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PR AT TR 2 PR RA 5 0702, AN PR P12 A 8 2 R O R e A 46 4, T o DA H ARBILEAR
BRI AR FAT, B BT R RIUEF A, TR 1A R BN PURS B AN 22 & S vE, 258
—RAFEHFINE FEOFERH T KEHFEARHS (iterative guidance mode, IGM) B~12 0 [ ] T
MUK CHLEIB) 71 21T (powered explicit guidance, PEG) 13~191 - DL K J& A5 73 vk () e AL il 3 77 1%
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THBE TN HRHUE S UTPUB MBS U5, I B85 THED T RER) L E i, el 7R
Kt — BARACHIBE T 18], 58 5 XA ST T R A

1589



RAE T4 RACIBECKH_ETHBR B 4] 07 S LT Uik e

Item Trajectory optimization AGM
Constraints Multiple As few as possible
Goal Any interested parties Target related only

Seeking a balance

. . . Combination of numerical and
Algorithm Numerical computation between them

analytical methods

Calculation time Minutes to hours — Milliseconds to seconds

Solution determinacy Solution not guaranteed Global Local Solution guaranteed
. Complicated Tailored )
Suitable to large-scale Small amount of variables to
Parameters change .
parameter changes Time- Real-time be handled

| consuming
Nominal trajectory — not . .
J Y Feasible flight path

Outcome always the one actually tisfvi i trol
satisfying real-time contro

controlled

1 (MEMRFE) BESIS. FRFISFHTRL T ENEXA

Figure 1 (Color online) Differences among the AGM, the traditional guidance, and the trajectory optimization methods
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Figure 2 Eliminating the pre-accumulated errors by dynamic planning

MR 1 AT, AN[RE Bl A T e ) ) S 42 11 T A AR RS [ 92 E 3 2 B Bkl 1 32 BE4E T30
LR R, 5 MR BT AR, XS 7 BRI OL. WL E Sh 2 3 A Bkt ok B
TR e VE R R, SRR R RGO E. ARX T8 8K R, X PRI SR a4 o
P BE 7T, TUAZ HOK T AP 0] T BOWARGS 8 —, W] DL BEOR SILHE 307 ), (EHE DT RN — A RE T
T, WICVE T B AL 51 R AREAE AN bR R K R IE AR AL th T Sk $ 5 iR HUE 1 SR PR T SR
PIWAE. EATE R RAZ M TR BN LA, 3 BT [ T 42 1 Bl 22 10 e (0 PR E R, 32 2R A
RHPLLIE AR ME 58, HIRA ST 6 E IR s WL LRSS ERE. HRES
BT KT IR, BRI KA KRR A AT I AR JE; T AN SR AV A2 B s O 3 A 20 R
AL

2.3 KIEZH A B EFISFHENEAR KR

N RGN EHRAE E NN R AT 2k, BH RS R TEIER, ATk RBUES, 0%
#a IS HOKH B F PR TR EdE— DI, EXMIEILE, A T B EFERT HAREUE (AR
RARHE BUFHEE)  FFRURI R FHZPIE RATPUR TR, Tk, ETBEg 80k B 6 S HREAR
R 3 o, 70 NS I N 2

(1) EFXHHf 2 B ARFUE 77, BERH T, B8N R AS 25 BAT 55 TF K (1 B8 3 4 1 BE
IEARH T, R KAE K ETEAH] T FEAR R Tk, IF LU R K FE T 2 Pl s A 7%, S T 1R 4F
IR

(2) HFR3UIE S RATHUE IS AL T 5. AR SEIN SRARX — A 0k ) R+ 23 DROAE, DRI 8 I
KRB FRIEAZ W, H RIS AR TEAN AT SHEE 4 1. B RKAEKET R T 3800
R R ) B A PR RIRE T, JEIE T B CR, WSk [35) S AT XTI AIE (low
Earth orbit, LEO) F:5% H F ik #4510 HE I J7 2.
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Table 1 Comparison of guidance methods for different moving vehicles

