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Study on Dynamic Simulation Method of Bipropellant Propulsion System
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Abstract: To achieve the design goals of high performance and reliability of propulsion systems for attitude control in the future,
study on the dynamic characteristics has important scientific and engineering value. The dynamic simulation method for the MMH/
NTO dual component propulsion system for attitude control is studied based on AMESim software. Firstly, the dynamic models of
each components are determined and their simulation modules are established based on the system scheme. Secondly, the simulation
model of each component is built by the AMESim software and the simulation model of the whole system is established. Finally, the
processes of tank pressurization and multi thrust chamber pulse and interactive working are simulated. The changes in key parameters
like pressure and flow rate of the thrust chamber are analyzed and the modeling method is verified. Meanwhile, the stability of the
check valve is analyzed. The influences of working parameters and structural parameters on the stability of the valves are discussed.
The results indicate that the dynamic simulation model established in this study can be used to accurately simulate the processes of
multi thrust chamber pulse interaction. The inlet pressure and the throttle area of the check valve have an obvious impact on the
stability of the system. The dynamic simulation method can be used for dynamic characteristics and stability analysis, which can
provide useful references for the system scheme design and dynamic characteristics study.
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Fig.1 Principle of the propulsion system
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Tab.l Parameters of the thrust chamber

HEJI/N % H/MPa R
2000 2 1.65
1 800 2 1.65
400 2 1.65
50 2 1.65
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Tab.2 Physical properties of propellant

ZH He NTO MMH
P /(kg-m™) 0.178 6 1 446 874
i /(kgm s 0.018 64 0.000 42 0.000 85
P A5 /M Pa 2160 1721
Lb#y/(J kg K ™) 5238 1515 2930
HEL/(W-mT-K™) 0.142 6 0.1535 0.2517

22 HAE1ER

BB B R B I PR s A4 ad 12, 1)
P BEAR SRS TS
pV =mRT QD)

ﬁq:‘ v, T, pﬁ%ﬂﬁﬂ?—t@ﬂxﬁ’]ﬁiin /mr&Eﬁ
RATAENTRMERESE m A RRIT R
T I Xof B ) SR 45 3 SR 2 I I HA AR R Dy

by, prdm 9T
dtV+ a =RT ==+ mR- - D)

a7 _ Vdp p dV Tdm
dr mRdr mR dt m dr

_Tdp TdV _RT (3

pd  Vdt pV
Xt g g N8 HHRERE.
A, AR A <A R
dp _wp w dV @

(qmi - qmo)

T AN A
77ﬁ[ _Eﬂ] (5)
s N

dt V ol R dt
X TARKE FUREZ ;s y A TAEN B L

.

2.3 SFMEITEE
FEL AR 1) 5 A D BT R AT 5 2 ) AR O T I T Y

91— SR B B R
qm:CdAPi(g(&) )
\/R7Ti Di
" 2 y+1 L
1”“my%my}g>(zyq
J‘y—l Di P 5 y+1
4&FJ €
Di 1 BN
2 i [ 2y 2y
y+1 ) y+1’ € v+ 1

X coNRERE, LEMN: 481 DR

743 ST 3 AR A 5 SRR s p N TR
A A RS 1T e AR TR

1k . 1 T2 e 1R D) 7 A O PR A RS 1 T R R
BAAF R AR, BREEARES LR
d2

=Fy+Fy+F, + Fy +F, +Fy. (8)

K m RIBENHFFEROR & IS IR
F RSN FONBSSRBENT1: FONERETT: F.
NEEYE D), AUAEDNEEEE )R R T FORBRETT
Fo, HNBJE 11, B3I e SRt ok 7).
24 RAERIRE

AR BRI BRI N RN, SR A S
B AR T HE A AR R A 2 FE AR AN, R
S B () IR IS A, 2 SR I PR L R A 77 )
Wi, LIRS N

dp __B iq
Jat A4, ox 9
111
3-8 "B (100
dqg _ 4, op _ g _f-q’sign(q)
o~ ) ax - gd,sin@ U 2dA, an
K BNERAAFANERR R B TR &

RE A IS & A,,7"J %L 8 THT A 5 qﬁffii{m%;
p NI a NE B o NEHIA OKFTT
[6); FNBEEBERR R g NE IR

WARE BRI, SRR SRR, B8

MEF) TR
dp B B
dr - ApL (‘]2 ‘JI) <12>
dg _ _Av (o ND o4 sing -
P pL(p2 pl) gA,sin0

13
L %fwﬁ@W) (13
L\ 2dA,

A w T .



