A ek R . PR, X TR
KB BOR UL, WA E A E T 0.05¢ T R
BRK, KA NRHE ORI EERER
8% A i FE T, R I I AR 1°, HOUR e f: .

WE 3 (b) Fros, WA KT 6°m), <07 22
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Fig.3 Comparison of aerodynamic characteristic
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coefficients at different chordal positions

FELASCR B @, 12° I okt BHL %R e R B . 32
R AETCR AR BT, A 3R B2 B T AR K
(953 B3, W AR 38 T W 3T AT AR 0 15 55 R e
(T L B, T 4 BSR4 T W U RE A ARG | 37
AT ) A R, /0N 300 S 6 B2 45 40 8 U 55 UL B AR
FE WA B S T R R BN, 0. 05¢ i
W S5 S8 B B 3 il B Ry g L OR e 252 0. 5¢
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TEHL 0. 05¢ {7 B Ak 1y W <07 58, v S )
R AR 5 R EGER Dy -0.10 ~0.05, J1%E
RBBN, 7 TR o
2.2 mSHE

PEE W S & £ %0 0. 002 5.0.005.0. 01,
0.02.0. 03 AW <07 %,k R A& AT
2.1 FHFIE ¥ L L1-0. 05, WK 58 B h =0.005¢,
KAT B Ma =0. 21,

Kl 4(a) Ml CIRET AR WA & R T
T R B ARty i 2. WAL R R BT
FEUERAIALE 13°0F , 4 ) R B G R, TH 1 &
BT IR BERE , KA R

J
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Fig.4 Comparison of aerodynamic characteristic

coefficients under different momentum coefficients
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gi bl TIRA R, L1-0. 05 {7 # 0. 02 2 &
FREH T RO B o

3 KRS

iy T2 R S AL BE g R T 8l ) &
48 SO AR AR S 3 A AN 4 Te) R, HL A AR R )
TCE IR ML ke B ke 52 B0 < 3h M BE A Bl , TS
TN FE R BN T o3 R - B A8 IR
S sh BT, BT A [ WS A R R B
X 3B G AL AT BN ) R G R B R I S
3.1 REAMAE

e % B 12-0. 5 ,1.2-0. 55 . 1.2-0. 6, 1.2-
0.65 PUFR{; &%, &K 2 fim. WA shE
RECBE R 0.007 5,08 <A E R 90°, W T8 B
h=0.005¢, & T Ff B R 2. 6°, 3T T bk # ik
JEN0.85, 3 ) & gL i BT MFR 58
0.68,

M S B WS L 3 1 R G R )
G317 B B i B Ay A W AR AR, IR S R,
F WM BRI XF 3 ) RE I EA AR R
BFE . XF L TR AR O, B A RO B 4R
Wl LA, 22 B 7 0/, THBH b 2 o Bl B TR
SALEJE R 0. 6c, AN E IR R DI R,
T3 BT WS B S A R DX RS, B
/N

YA WS A 53 5457 T 0. 5¢.0. 55¢.0. 6¢,
0.65¢i, J+ 1 &2 % €, 4 %1~ 0. 351,0. 352,
0.354.0.358, FH &% C, K 6 (a) i, it
BRMLEFHRR L K, W& 6 (b) BFoR, 5 W SRl Ar
F 0. 6¢ tf, CHLIRAS 9 5 R FHRH Lol 22,33 I
34 2%k €, 75 - 0.02 ~0.02 & 3 3, A xf
F 1 LAG) B2 1 3 o8 1 T 220K

0.6 =, JE F1/Pa

30000
25000
20000
15000
10000

BS AR CAT &0 T BRI 0. 6¢ RS
J& 01 = B3 T

Fig.5 Comparison of pressure contour of

no-suction and 0. 6¢ suction under the

same flight conditions
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Fig.6 Comparison of aerodynamic characteristic coefficients at
different chordal positions in cruising state
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Fig.7 Comparison of pressures in central body under different suction momentum coefficients
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Fig.8 Comparison of aerodynamic characteristic coefficients at

different momentum coefficients in cruising state
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Influence of suction flow control on aerodynamic characteristics of
blended-wing-body aircraft

JIA Yuan, CAO Xiang, WU Jianghao "

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

Abstract: This paper studies a blended-wing-body aircraft with distributed propulsion, explores the

influence of suction control (with suction position and suction momentum variables) on the aerodynamic char-

acteristics of aircraft in take-off and cruise state and explains the mechanism of the influence of suction flow

control on the aerodynamic characteristics of the blended-wing-body aircraft. The results show that under the

condition of high take-off attack angle, compared with the non-aspirated state, the maximum lift coefficient of

the aircraft is increased by 7. 16% when the aspirator is located in the outer wing segment ( chord position

being 0.05¢, and inspiratory momentum being 0.02). In the cruise state, when the aspirator is located in the

centrosome ( chord position being 0. 6¢, and inspiratory momentum being 0.012 5) | the pressure distribution

of the powertrain is improved, and the lift-drag ratio of the aircraft is increased by 2. 14% compared with that

of the non-getter state.