Item Automobile Aircraft Launch vehicle
Problem Generally performing rules- or Generally performing knowledge-based Strongly nonlinear-featured by gra-
description process-based route planning and reasoning, hard to be automated, and vity with orbital elements constra-
basically moving on a plane. basically flying at a fixed altitude except ints, which differs from the vehicle
for takeoff and landing processes. with a fixed velocity/position.
Uncertainty The environment and operations Flying in the prescribed routes. The un- No fixed route. There are great

are relatively certain on road net-
works with determined risk levels
when driving in almost all condi-
tions (except for rare weather
disasters). The hazard is easily

observed and reasonably foreseen.

certainties are mainly from local climate
phenomena such as variable weather

and a sudden surge, and out-of-service of
the airport due to delay, which could

be obtained through the interaction

with other aircraft or airport towers.

environmental uncertainties
which could not be effectively

confirmed.

Adaptability Strong. Rare stopping due to

weather or considering the impact
of wind on safety, driving quality,
and the navigation. Parking on

the roadside in extreme cases.

Sensitive to climate conditions, such as
airflow, gale, and thunderstorm. Greatly
influenced by the wind on the performa-

nce such as the speed, fuel consumption,

and climb gradient relative to the ground.

Sensitive to climate conditions

when flying in the atmosphere,

and sensitive to space radiation
when flying outside the

atmosphere.

Emergency

treatment

Usually no such requirement.

Stopping and waiting for conditions

requirements to improve in special cases. Taking

no more than one minute to switch
from a cruising state to a safe state

such as resting on the roadside.

Having definite requirements for available

fuel, an alternative airport and its altitu-

de, the runway length and slope constrai-

nts, an extended flight in the harsh ter-
rain (such as mountains or wildernesses),

and possible survival equipment.

Having great requirements
when the target is unreachable.
Autonomously finding an
optimal rescue orbit onboard

is very difficult.

Strict Insensitive to fuel consumption. Fuel consumption is well considered. Fuel is controlled for minimum
constraints Refueling along the way. The center of gravity is elaborately consumption. The center of
No need to adjust the center of controlled to ensure stability and gravity is adjusted before flight.
gravity. improve the control characteristics.
Control Very high, such as forwarding, High, such as forwarding, ascent, Low, such as adjustable thrust
ability reversing, steering, acceleration, descent, steering, acceleration, directions but generally fixed
deceleration, pause, and restart. deceleration, which is conducive to thrust force. Unable to descend
The number of control variables is flight path planning. The numbers or stop in flight. The number of
larger than that of state variables, of control variables and state variables control variables is much smaller
which benefits for route planning. are almost the same. than that of state variables.
Dynamic Complex, such as other vehicles, Responsive planning according to Few newly-emerged external
constraints pedestrians, traffic conditions, dynamic constraints such as air traffic constraints. Iterative online
road marking, and driving rules. and local weather. The abrupt planning due to the control
Performing instant planning for short- uncertain constraints are relatively less  deviations caused by great
term objectives and constraints. than those faced by the automobiles. uncertainties.
Data Detailed database of the road Detailed database of the airline No such database, or no high-
support environment, reducing the environment, relieving the performance computing platform

complexity of driving.

complexity of flight operations.

even if a database is available.

3 EiE BiRERERSISIEBIR S HE

AHTI AL K FTIEAC] T AT B, KA K AT O T A /5 248 A2,
IRACH 3 32 BN AR R SRS RATH B, e H PR BUE 2 SRR A A€ K5 JF HLRIE A A4 75 /0N R B
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AGM with autonomy gradually improved

Guidance method for
prescribed injection point

Guidance method for
prescribed target orbit

PGM (1980~) IGM (2011~) Autonomous mission reconstruction
(2019~)

O IGM covering continuous thrust o Dynamic trajectory planning method
phases (basic method) based on state triggered indices (STI)
© 20112012 CZ-2F/Y8,Y9 O End to end trajectory optimization