40 T 5 R 2 BB ROBSED

2.5 RIAERIHREY
B e R EAR T BRI AA, B R IR T T2 R0
G SRR AL, Har. BRI RN

dp, _pa’(, _a
i VI(QI p) (14
dp, _pa’(q _
& Vz(p QZ) (15
L R R RN
q=1CAd/2p(p, - p.) (16)

XA p p NRARIRTEE AT DARRARE S5 v,
VNIRRT o AR TE DR R ol
T AR C, A4 AR TAUE FUE AR S &
FEA ;. AT TAEN TR, <= C,4/Cids
2.6 MOFEIRE

BB AR o 7E AR s R I B R 4 RGO AR
T g S E R SRR TR B SR R A Ry

dr, T,dp, T, dV, R,T?

=_£8 18, "8 g _ ee

dt  p, dt v, dt Ty, an
dpg IR, De dVg
de v, [Tt TR (18

Kb T RN TREE: T, p 4 AR
W IR R J s v R U R R A
BRI HA: g, U DR R TR
BT Y O B Ry
dv, _ dr,

o (9
pl:pg+palm_ploss (20)
Pos = ¢(V) Q2D

K OSBRI p N BB AN LT p,,
NRAIETTs p HRBIERFE 1855 ¢ NAEEIE
IR MBI A8 R 40 R B ek A

DA VAR VR AR S R

g,=CyA,/2p,(p, = Po) 2>

Kb p AR AR H R 7 ¢ N BRI 48 H R
BHAREG AN ORI p N A A R
.
27 HEHERR

EMBENIES S HOMERERATFERN

dp_ B y_&(
dr AL (ql QZ) V(QI ‘h) (23

W A S RO AR B EM R AR 4L 5, R
fii LN R Ap = p - poy FIAR

X=M/LM 24
v

2026 4
Cq = Comax tanh(%) (25)
AR E I Y
12| Ap|
0=cd, | (26)
NP

Kb o NEBURE REG KB vAISEIR
FEs a IR IES & 4, 8 AL AR .

X T HApeE, I BRI T Vi A DL R E 7R AR A e U
R R, W AT — e BRBL: a) IR
s W AR MR PR 2 A HEEE 7R 1) 5 A2 D e i R U
%0 o) AR ZIN, ke h R N8 5 0y
AR, R CATEAESE: o A% BB S
R TR G UL KT Fe s g fE, A%
JEVBLAA 5 R R 2 B AN (8] A4k s ) iR
POERE, AFH BRI,  [R]I Z0s R A )
RISZIR ;o) ZAMKIRIGE 5 BE A% AN EEHE, IRRA%
JEE RN ], R EREIRE.

HEE AR BE = W) B AR R AL U0 R o -

dm; _ _my
dz G i = e 7, Q27
dm, _ _me
g o~ e (28)
dm, Mo | My
=, + + —t 2
PR T i 29

Kb g WBRE: AR, Fhrd, 98
Bl o MR, IR, i NIRBEE RN, e N
A =L

{74 10 2 S AR 58 2 K A A o o ST T A
&y Ay REAN R & T A T FEfE 15 2 .

k. (1+K),. ,

T ( o7 )[mm(t— )= Koo (t - 1.)] (300
Vodp. | TA_ V. RT.dK, |_

R.T, dr JRT, (RCTC)Z oK, dt (&1D)

me, (1= 7.) = Ko (1 = )

Xf RARRAEFE R TOMRRIRE K NIRG
by o, Al 70 ) SEAL IR R B p IR S
T35 VORIRIRERIR A WUE AR s < 9 RRIGE T
Tt s TS WREIRES AR OC I H 2