Keywords: blended-wing-body; flow control; suction position; suction volume; aerodynamic performance
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Lorentz inertial stability platform control based on KF-LESO-PID
XIONG Ying', LIU Qiang"*, REN Yuan’, FAN Yahong’, SUN Jinji*

(1. Institute of Precision Electromagnetic Equipment and Advanced Measurement Technology,
Beijing Institute of Petrochemical Technology, Beijing 102617, China;
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3. Science and Technology on Space Intelligent Control Laboratory, Beijing Institute of Control Engineering, Beijing 100190, China;
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Abstract; To overcome the disadvantages of the existing inertial stabilization platform such as large inter-
ference for using mechanical bearings, high difficulty for using air/liquid bearings and poor linearity for using
magnetic resistance magnetic bearings, a new Lorentz inertial stability platform ( LISP) based on Lorentz force
deflection magnetic bearing is proposed. To suppress the influence of coupling effect and load-bearing friction
resonance interference on the high-frequency attitude compensation control of the platform deflection channel,
a digital control scheme based on LESO-PID combined with Kalman filter ( KF) feedback is proposed. Ac-
cording to the structural characteristics of rotor tilt supported by Lorentz force magnetic bearing (LFMB) , a
dynamics model for LISP deflection is established; the tilting relationship of two radial channels is analyzed
with the established model, and the linear extended state observer ( LESO) and Kalman filter feedback control
is introduced into PID controller to suppress friction resonance interference and coupling effects; a digital con-
trol system based on DSP and FPGA is construed, and the control method is digitalized in a discrete form. The
stability of the proposed control method is analyzed by logarithmic frequency characteristic criterion and
Nichols curve, and the stabilities of the rotor deflection channel before and after importing LESO-Kalman are
compared through simulation. Experimental results show that with traditional PID, the rotor system causes seri-
ous distortion at high frequency, while the system reduces noise and interference greatly after importing LESO-
Kalman control. Meanwhile, the internal state parameters of the system can be monitored in real time. Experi-
mental results verify the effectiveness of proposed control method to suppress the frictional resonance interfer-
ence and coupling effects.

Keywords: Lorentz inertial stability platform (LISP) ; Lorentz force magnetic bearing (LFMB) ; LESO-
PID control; Kalman filter (KF) feedback; stable control
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Backstepping sliding mode control of electro-hydraulic
position servo system based on ESO
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Abstract: The backstepping sliding mode control method based on extended state observer ( ESO) is
proposed, which can solve the compound disturbance problem caused by unmodeled friction force, parameter
uncertainty and external random disturbance. The ESO is designed to estimate the velocity and acceleration of
actuator. The backstepping sliding mode controller is designed based on the displacement feedback signal and
the estimated values of ESO. By constructing Lyapunov function including backstepping design error, sliding
mode function and observer error, the stability of the proposed control method is proved. In order to verify the
effectiveness of the proposed method, AMESim and MATLAB/Simulink co-simulation is carried out to compare
with PID controller, traditional backstepping sliding mode controller and sliding mode controller based on
ESO, and the simulation data is analyzed. The results show that the proposed method can effectively suppress
the compound disturbance of the system, with higher precision and stronger robustness.
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Table 1 Simulation conditions

PR AR

o =a, =az =a, =8

p(0)=[-2 2 01", p,(0)=[2 2 0]"

ke =k, =1.5 ps(0)=[2 -2 0], p,(0)=[-2 -2 0]
k. =ke =4 ps(0)=[-4 4 0]", p,(0)=[4 4 0]"
k. =2 p,(0)=[4 -4 0]", pg(0)=[-4 -4 0]"
ky = kg =20 Pe(0)=[ -6 6 0]", py(0)=[6 6 0]
ki =0-1 pu(0)=[6 -6 01", p,(0)=[-6 -6 0]
{o=01=6=4=04 pu(0)=[-12 12 01", p,(0)=[12 12 0]"
fo=676=670.2 pis(0)=[12 -12 01", ps(0)=[-12 -12 0]"