O IGM with prediction and correction method (EtE)

* 2016/2017 CZ-7/Y1,Y2 o0 Multiple graded optimization (MGO)

O IGM with terminal attitude ...
constraints

+ 2020 CZ-2F/T3
O IGM covering coasting phase
* 2020 CZ-8/Y1

3 (MEEMFE) KIEASBEHSHENRARESR
Figure 3 (Color online) Technical system of AGM for Long March rockets

s, WESE#RE A A, A S 805 B 32 32 1M S DR BB
3.1 KIEXEHEXH SFHIEARIEL

AR AE 2 0B AT 55 NG FE B DME K $2 71, Herp s i/ w2zt 0.15° 127121
0.05°, THZ RiARZ M ZEH 0.5° J2T1 3 0.1°. WRAIT I Rah T, £75 B AR TP AHE 115
T, TR RESA T RGE W TR /K, BHE BT HIREMIER FIREN, QiRERSE B A
IEH T HE @K, fedt 7 ARAE KT IE A G 7512 B DRI M k.

BERSARAE KT AR GHE AT TR, HOS AU S BB R 2L 450

(1) fEERE SIS, BAELL 5 MHUBRECVAImAR. JUBHI i THEREE (FE) Q.
L RE A ws FKH oy DR e 1X 5 DSURE T K HUE, BIX SRR PUEIREL, W
B 4 s, b BUENUH . THERASE (FRE) Y€ T HUEPTE R, I siig L B R
R 3ANSHYGE THIERITBAR. 5 DMUEREC S NP ZIEE L A B AELANE R R 22530 [36].

(2) WA AT KEPIRES, R BONILI AR, KT SRR BARRL . A8 . KEhpLit
M RS, RYE LIRS BOE ORI AR AT AR, TR SRS 5, NP aEAE
.

(3) FedBIBIE AR R @A BRI PU A fm R AR. PUE AR R € SCIE 4 For, g it ar
R T EURFAE A R

o UURRHNH FER /NN H AR R AL

o DUHHT AR AN SUS HE AL B AR N im AR, SRR B IR B0 A RS R AR Z R e 5
e BEEAIUAE, AT ORIy R RS B AR, [RINPREACAL il AU e BB IE AA AR 2R, {315 28 o
ZPRITE A DAL, L of TTEEAN on AL EAAE.

o SRJHITT A ARAL K HF I ) 5L

Py Vea - 10 Vea

le(t):m(t):mo—m~t27—t’ @

o, Ve, RREINLELEH. 2858 RS, W (1) BORBIHLLLS Vo, DURREHAELL 7 = mo/rn A
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Launch point
Vernal

equinox

Ascending node

Orbital plane

4 (MEEFRE) ELRRSNERETEE

Figure 4 (Color online) Schematic diagram of the orbital coordinate system and orbital elements

RITSEL, TAEHE LA B Py CRIAHESD) mo (FIERBTER) S m (RWRE), Horb + WL
i War (0) SKAF, ATRIFFE] W (t) IR FRIE

o SR IS TR) A2 B ) At M R0 ORI HE 777 170, RIVSE IS 2] (R0 ORE A AN (i AURE P A7 K B0 R W,
FA VAT B S e 77T AT B I 8] A ek pR A, 4 s

beo(t) =+ (k1 + ks - 1), @)
Vea(t) =¥ + (ks + ka - 1)
o I FH £ FE RO B 29 R SRS (2) BRI, T AR BRI it i S8, 1B 24 mr sl
84

(4) FERNEHIFE SRR (2) M (3), R RN RET L. 5] T AT 2 2 2R A
B2 HARPLIE. fEARE— 0T A, SR SO oM BT X OB NP IR 58 BRI (HATR
AN, NBURDGEAT TR AR ZORAE B s HUE EFHRABLAL