XFWUE, FFGEE ARSI ER. SIESEE
L RER ST E R L L AUMOIR S T R B L
A

=



MBS HITCE SN ) R G805 B IT iR I 41

52 1
2+1 _r
lﬁLy(2)“] po [ 2 )7
[RT.\ \7+1 p. \y+1
9. = 7 - L(32)
DA, 2y (&)y_(&)y &> ) 71
/RT. |7~ 1|\P pe Tope \rtl

A POAMEIE T

3 ZERRGHSHERE
3.1 HMHARE

7E AMESim 155 4 45 4% 71 % 372 NTO A MMH
FRHEGE A PPE 1, ERE IR IR T R i
Btk
32 SAMEIIEHFERR

o T R AT B R, AR B sh AL
TRALEE A VR, JF i T D Re AT
%, M 2~3 frow. Horbom H VR AR E, 352
ERRRIIIAND .. @R, R RIS HESHRAT
BIEHRSE, DA IRmER.

S

1] e

R

2 RERTEER

Fig.2 Simulation model of the pressure reducing valve

o LT

-

B3 BEE{HERR

Fig.3 Simulation model of the check valve

3.3 ICFEIRE

It AMESet “F & HEAT IR K 4 A2 6] F I 4 A
A, B SRR AN L R A R R R
SE SIS AN G e A B (R B R . AR s N O
FEE SR BN R B TR EE R 4 R A5, I
NFEFF . st fer, 752 e I FEVIIE S 5N 4

H RS, BRI A AL
3.4 BURAHREHERR

P E, Wl ORI E R, &
BAFIRR R G 1, BB = AR W AR
YIRS S N AR, FI, HRET AR
W E i, — Ml SR AE AR B R BRI i
IMABIBEELA A, 55— P72 AR g S r R e & A Y
1 B RBER i, 25 e IR & .
3.5 ZRERGHEER

W B A i R SR T P R B = R
TIRALIR ST AR AT S, WEREHER. H
o AR AR % 3% AN EE R 44 e A B R RN
AR EE TR . TR, SAFRAKE
RIS, HEFEFE M P AR AR, A E R
BEEEHRAFVE AR S HOB A, F T ICARRG R . A it
NI E TAE SRR RGN FRILEC ST H . 2955
FEHEIE TR B 0 R R GRS SR 2B R AR K
R[] CIR 73 A ZH A

4%, RIWRG TR REETRKE., HEMS X
M1, R4 7% 3 AT hnFLAOR 4% 1 5 & R sh LRI
i, RATEREERGN S EREE, WE4FTR.

@

@ i) 7o) '%'e 7 :

gL

1 [
I A
h i [
i i rh B b
N D% XD A D
£ 1S ULIRE T Aty 7 5o N
k66 LX XY oo
i £ ¥ Ts T3 LY
T2 iT4
1 u
| |
\ \Iﬂ] n‘j"ﬂn‘“ Hf]l i
o K @) @ Ko X 4 @
‘( (:n:(ow L X @ X
S
T6 T7

E4 ZEiE2RGHERE
Fig.4 Full simulation model of the propulsion system for attitude
control



42 T 5 R 2 BB ROBSED

2026 4F

4 ZIERGHEENHE
4.1 HEHEOPZETEERRHBE

TELYE RGN I 24 ) = kb 22 B T A
AT E . BB MIF I SONHEE (T XA
AR b = A NI ek i, WK s, Hf, 2
1 Ak e it i v B 7 N5 Scik [16] H2EAAHE,
1A B2 R 1A B AR AR R — B, )
AR I % B B R T RGN ¥ 1 e o TSR 2R 2
T s S AT 0 TS, R ah R I 2R R G R
BEMESENNZ 8. HLZ T, FEEHEIEEE
RGN, M E R, &5 i
SFH, SRR T AR G R S Uy TR A R