Ap =4, =A, =4, = -1

v,(0)=[0 0 0]",iel,2,--,16
w,;(0)=[0 0 0]",iel,2,-,16

0,(0)=[0 0 0 1]",iel,2,-,16




1100 dboat B E R K % i 2022 4
0 0
o-05F T -05f
£ £
ol -0t w -lof
-1.5 . . =15 : .
OF OF
T 05t W -05F
g g
z<:; -1.0 1<:>: -1.0F
-1.5 . - -1.5 : :
0 0
T -02f A
£ E -025¢
ol =04 e
06 L ! -0.50 ' :
10 20 30 0 10 20 30
t/s t/s
i=1 i=2 i=3 i=4 i=9 i=10 i=]] —j=12
i=5 i=6 i=7 i=8 i=13 i=14 i=15 i=16
(a) L E (b) ERBEH
PS5 AT 5 R B0 S0 R A iR 22
Fig.5 Estimated errors of leader and follower desired velocities
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Fig. 6 Tracking errors of leader and follower estimated velocities
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Distributed hierarchical formation-containment control of
multiple quadrotor UAV systems

ZHENG Weiming' , XU Yang®’, LUO Delin" "
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2. School of Civil Aviation, Northwestern Polytechnical University, Xi” an 710072, China;

3. Yangize River Delta Research Institute of NPU, Taicang, Suzhou 215400, China)

Abstract; For the under-actuated quadrotor UAV swarm systems with multiple leaders and followers, a

distributed hierarchical formation-containment control method is proposed. First, a hierarchical distributed fi-

nite-time sliding mode estimator is designed to achieve that each UAV can generate estimated position informa-

tion that meets the control needs under the condition that only some leaders can obtain the desired trajectory.

Then, considering the research object is an under-actuated six-degree-of-freedom quadrotor UAV model, a hi-

erarchical control method of the UAV position layer and the attitude layer is proposed, which realizes the

tracking control of the generated estimated position. This method adopts a high-order derivative approximation

algorithm to prevent differential explosions in the process of solving the desired angular velocity. The given

method can realize the effective formation-containment under the condition of satisfying the stable convergence

of attitude. Finally, the accuracy and effectiveness of the proposed method are verified through numerical sim-

ulation.

Keywords: formation-containment control; formation control; quadrotor UAV; under-actuated system;

distributed control
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XS E VR YRR B 3R T B0 T R A s AT TRk
BE R TR Y H 3T BT RO R R
TR AR 22 6 R 50% LR o

1 fRFMELERR

1.1 fFEEER

AR 2 45 0 F O Ak T A Ok T — BEORA{E
DAL I 88 7 A TR) ) g 4 1 =X, o AR
A R ¥ AR BEAIR T 1) R SR . AE
SIMP ¥ [y 3L it |, RAMP 7:°°0 SINH 3= 4 4k
PAR IR Tk e, FH LS 0 . DY
3P # & i T Hashin-Shtrikman 1 5 ) T AL A,
RAMP 475 K i % A4 3 o R &K, T SIMP A ¥ 7]
PLs @ Y AEST R B y & WG i, SINH. 3% B 15 25
4 10 R AR 5 52 B A AR 152 22 TN i SIMP 72 11
PRFR T SINH 35 F1 SE BRAR R

SIMP \RAMP  SINH = it 4 {5 155 2 X} [7 () 5t
PERL R 5 5

Ec(‘xg) = E.. +xZ<E0 - Emin) (1)
x(’
E(x,) =E,, + m(}zo -E..) (2)
inh
Bi(x) = By + D g ()
sinh(y)

SIMP RAMP  SINH = it 4 {8 155 20 X} 17 () 47
ELER I E R NS

1.0
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Fig.1 Elastic module comparison of SIMP and RAMP methods
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SIMP . RAMP  SINH = Fi 4 {8 #55 7Y % 1 19 22
W B S 300
aaTZ - Z yx! ' (E, - E,,)u kou, (5)

1 +vy

adc .
ax, E, -FE . )uku,
ax, 221 [1 + (1 ‘%)]2( 0 ) U kU,

(6)

N

cosh(yx,)
2‘}’ sinh(y) (Eq

SIMP %\ RAMP % | SINH 7% 3 7 47 {H B 5
Hr, RAMP 32 it SINH 32 5 R 49 4 0 &85 44 3 1L, FF
PAAS SCAYCR ) SIMP 36 F1 RAMP 32 2 7 i k47
X H o

Ttk SIMP 3538 & RAMP 3%, IRFLR R
OS5 R
aV/ax, = 1 (8)
1.3 ZEEHER

1T OC 32 1) %5 3 5 37 2 30T 22 B A A 7Y
B, S L AE PR T OC . OC 3: AN
SEE B E TN BRSO v AT oK
A5 XF 7 1) %5 B TR o 3o OC 3k R A3 2 325 X I 1Y
2 JE W 2o

Emm)ujk(]ue (7)
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x,B! HoAtb
(9)
0 x, <0
x, = {1 x, =1
m[ G,/(AH,) ] + (1 —mx,)  HAlb
(10)
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1.4 HISHBARFER
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IR A BT TR R B ME . A
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AR H i T
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$E1L 4, =04, =1x10",