3.2 KIEAXBHIARFIFHE

DA BRI AR, AR S ONE N T CZ-2F /Y8 4155, JFR IR ALy ik, £ 2016 4
6 A CZ-7 B YRS e RHE D BN TR, FER AR 1L R G &M, RATENZIE IGM,
BRI T RS R B R BB, 2020 4F 9 H CZ-2F RGHMES T, IR T i & 0m 2 L4 (1%
PRI, EE ML ARG, RISl T B AR s 8 25 (ks BE 22 1121 4 2020 4R
12 A CZ-8 BAHMESS P T B8 AT BURIE AR 3 U0E, $271 1 o YT b (3@ B
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Prediction of the i

follow-on velocity and | :

position increments

Construction of
the planning
problem to

Geocentric angle prediction

Prediction of the injection
point and the required velocity
and position increments

(First level iteration)
Finding the optimal
njection point

the guidance !
command

Z

Correction of
the remaining flight time

Convergence
judgement

Basic IGM

Controlling the motion
of the centroid

Bl 5 (MERFE) EXEISETERRE

Figure 5 (Color online) Calculation flow of IGMs

A v,

! A cutoff of the
main engine
5 engines
working
4 engines

working

=0 . ,
!

6 (MKHRFE) BHENR VTR REE

Correction of the terminal
position constraint
(IGM with prediction
and correction)

calculate ';

Correction of the thrust
direction description
(IGM with terminal
attitude constraints)

Segmented optimization
with phase terminal
constraints (IGM
covering coasting phase)

ey CyCle N
== = =P Cycle N+1

Figure 6 (Color online) Brief diagram of flight overload covering different thrust phases

3.2.1 BESHENERIERSISHE

IEARHI P IHERT SRR I 5 Fo. BN SRAER S REA, 2 1 RS UREAER A,

HFIFEEAIE. 2 RIEACRAEEES ST A A, A ER £ AR, 7
SHABLT B R 4 MR

NTRIAETTSE, 51 R AR B BT B AT A SR B IME, 12 (6 A A B TAE AT I BB A Y

oL TG ; IF HBEEZHNEL AP A, IR B RS R AR . 2 T IBECK, W70 B
AL P R B 51 A AL

£ CZ-2F /Y8 AR5, A S MBI E LGN, CZ-2F = NI TIER, Bl 1 63

KAPUR 4 GlEh R HUBE TAE; LR PUNLTARR, s R ZhHLoCHL. M #ih 2t 6 P,
T AAAENES L EA R ER TR, 30 (1) EIATI R AR, K ATHE to ~ te BT
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0.5
0
< -05
S
-10f
_15 I I I 1 1
400 450 500 550 600
1(s) 1(s)
8000 200 -
(©) (d
198
7000 |
g £ 196f
N £
6000 | =
194
5000 n I 1 1 1 192 1 1 1 1 1
400 450 500 550 600 400 450 500 550 600

1(s) 1(s)

7 ARESIHEN TERENME
Figure 7 Adaptability of the IGM to the thrust descent. (a) Pitch angle; (b) yaw angle; (c) velocity; (d) height

) BN IS, 8 QAT IR 8] 9 0 2 B

by = tg1 + tro. (3)
XoF L PRI I i R
Vexl
. — ta ta <t < tb7
W) ={ 0~ ()
=ty <t <t
T2 —1

2 ERBIWA NS, (1) F 7 RAE = F I BOERLGER 2B E B, 4 AT R XM B U
SN ECE AT S e AN FEIHE BN G RECRS BT R ISR AL, (RIS maAR o v B B AR B

ZITERAS T AEE SNBUG BE, £ CZ-2F JG 855 — B . NSRS FEI$E & mT DU Rk
KA B IEPUE R ZE 10 7= AR O HERE R FE, BRI TR AE /T 110 kg (BN KM A 120 kg (R TT K
fi), ARTE TR EHE S R B RS R A . B 7 SR T IER AT (IGM,er) AT 400 s B EK
FIHLFP IR TR 40% JE ik AH] S A B8R 1IGMgoy ). HRIEE 7(a) A1 (b), HES T BJESEAH S5
RIS IR S, FREE A AL TAE BRI DUML TAE B vl F4EE 7, tH 5 PR IR 7 A 5 2 LB B
KHF I FCNIZE B, T S50 T8 R v i B 1) (R R AR (B 7(c) A (d)), e RE S ks FE B,
TRIET ®AT %4
3.2.2 FUMMEIEEKSIS A