05 | T HEITEEASIT (B AL IR TR E AP

—— HE 7 AR 2 i R BRI
20 f\

£ 15t
=
.R
10+

5 b

0 o.bz 0.b4 0.|06 0.68 o.fo

IFfa]/s
Els5 ARRGRHFREARENEMELSRILR
Fig.5 Comparison of simulation results of the thrust chambers

with different combustion delay consideration method

16 3R 2 Pl ) 2 v 2B RE R e I i ) @ AR T X
BE—2B 4T 1 800 N (T6) FI1400 N (T8) /)= T4
AL B TAEG R, TAERFmE e s, Bk, I
BRGIRSVE, ERFEEFERULE R, ®
19 B v 2 v PHL S5 T H B G () B4tk B VLG &R 4t
SR, WE EENFLR A SH, VLECA FHE D) = T
VERT F5 B E . 1% F Stabilizing+Dynamic [/ 11 545
KBATT R, FEITEN0Ss, RTFAZENIOT, R
Gisha i ot E A R 7 PR .

H & 7a X 7o AT LLE B8 RGP ROE %
KAWL TAERS P 5 Re B 2 HE = i bk s 2 B
, RIS/ EAETAENKE). REFSSH. [
B, EZHENELE TSRS, SHEAERS. X
BUFAJE S A 25 g mm [F] — AL 4H b Ho At HE ) % 00 T
TERE, ISR N LR, W 7c s, Ik
Wi RS Re g p it — B TR E BRI, KR
S NSRRI TR

—TeifE 1% TAER T
— T8y % TAER)T
1.0r =Wsislaln T

TAERY

0 0.2 0.4 0.6 0.8 1.0
msf1al/s

6 ZWNERXETIERF

Fig.6 Working sequence of multi thrust chamber interaction

3.01 6
— T8
2.5¢
< 2.0f L LL} L[} -
=l
15
1.0f
0.5¢
0 0.2 0.4 0.6 0.8 1.0
s )/s
a) Eh
301 —
il — T8
<20t
g
g
=2 15¢
i)
2 10F
| h
0 02 0.4 0.6 0.8 1.0
I} ) /s
b) i
gr
— WL T(T6)
r — LR r(T)
6k
£5r
=
=4
(RN
2 =
] L

(=}

016 018 II.O
il /s
c) Pk S
7 SWHEXETIEMREER

Fig.7 Simulation results of multi thrust chamber interactive

0.2 0.4

working process



55 2 401 MBS HITCE SN ) R G805 B IT iR I 43

42 BERBEMS

FOEME T RA S AR YER W 5 — HE IR
W, REERGVITIE N EEER. REHE
JEZ2 3RS JE AR I 1T 2L AR AR R Bk 00 T AT BEAAAE H
TGS .

X L) R R T AR E M AT, 48 RGUAUE 1)
NHEJE AP (3.7 MPa) A1 3 6 i fL o E T 8
¥, WA RnE s i, nTLLEH, HA i
b TR TARRES, RN, FaE TAER PR
FH >} 0.18 MPa.

4 -
< 3
[a )
#l — Ha] AN
— L[] &
0 02 0.4 0.6 0.8 1.0
1) /s
a) KN
0.001 6
0.0012}
3 0.0008 F
i;i
0.0004
0 02 04 06 03 1.0
R EIT
b) %%

E8 HEEEHE AR
Fig.8 Time domain analysis results of check valve
[ T AN RN 1 A T g A AN [R] 1 i e A T
FURE B [e (R A 2 PE M 04T, A 9 K B 10 o

4
£ 3
2
G} 1k ——p=2.1 MPa ——p=2.6 MPa —— p=3.1 MPa
—— p=3.6 MPa ——p=4.1 MPa
0 0.2 0.4 0.6 0.8 1.0
s fial/s
a) 5]
£ 0.06 —pjé II:/I/IPI;a _— p;Zl? l\l\ga ——— p=3.1 MPa
— p=3. Q — D=4, a
= 0.04
F
&,
R 0.02
=S|
| 2l 1 L )
0 200 400 600 800 1000
WA Hz

b) RSy A L AR A
B9 EHxEEETRELEEm
Fig.9 Effect of different pressure on the stability of check valve

& 0.000 4 {—— p=2.1 MPa — p=2.6 MPa —— p=3.1 MPa
—— p=3.6 MPa —— p=4.1 MPa
0 02 03 0.4 0.5
B a)/s
c) it
“E9

H 2.5 | — =2 mm? ——d=4 mm?> —— d=6 mm*
— =8 mm? ——d=10 mm*- d=12 mm?
20 1 Il 1 I
0 0.05 0.10 0.15 0.20
A (al/s
a) &5
LB 2 mmt——d=A i —— =6 mn®
% 0.12 —— =8 mm?>—— d=10 mm>—— g=12 mm?
e
=
R
0 200 400 600 800 1 000
SR /Hz
b)) RSP A A A AT
230 [ mm—d mm — d=6 mm?