SE2 A2 = (A, + A0 /2, JEHHR
TEEE

SBI Hg<0, AL,
A

SBA k=k+ 1, L2, Y (AL, -
M)/ (A + Ay) < 1 x 107 B 2R L,

2) AT

H¥¥; B, =

NIRRAXEHN T 6, =

k+1 k+1
= AT EWLALL =

H$EE1L S AL, =0,A, =1x10",h" =1,k
hHEK
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HW3 g <0, AL = AR = 2n
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$B4 k=k+1,5EH2, M (A, -
A/ Ak < 1 x 107 BF A4k,
1.5 RESEHEAR

A BV I AR AN AR S5 4 Th AR AE KA K
BEBTT , B R ) T A HRORT , [R I R R
B — e 5 i, B2 R R FNE A0 S5 R 0 AR I R
A B A 08 O vk 0 A FNE b 4 A 0 AR
FAR IS . HR fdF Heaviside £ 52 pf 500 K BE
BATTHEAT I, 8 5 R v K B BT R B, LR
15 5 AT Wrih L0y R AR S5 4 .

1) % 5 3 8 L5 0 R OBRE RN 50T % oy

W _ 0 0 L, 0
o, 2{ ax,  ox; Z 3 H’)in“ oz, )
ieN,
. 1
= H x, 12
Yo ZHML; o )
icn,

AN, ARG EM A(e, i) <r,, BB
H, =max(0,r,, —Ae,i)) NERH T2, HE
B U e B BROCE R . TR R A ER
B R BRI R B B B ¢ R

2) i id Heaviside #5 52 pR B0 28 JK J& 5100
W, AR SR B R AU R

L IR Loy ab o
x; ax, ox, =, z H. " ox)™  ox,
N

egc’\,"}

(13)
Ao oal™ Ml i Heaviside $8 52 pR £ U8 K B 5L
JCJE B IC R B,
SCHR[27 148 1L 48 Heaviside $5% pRECH
2" =1 —exp(-Bx,) +x,exp(-p)

8™ ) (14)
= = Bexp( - Bx,) + exp(-)
HH B A RETR L

SCHR[23 ] ) Heaviside 52 BREC R
exp[B(1 -x,)] -1

xe - -

| eXp(BA) -1 (15)
dx." _ Bexp[B(1 —x,) ]
oz, exp(B) -1

2 BHIEIE

2.1 BHEEXROBIMEIK
] 32 22 9E 120 mm, /& 60 mm, " — %5 [& 5
— Ui ] 32, AT AT T S PG o IR SO
Sk R R E I 2 frs
120

60

&

v Go
r AT mm

B2 —4Efe SC R S5 R B
Fig.2 Schematic structure of two-dimensional
simply supported beam
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B R 3 A 4 Fros , RAMP ik /) 3%
PSRN IE S FIE 6 Fos .

M 1.2 K 3 FI 4 "1, 2R H] SIMP
[EITE

1) B o O AR SO R R BARANR
AR CA FRIT BT ) IR AT 2 35 b (B2 CPU I
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®1 OCEXKMEE SIMPRBEBER (FHXR)
Table 1 Results from OC method of solving SIMP model (simply supported beam )

0C ¥ (Z43ik)

0C i (AT k)

Heaviside

EACKEL 4ty CPU

B — WML 41

HMZE S xE i 1] /s

AL UL 2 Y CPU
SR B FRIE Il /s

WML gt

9 392
s (14) 445 20761 14.4476 63.1870 469 14.444 8  62.510 5
(54.76% )
9813
X (15) 479 22332 14.4385 65.354 4 481 14.438 6 64.020 7
(56.06% )

*k2 BEFEKESIMP ERREBER(BXE)
Table 2 Results from GW method of solving SIMP model (simply supported beam )

FEPE (S FE (ARSI
Heaviside ST st ST it
. BESANIN ZE CPU EACIK 2 K]
B R —— ML Hy wAMLL Sy

HMZE S xE o ] /s

SNZ BB (M) FIE ) /s

*(14) 517 23821 14.3624 70.171 0 @

10 470
14.3624 68.878 6
(56.05% )

11 389
X (15) 559 25780 14.3698 75.5728 559 14.3698 74.9510
(55.82% )

£33 OCEKME RAMP RBIPTG R (F X R)
Table 3 Results from OC method of solving RAMP model (simply supported beam)

0C 3 (Z43k)

0C ¥ (AT i)

Heaviside

B .

gy AR O MLt
S ws TIE B/

A UEL ZE 4y CPU

- ) TN AL S5
SR M) FIE fif il /s

#(14) 489 23001 14.4637 67.4219 M

10 227
14.463 5 65.436 4
(55.54% )

9 469
H(15) 488 22925 14.6185 67.756 6 485 14.6200 64.7109
(58.70% )

x4 SEFEKERAMP HEMBER(FHXR)
Table 4 Results from GW method of solving RAMP model (simply supported beam )