CZ-7 7R B8 AT — A Aa Bk G, FORGCRA 4 6 HEHES HOKATIL 180 kN (11K 3)
BL, BRI QL T CZ-2F 2% 4 Qs KEHUHEI A (7.6 t). HE/IE K& S 8E
AR PR 22 25 BRI PR 7 AR R IR R P i 22, R I DR HE 7 R S L) TP 5 280 i 22 th 2 K
VNN S

1596



FERE EERY: F51E 10

Thrust

k3

~T,,+20

A M easures are taken to ensure
4 engines working the stability during the drastic
) thrust change, and realize the
- - | — iteration covering the
= .
kS '§ | continuous thrust phases.
5 E | Cutoff < A
2 |
s g thrust O
=] | . p
g .g : o O 2 engines working
3 | | :
a | | 2z |
| ! 2 5 |Acutoffof | Cutoff
Acutofﬂlof fixed | S Z| swing thrust
engines ! £ S| enginds -
s =
Ta UBE 53 T, t
!
2

E 8 (MLEhFE) CZ-7 ZREAN KN FREE

Figure 8 (Color online) Cutoff sequences of CZ-7 last stage

NI RNPUREE, WTHEINREAE IE R 48, RIFE 4 G RSIWLRHUR, FRI/ANME D R Bh 31 71 R G0t
PR ZEHATAE IR, (HIX AP A B R R 2R« BRI AN 3 RE /T T RE. N, CZ-7 kst
RFAPIE SHLIRIIN P, B RPN 6 [ A S, F5 5% TP & RR4E R ZhHL, I8 IR BUR AT RSB PR
NPT 3 RIS, Pl RGURIL T S IR RS4R3 7578, AT PR 8 B

1 6 [ 58 R BIHLASRESR AT RS ORHL, 75 W& B2 5 mia 80Re 7). (HA PR ORHUARRG L 4, i 2k
RAZV R BLGE BAHEVE I, 223G SOEARE T AR AR, FEm S S IR L, [RIRE AR
FEAR. Dk, 781 58 5 BRI R[] B S, 7 [ 5 A s WL AL AT RIS b ir B, IS AT REHBRER —
CRHLE G RO, A IEARE M Pt N 22 B, XA AE ™ 4 1 RGUMERI A B iR 72 (Hin T
FEFF A RS ARAL T 2%, REMERA T AL Z0 K JF Fr Ak (O Ar B, LR S R B B M 22, AT AT LRSIk
2B IE B 2 m b B AR . @i it AT, [RIRESEIL 1RSI N

3.2.3 HABESARMEKHISI*

SR B 75 B SR AT, M TR T 2 200, SRR T sROF SR8 O, A IR
A TS R Gk 5 A, FE R ANWLIGHUR, SIS CATEL. (B CZ-2F RECH % R4, 76
T3 AE 5 LR SEXTD . AR RSN I3 3 A LA, el 2 5 AMBURHEECR 2 4
s AR 2R, RIS 7R

e RGE T ERRER AR A4 %, TR MR F & SEOVBU M A MBI FRRA. I,
CZ-2F /T3 A5 R T —FBTIHE A 7 B2k A3, R (2) 1520 100 — W 6 5, 400 F i

{@I(t):é+(—k1+k2~t+k3~t2), 5)

wcx(t):¢+(—k4+k5't+k6~t2).