— =8 mm*— d=10 mm?>— ¢=12 mm?

O.OIOO 4 O.OIOO 6 O.OIOO 8 0.061 0
fi#/m
c) HERERAZ AL
E10 TORERR R R E R
Fig.10 Effect of different orifice area on the stability of check

1. L
0 0.000 2

valve

HI P O wT R, B B ) RN 11 S ) a8 i et/ R
1) [ 32E ANANARE AR, H 1 o ks 4R i A st
PR IRMEZ WG, ARG R N RFF AL I 9c
FER, B R AR ER, RS R R AL E R
Wi, AT AT OIRGS, Dokt s i8¢
ENFEMEN o I AR E TR Z) (0.5 sIF) RFAE



44 T 5 R 2 BB ROBSED

2026 4F

B 5, A7 75 IE ST 0 KR AR AE . R AE R N
118.28 Hz SIHE A4 S (118.92 Hz) fR+F—EL.

1P 10 AT 0, BE A B 1) 1T I TR A O D
F ) RN ARRE TARRES, 0 2R BRI
WIS, ARG A WIEAR R . LA BIRG
B, WS TR AR RN, RS AT T BT T
PIAFEEIRAS, Ak B G 1 24T TF A Fa e otk
A, AN H 1R 538 30 ) s ek ok . R B, T
DARR A AH DG 7 V2 AT 503 1055 77 B I P 45 BT 35 1 2 B
DA K B ) [ R T A 4 A .

5 % ip

ASCET AMESim 457 7 MMH/NTO X4 7t
RYEEN NIRRT BT, EEELWT -

a) BT AR B ) AR i8S AMESim
PR EE T H A AR, B 7R KL A
RGBT, AR JUERUC A . )
R ZHTAELEBKEE 120, fEsH
T L8 )1 RA MBS FE R A .

b) BESTHE S A AL, K BRI I 1 O 4E
RG-S HERNGEA M, )= R %) Bk
THRIGERT i (B o 17 7E MR e 5 A5 28 o 1 B R A B ¥
B, HE ) 8 e B 2R R e i S i A ) = e 2 —
#;, WHEERSEE NSNS, "3k IR K,

o) FRAEAAIE RG TAESH N b TR T1E
R BRI O J7Z kN, 11N e T
PEIRFS, T g ik 3 i i AR i 508 A7 % 41 i 128 5 33
K TR AR AR AN AR o 5 [ o) 75 308 T R 8 ik
AN, BN EE NN RS TARIRTS, W DR Ak sh ik
MR IE R, RO L Ak o R o6 P B 4T IF I A Fe e IR
A, TGS 1 9 Bl ) 5 M ek oK

AR TAE D, 5@ {5 B AR Rk 47 3k
—WBIOAE KA, FEIT R K T S S AR AR e
PEOTHTRETL, IR ZEIEE) ) RGN K
PRGN LA R R G BTSSRI 55 5%

2 £ X M
(17 ZeZRBH . B R B HLRE I TR 5 75 dr B 77 VE8T 9 [D].
W& RS WA 7R3 Tl K%, 2020.
AN Dongyang. Research on thermal performance test technologies
and life prediction method of attitude control engine coating[D].
Harbin: Harbin Institute of Technology, 2020.
[2] ZEEE, WS, e aE, 55 SRV BN R EHL TS SR D]

[3]

(4]

[3]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

LS B 71541, 2011, 26(10): 2352-2357.
LI Junhai, ZENG Peng, YU Nanjia, et al. Design and experimental
research of a gas oxygen/propane small thrust engine[J]. Journal of
Aerospace Power, 2011, 26(10): 2352-2357.