SHEIE (AR SHEE(ACHTER)
Heaviside
-7 ¢ - L4y CPU ERUEL Lty CPU
Bwwy —— ) W AMEIL S5 f N ‘ WML S
SR M RE i i) /s SME B RE I il /s

11 551
X (14) 554 25591 14.5521 74.083 1 553 14.5521 71.908 0
(54.86% )

#(15) 490 22507 14.5091 67.468 5 @

14.509 1 64.695 8
(54.87% )

2) RHI OC ki, 2 (15) R 45 21 22 B B/ Y
WAMEALZE R s ok 0 S E ke, S (14) A1 22
JE /N F M AL A5

3) R (14) BF, =73 1% AR SO0 1 1 3%
R A e 2 E & 5 R X (15) iF, —ap ik flAR

orEm kAt & 2 E S,
3. %4 K5 MK 6 Al %, 24 % RAMP
1) W ke A SO i AR B E] R
R AN d 25 (H R AR B0 D & 50% DL .
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60 14.48
14.46 ¢
i}:}“f -
" 14.44 “ B -
: )
*k
s 14.421lq
14.40 H
. 7= 1438 :
1 2 3 4 5 6 7 8 9 10 400 450 500
HNZEIEAUCE HNZEIEAUEL
(a) Hhsi (b) A
OCHE(C )+ (14)  mmmmmms OCHE(—4rik) +3(15)
= = = COCEEMA I ) +3(14)  svemvsnvanans OCH: (A3 )+ (15)
K13 OC wesKfg SIMP BIAY (a3 5L)
Fig.3  OC method for solving SIMP model (simply supported beam)
80 14.40
14.38
14.36
K i 14.34
14.32
20 - 14.30 : . :
1 2 3 4 5 6 7 8§ 9 10 400 450 500 550 600
HNZEEARUEL HNZEEARUEL
(a) tfidiii (b) A
FHE(CIHE) +K(14)  mm——— SR ) +3(15)
- s BRSO +T(14) snnnann SHEEACHE) +3(15)
K4 G LKA SIMP AR (i S25E)
Fig.4 GW method for solving SIMP model (simply supported beam)
45 14.70
14.65 7
\n
14.60 |
g g
Rk K
14.55}
14.50 \"—_———_
B3 4 5 6 7 s 9 10 450 500
HNZ AL VINFSESARY
(a) i (b) A
OCH(— /1) +(14) R OCHE(—/rik)+3K(15)
= = = OCEEMA T+ (14)  rwesssssnnes OCHE(A i)+ (15)

{5 OC B RAMP KU (i 432
Fig.5 OC method for solving RAMP model (simply supported beam)

2) KA OC ikmf, 3 (14) Fr #3454 (1 32 %
BN R Sk, 2K (15) B A A5 4 1 2R
L8

3) gk A (14) b2 (15), Z kA
ASCTT WA & e 2 G
2.2 WHEBERHEIMEK

B R YE 120 mm, & 60 mm , 75 Y [ 5E , T i

AT b 273 fhk=Z 8 ) Fo Z 28 RIS
¥R B EANE T B

#F=1N,E,  =1x10"" MPa,E, =1 MPa,
f=0.5,r,.. =2.5,y =3, SIMP ¥ (1) i1 % 45 5%
5 MK 6 iR, RAMP 3L B 45 S an sk 7 A
8 iR, SIMP I #2 an &l 8 FIE 9
7, RAMP 35 (1 26 A0 B &1 10 FEl 11 iR .
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14.65

14.60

;ﬁf Q1455
14.50
0= 14.45 - - -
1 2 3 4 5 6 7 8 9 10 400 450 500 550 600
HMNZEARIEL HMNZBEAIAEL
(a) fhmi (b) A
FEE(CIIE) +HK(14)  m———— FHEBE( o) +:(15)
== = FEHE ST +3(14) e FHBEA T +3(15)
K6 SR RAMP B (fR 32 52)
Fig. 6 GW method for solving RAMP model (simply supported beam)
50% LA'F, H CPU I [E] 5E D
2) RS EEN, L (15) FT 15 40 FME 1k 45
2 R AR TR (14) .
40 3) g KA (14) d 20 (15) , Z kM
— KB e T
iR 7.4 8. K 10 A 11 "] J0, 24k H
T RAMP i
B3 : mm
BT 4R S b 2 1) ASCE st e, B3k AU AR 2= 50Ok
Fig.7 Schematic structure of two-dimensional 50% LAF, H CPU I} [a] B /b,
cantilever beam 2) MR E AR RAMP #1 MG fb 55 Y
HI3R 5. 3K 6. K 8 FIE O AT, 4R H] SIMP i, 30 (15) i ML a5 M 2 /N T30 (14) .
ESE 3) kA (14) 0 & (15), Z 70

1) A SCR i, A2k AR R B B AR 2 ok 1Y ATk LY eE S,
F5 OCEKESIMP RERBER(ZER)
Table 5 Results from OC method of solving SIMP mode ( cantilever beam )

0C #: ( —4M ) 0C ¥ (A CH)
Heaviside VG YA - VEC RO LR
L 1E UK ZE fh CPU BE ANV EaA CPU
B R i WM AL S B ‘ WML 454
SR s RE fif il /s SNE RER(EE)  RE fif ] /s
K (14) 474 20470 156.289 4 67.346 9 379 156.724 5 48.5253
(65.52% )
= (15) 395 17 089 156.6325 56.269 1 156.632 5 52.8226
(57.50% )

k6 SEERBSIMP HRFBSER(EER)
Table 6 Results from GW method of solving SIMP model ( cantilever beam )

SHEIE (AR SHEIE(ACHTER)
Heaviside
o BRI 4y CPU AR REL 4y CPU
Bewwmy ——— ) ML 4 f - ‘ WML
SR ME RE I /s SR ME(Bk) RE I 1R /s
9 509
#(14) 519 22002 156.118 3 70.463 3 & 519 156.117 9 65.420 6 &
(56.78% )
9 646
#(15) 528 22369 156.096 8 68.503 2 & 156.096 5 66.566 9 &
(56.88% )
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#7 OCEKE RAMPREFBHER(BER)
Table 7 Results from OC method of solving RAMP model ( cantilever beam )

0C ¥ ( =43 1k) 0C 1 (AL )
Heaviside - - o 1 YK -
N HEAW 2 Fi CPU AR 4 Fy CPU
BEEH i M AL 55 i A g1
R ME RE W[ /s SME BB FRIE I i1l /s

X (14) 528 22913 155.547 8 74.1445

#(15) 445 19299 155.5476 58.749 6

a4

*8 SEEKMRAMP HEREBER(EER)
Table 8 Results from GW method of solving RAMP mode ( cantileve beam )

9 680
155.547 7 67.407 0
(57.75% )
8 447
445 155.547 8 56.336 7
(56.23% )

S (T4 S (AL )
Heaviside - - o 1 YK -
L BEYANY ZE CPU BT A CPU
i -1 | QU i i M AL G4 - ) ML S5 1
R aE RE fif /s SRR M) RIE TR /s

X (14) 579 24 683 155.9499 74.149 1

#H(15) 546 23200 155.926 1 69.964 2

2%

11 262

155.949 9 71.664 8
(54.37%)
10 469

155.926 0 67.687 6
(54.88%)

159 156.0

158

155.8
E2d #
KE Kk
157 155.6 \-.\
152 , , , 1554 : :
300 350 400 450 500 b 2 N _%‘:500
MR é'c’i({k?g o
(= M) 4
————— OCHE(4HE)+3(14) e OCE(— A1) 138015
= = = OCkATR+R(bH) e OCHE(A ) +7(15)
sessssnensnns OCHE (A ST H) +2(15) - R
B8 OC ok fif SIMP BT (B 2) FI 10 OCHoR A RAMP SU8 (RER)
Fig.8 OC method for solving SIMP model ( cantilever beam) Fig. 10  OC method for solving RAMP model ( cantilever beam)
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\g 1555
156.10 | s
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HMZEARIREL AMZEAWEL
e — 4N »
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— m — CEh A T st - = = BTG +3(14)
TFHERCAR SO )+ (14) e e T T
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Fig.9 GW method for solving SIMP model (cantilever beam) Fig. 11  GW method for solving RAMP model ( cantilever heam)



55 6 3] R, S ¢ SR T A T VR B I T A K BT B R 1113
Hh [ k2 SCAR Y A, 2008.
3 gél: -i*/l’: CHEN 8 X. Analysis, synthesis and optimization of engineering

A SCHE T — RO B RA% B H o TR AT 1
IR L T OC 3L M S E 3k 2 FhoJT k. R A
SIMP 51 RAMP 32 2 Fift 58 4 A5 &k 4 {8 07 V5, % [E
TARIOTES ke 2 AR 4R R

1) At f5 , OC 2 Fl& 8 2 i Sk ARk
R RER 50% LLIR, H CPU I ] A7 WY R B

2) BB R SR AT SIMP i fil S Bk
JI A 4 I 000 5 K 4 5 /05 B 4B 2 o, SR
SIMP 35 F, 5 OC 35 AH LL, W 3% P 45 40 b AL
LI R /N, I, 5 OC kA L, S H ik AE
35 AR SIMP 5851 BT 4545 K 1 2 B2, 4 e I EE

AR SO 3 3 AR B BEAT T ST, LR AT
B A SCTT L N T = 4, LA R e LA S 451
BUAEE RSB P A S5 B

S Z Lk (References)

[ 1] MICHELL A G M. The limits of economy of material in frame
structures[ J ]. Philosophical Magazine,1904 ,8(47) :589-597.