BRETT, ERUL, BIRAL, &5 . /M T Te R R BN RER FE[T].
HEFEHI A, 2012, 33(6): 987-990.

MAO Xiaofang, WANG Fengshan, YANG Xiaohong, et al.
Investigation on performance of small-thrust bi-propellant thruster
for attitude control[J]. Journal of Propulsion Technology, 2012,
33(6): 987-990.

WAL E, EWELL, R IEH, 55 . KAEDY 5 R K EF L35 R
PIRE SR ETT M. AR (HH3E3), 2023, 40(S1): 220-225.
YANG Yimei, WANG Xiaohong, ZHU Haonan, et al. Development
process and direction of CZ-4 series rocket attitude control engine[J].
Aerospace Shanghai (Chinese & English), 2023, 40(S1): 220-225.
PR, P, R, &5 VSRR o B8 s 0 R 4 2R T R
BG10). K ETHERE, 2023, 49(3): 56-68.

CHENG Cheng, ZHOU Haiqging, TIAN Gui, et al.

integration and hot-fire test of liquid oxygen/liquid methane rocket

System

engine for orbit maneuver and attitude control[J]. Journal of Rocket
Propulsion, 2023, 49(3): 56-68.

MASON J R, SOUTHWICK R D. Large liquid rocket engine
transient performance simulation system, final report[R]. NASS-
36994, 1991.

ISSELHORST A. HM7B simulation with ESPSS tool on ARIANE 5
ESC-A upper stage[C]. Nashville: AIAA/ASME/SAE/ASEE Joint
Propu-Ision Conference & Exhibit, 2010.

MATTEO F D, ROSA M D, ONOFRI M. Start-up transient
simulation of a liquid rocket engine[C]. San Diego: AIAA/ASME/
SAE/ASEE Joint Propulsion Conference & Exhibit, 2011.

AR, FBOH, TLoR I, & . UL OIS ek R 408 Bhid R
FEor T3], KR HERE, 2006, 32(2): 16-22.

DAI Jia, HUANG Minchao, SHEN Chibing, et al. Startup process
timing analysis of liquid bipropellant pressure-fed propulsion sys-
tem[J]. Journal of Rocket Propulsion, 2006, 32(2): 16-22.

LIU W, CHEN L, XIE G, et al. Modeling and simulation of liquid
propellant rocket engine transient performance using modelica[C].
Paris: Proceedings of the 11th International Modelica Conference,
2015.

KB 53 GIRBARI A EUR LR G50 A ZHUR 8 S5 1)
FWFFE[D]. Kb EBRHA B K, 1999.

LIU Kun. Distributed parameter model and general simulation study
of staged combustion cycle liquid oxygen/liquid hydrogen engine
system[D]. Changsha: National University of Defense Technology,
1999.

TRENE, 2, Bk . WA K R S HUR S8 B A ). i3
J1%AR, 2011, 26(3): 687-691.

ZHANG Lihui, LI Wei, DUAN Na. General simulation on
modularization of liquid rocket engine[J]. Journal of Aerospace

Power, 2011, 26(3): 687-691.
(F#%637)



550 1]

SRAERE A L R LI A AR R T I S 22 H R 63

on the chamber pressure of the thruster[J]. Missiles and Space
Vehicles, 2023(4): 31-37.

[15] FEME, sk, SRR, 55 . 5 T R ik ME AR 23 7 S AL AL ).
WE 555, 2024, 48(9): 155-162.
WANG Shusheng, ZHOU Rulin, PENG Zeqin, et al. Performance
analysis and optimization of switching electromagnet for mining[J].
Chinese Hydraulics & Pneumatics, 2024, 48(9): 155-162.

[16] FKAH, I, FALG, 55 . 565 aQ LG r fd 1 v 1l 0 7K~ 45 1 20 A
FARA[I]. W 553, 2024, 48(7): 101-110.
ZHANG Wei, ZHANG Biao, WANG Xuguang, et al. Analysis and
optimization of electromagnetic force horizontal characteristic of
pilot-operated proportional solenoid valve[J]. Chinese Hydraulics &
Pneumatics, 2024, 48(7): 101-110.