[ 2] BENDS@E M P,KIKUCHI N. Generating optimal topologies in
structural design using a homogenization method[ J]. Computer
Methods in Applied Mechanics and Engineering,1988,71(2) .
197-224.

[ 3 ] BENDS@E M P. Optimal shape design as a material distribution
problem[ J]. Structural Optimization,1989,1:193-202.

[ 4] BENDSOE M P,SIGMUND O. Material interpolation schemes
in topology optimization [ J]. Archive of Applied Mechanics,
1999,69 :635-654.

[ 5] RIETZ A. Sufficiency of a finite exponent in the SIMP ( power
law) method [ J ]. Structural and Multidisciplinary Optimiza-
tion,2001,21:159-163.

[ 6] STOLPE M,SVANBERG K. An alternative interpolation scheme
for minimum compliance topology optimization [ J ]. Structural
and Multidisciplinary Optimization,2001,22:116-124.

[ 7] ROZVANY G I N,ZHOU M. The COC algorithm, Part I; Cross-
section optimization or sizing[ J]. Computer Methods in Applied
Mechanics and Engineering,1991,89(1-3) .281-308.

[ 8 ] ZHOU M,ROZVANY G I N. The COC algorithm , Part II;: Topol-
ogical , geometry and generalized shape optimization[ J]. Com-
puter Methods in Applied Mechanics and Engineering, 1991 ,89
(1-3):309-336.

(9] Mo, BAAR ). 0K 2k 45 4 0 A e it moy de A i U0 9 [ 0] 74
AL R TR 2 e 2 41, 1982,9(1) 11-28.

YE S H,CHEN S X. An optimality criterion method for antenna
structure design [ J ]. Journal of Northwest Telecommunication
Engineering Institute,1982,9(1) ;1128 (in Chinese).

[10] BRA 8. K % 2 2 45 M i JL AP AR B+ Jr ik [ M. Je st
AL 2 LR K 2 A, 1992,
CHEN S X. Several modern design methods for precise and
complex structures [ M ]. Beijing: Beihang University Press,
1992 (in Chinese) .

[11] BRRo). TR RGNS S 50t (M]. i

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

structural system|[ M |. Hongkong: China Science Culture Pub-
lishing House,2008 (in Chinese) .

7S O STEL I o)W S R A IR it WY D BUEES A
SERIFHFMEAL [T ], 22 M EL TR 2% 4 ,2015,41(6) :3742.
AN Z W,SUN D M, QIN H X. Topology optimization of contin-
uum structure based on guide-weight method combined with
wavelet analysis[ J]. Journal of Lanzhou University of Technolo-
gy,2015,41(6) :37-42(in Chinese).

UL o B SF L R TS A AE A R R I A SR
AT AT L] AU T #2441 ,2020,56 (13 ) :218-230.
JIAO H Y,LI Y,HU S A, et al. Study of structural periodic-like
layout optimization based on guide-weight method[ J]. Journal of
Mechanical Engineering,2020,56(13) :218-230(in Chinese).
WRARY B8, 5 5 08, 5B A, S AT R T R R AT A R i e AL 1R
I TR J1%,2016,33(2) :179-187.

CHEN S X,WEI Q F,HUANG J C,et al. Lightening structural
design using guide weight method[ J]. Engineering Mechanics,
2016,33(2) :179-187 (in Chinese) .

BB N L e  ORR B T AR A AN LR R (]
HLAK T2 % 41 ,2011,47 (15) :107-114.

LI Z D,LIU X J. Guide-weight method on solving topology opti-
mization problems under single load case[ J]. Journal of Me-
chanical Engineering,2011,47(15) :107-114 (in Chinese)
FERCAN, 1] BINE (A, 46 S T SR EEN B B TS H R
SERFAMEAL[T]. Jb Bt 2 0 K K % 5 R, 2021,47(7)
1338-1344.

REN Y R, XIANG J H, HE J, et al. Topology optimization of
cantilever beam with self-weight based on guide-weight method
[J]. Journal of Beijing University of Aeronautics and Astronau-
tics,2021,47(7) :1338-1344 (in Chinese) .

FRAE , X7 72 BE T RAMP #7f (LR 20 25 5 9 1 R A 3 0
Ae TR [T ], BUAR T #2541 ,2012,48 (1) :135-140.

CHEN X, LIU X J. Solving topology optimization problems
based on ramp method combined with guide-weight method
[J]. Journal of Mechanical Engineering,2012,48 (1) :135-140
(in Chinese) .

ANDREASSEN E,CLAUSEN A,SCHEVENELS M, et al. Effi-
cient topology optimization in MATLAB using 88 lines of code
[J]. Structural and Multidisciplinary Optimization, 201143,
1-16.

ZEWE B 5 30, INIE WA L B Y 5 R 9 SRR 4 00 Ak TR R
B i g H AR [T ] 3 BHLR B ¥t 5 BB 2 2 4R
2015,27(10) :2001-2007.

QIN H X,AN Z W,SUN D M. Improved guide-weight method
on solving topology optimization problems and gray-scale filte-
ring method[ J]. Journal of Computer-Aided Design & Comput-
er Graphics,2015,27(10) :2001-2007 (in Chinese) .

Tl LA 0 K BE BT Y AR AR E N R LT L 1O
BLA BB 5 EDE 27241 ,2010,22(12) :2197-2201.

LONG K,ZHAO H W. A modified optimality criterion method
for gray elements suppression [ J]. Journal of Computer-Aided
Design & Computer Graphics,2010,22 (12):2197-2201 ( in
Chinese) .

kESCBE 5k ™, W00, 55 BA AR A S AL T s
FEAE T (1] MUk it ,2018,35(3) :80-85.



1114 b5 it &= it K K % 2% M 2022 4E

DU Y X,ZHANG Y, LI H Z, et al. Topology optimization of CHEN C F, YANG X X. Based step factor improved guide-
node density interpolation method with polarization properties weight method for solving topology optimization problems[J].
[1]. Journal of Machine Design,2018,35(3) :80-85 (in Chi- Chinese Journal of Computational Mechanics,2018,35(1) ;14-
nese) . 20 (in Chinese) .

[22] BEfRHE. SR a5 K 0 0O Al Be T B FC AR Rk 25 0 Bt o [25] BRETZE, W) A4 55, 5 SE . 4 7 WU 15 52 R 20 3 F DL AL 7E
BIREH [ D] PE %« P4 % L5 RHE RS ,2007. AL AR BT B BT[] 2 TR ik i, 2020, 11
CHANG J K. Research on topology optimization of continuum (3) :370-379.
structure and its application in design of antenna structure[ D ]. XUE H J,TAO C Y,DANG S N. Application of topology opti-
Xi’ an:Xidian University,2007 (in Chinese). mization based on sinh function in the design of heat conduction

(237w, EARZE kb SOt ok 9 3 il JR B2 20 T () 40 $h A6 Oy structure[ J]. Advances in Aeronautical Science and Engineer-
L] 3 5 ML B T 5 B 2 4 i, 2020,32 (12) . ing,2020,11(3) :370-379 (in Chinese).

2003-2012. [26] XA HUbRE AL AL B[ M. LRt WA I R, 1994,
GAO X,WANG L J,DU Y X. An improved topology optimiza- LIU W X. Mechanical optimization design[ M ]. Beijing: Tsing-
tion method for suppressing gray elements[ J]. Journal of Com- hua University Press, 1994 (in Chinese).

puter-Aided Design & Computer Graphics, 2020, 32 (12): [27] GUEST J K,PREVOST J H,BELYTSCHKO T. Achieving mini-
2003-2012 (in Chinese) mum length scale in topology optimization using nodal design

[24] BEEMR, M. T H KNP a S B R EHRIME variables and projection functions[ J]. International Journal for
W), 18 22,2018 ,35( 1) :14-20. Numerical Methods in Engineering,2004,61(2) :238-254.

Gray element filtering technology of topology structure based on
improved guide-weight method
GAO Xiang'?, WANG Linjun"*" | DU Yixian'*, FU Junjian'"

(1. Hubei Key Laboratory of Hydroelectric Machinery Design and Maintenance, China Three Gorges University, Yichang 443002, China;

2. College of Mechanical and Power, China Three Gorges University, Yichang 443002, China)

Abstract: Aiming at the problem of slow convergence speed when calculating Lagrange multiplier by bi-
section method, the proposed Lagrange multiplier calculation method is applied to the optimal criteria (OC)
method and the guide-weight (GW) method to update the density, and the results of the proposed method are
compared with the bisection method. The topology optimization model with the smallest compliance under the
volume constraint is established. The elastic modulus of element density is calculated by the solid isotropic ma-
terial with penalization ( SIMP) or rational approximation of material properties (RAMP) method. The multi-
plier is calculated by the proposed method in this paper, and the element density is updated by the GW meth-
od. The number of gray element is reduced by the Heaviside projection function. The computational results
show that: the proposed method does not significantly reduce the number of finite element analysis, but the
CPU time used by the proposed method to calculate the Lagrange multiplier is less than that of the bisection
method, and the number of density updates is reduced to less than 50% than before. In addition, in the two
numerical examples, when SIMP model is adopted, the structure obtained by the GW method has smaller com-
pliance than the OC method.

Keywords; bisection method; optimal criteria (OC) method; guide-weight ( GW ) method; Heaviside

projection function; topology optimization
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