[17] 25, FigM . BRI B o B RSO0, S
FLRB LA, 2007(1): 40-45.
LOU Luliang, WANG Haizhou. Methods of electrom-agnetic force
calculation for engineering application[J]. Missiles and Space
Vehicles, 2007(1): 40-45.

[18] SEEREE, BIRERE, Bt E 2L, &5 0 H v L IR sh S R e e B (0], WU
5530, 2020(8): 42-48.
CHAI Weifeng, LIAO Yaoyao, LIAN Zisheng, et al. Analysis of
dynamic and static characteristics of mine-used ele-ctromagnetic
valve[J]. Chinese Hydraulics & Pneumatics, 2020(8): 42-48.

[19] %5t LLA) HL i Bk i 25 AR5 Pk (R W 2 (0], A4 A% B0 S5 431, 2017(2):
25-32+35.

GONG Bin. Research on proportional solenoid's static characteristics[J].
Fluid Power Transmission & Control, 2017(2): 25-32+35.

[20] HOWR, B ERE, B DR, A R A A Rk AT R R AL 5y
Hr B IRAEQ]. R 530, 2024, 48(7): 12-21.
CAO Wenbin, FANG Ruiqing, YANG Guolai, et al. Optimisation
analysis and validation of force-stroke characteristics of explosion-
proof electromagnets[J]. Chinese Hydraulics & Pneumatics, 2024,
48(7): 12-21.

[21] E2EAR . BT IRE) 23 BOM K LR 25 FUL LA 75 AL (D],
FLMLA 42 B, 2022, 49(6): 60-65.
BAI Xuesen. Electromagnetic noise optimization of frac-tional-slot
permanent magnet synchronous motor for electric vehicle[J]. Electric
Machines and Control Application, 2022, 49(6): 60-65.

[22] ar, A3, sk &L . CVVL HBLII S5 AL T 72 (). il 3 3
1k, 2022, 44(5): 8-11.
ZENG Hong, QI Rui, ZHANG Zhihua. The research on struc-ture
optimization of CVVL motor[J]. Manufacturing A-utomation, 2022,
44(5): 8-11.

B & &
FREE (1984—), Ao, Wb, BRID, BRSO O R B A i
it
KO (2002—), 5, WULBRFCA, 3 EBEILIT O sk A

it

(L#Z447)

[13] KU, BET5 4 ORISR K5 R BIHLK di ) EURHT]. K Hi i
i, 2012, 38(3): 12-16.
ZHANG Zhengyue, KANG Naiquan. Simulation of water hammer in
liquid rocket engine of orbit and attitude control system[J]. Journal
of Rocket Propulsion, 2012, 38(3): 12-16.

[14] Bk . LB 5 )1 22 Gomi SRR 1 0 J 0 75 [D). Kvb: BBy RHE
K2, 2018.
YANG Lintao. Numerical analysis on response characteristic of
space propulsion system for attitude and orbit control[D]. Changsha:
National University of Defense Technology, 2018.

[15] ¥rbUE . WS R e S 3h 1 RGBSR 0T T AL D). Kb
PRk AR R, 2016.
XU Shaocong. Numerical analysis on dynamic characteristics of LO /
LCH, space propulsion system for attitude and orbit cont-rol[D].
Changsha: National University of Defense Technology, 2016.

[16] k¥, Pk 7R S . B+ AMESim 1 %4% R B ML 398 5 1 sk 1k

WEFE[I]. K FFHERE, 2019, 45(3): 26-32.
YANG Lintao, SHEN Chibing. Research on pressure oscillation
transmission characteristics of attitude control engine based on

AMESim[J]. Journal of Rocket Propulsion, 2019, 45(3): 26-32.

f£E & & N
AL (1998—), 93, BhELLHRIW, ETF 5005 M A4k K &R 3)
MR GBS R
TAEE (1984—), B3, W LARIW, EZWRS 5 I AR K R 3)
HlakHA .
B (1977—) B, TR, EEERFST AU K SR S
HAR,
ik 77 (1990—), B, g LRI, FEERFIITINIES T RS
mR (1995—), B, TR, BRI HNRASI R 5.