377 R T A B S AR B T DA P 4 s ) RS ER M R T 79 1 225 25 4 L0 ROR SR A

T EE R, Zim BN REE R E. A KE NP ) 75 17 5 T EE DT 1A SR i AR, AN A2
k1 ~ ke J/NEIIER, IXREIEACA FO0 = A1 o8 BodbAT fa AL AL BT RE s HE 315 2 g A A R 25k
. X T7 H SR A W] 225 3R [12).
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9 ARILATEFAHREREIFKHEIFE
Figure 9 The thrust direction command deviation and its influence on the semi major axis under different conditions.
(a) Pitch program angle; (b) pitch program angle with local zoom; (c) yaw program angle; (d) yaw program angle with
local zoom; (e) semi major axis deviation without corrections; (f) semi major axis deviation with corrections

3.2.4 BETERIERHSHE

B RERATEAT BUOUAL, B2 A3 AR 2RI 10 R 2% B KR BT DRI T AT B AT # T AR K —
AL RAT AR BER S A 07 i, (EXF s 2B A R TOUR % T4 IERET). CZ2-8)Y1 YATE %
RIOFIAIE T 851547 BUFS A S 773, i T B TR I 2B U i, BLERARR A
OXERE. Xl B AT BUR 2R 2 A8 73, AT BT B RHL A I AT PUB R A am 2 R, 14T 45
FJE R AR, AT ARBIRHLAE AR TR H AR B 2R,

CZ-8 ARGIGIN T REBIE RS, AN ZEEACREFF 1 SRR A IR 22, 2RI e
IERCR. AR IS A 5 PN 1 3d B 22 T S5 A2 IR D e, RIS AT TR RE 7 A I 22 T R AB Sk 27
AR G 2, AT RTBAME R SRR . R4 CZ-7 BB IEEAH S A M2k, AW
HIF B IER R AL E R T, 1X BLAE IE A 8 i

Ko 45th ¥ 278 CZ2-8/Y1 LHIITEEE R, B 9(a) F1 (c) 2 RBIHUIHE S A BUE Mo HIHE 1%, 2%,
3%, 4%, 5% M 22 THL N, 2 AT BURIAN MU R M i 26, 18 9(b) A1 (d) &5 X I BAEFF M
BUKE. FTUAE H: 2 SERR RATHE P A R 22, 5) i s A s I 2 AT R Fe A 55 A PR U A P
FRZRCR, 15 205 B 5 1 S B0 A BRI ZE. B 9(e) A1 (f) 73 HIR AL SHEAQ
] P ITEAAN SR L, HR S R 2 K 2. X W ZEE T R B RGOREIE, HH
XK B IERE T H 20 1.5 km ((LAERTEZY) 40 ), 2495 &&= A R 228 1R 18 TAE B IE
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Table 2 Orbital injection accuracy of typical guidance methods in real applications

Mission No. i (°) Q (°) w (°) Hp (m) a (m) Pitch angle (°) Yaw angle (°)
CZ-2F/Y8 0.000354  0.000072) 0.058 13 1.48 - -
CZ-2F/YTH) 0.0034 0.103®) 0.14463 114 2621 - -
CZ-7/Y1 0.00288 0.00006%) 0.012 37 842 - -
CZ-2F /T3 0.0007 0.046 - - - 0.081 0.17
CZ-8/Y1 0.0034 0.0319 11.17519) 4610°) 370.6 - -
Thresholds 0.05P) 0.19) 4.3 2000P) 3750P) 20) 20)

a) For the rendezvous and docking mission, it refers to the deviation of the right ascension of ascending node, not that of
the longitude of ascending node.

b) The listed indices are those for rendezvous and docking mission, and the indices for CZ-2F/T3 and CZ-8/Y1 missions
are more relaxed.

c¢) It is only required for CZ-2F /T3 mission, and other missions could ignore the terminal attitude constraints.

d) Generally, there is no constraint on the deviation of argument of perigee for circular orbit.

)
)

e
f

The accuracy of perigee height is usually relaxed for SSO missions, and that of eccentricity is paid more attention to.

The guidance methods of CZ-2F/Y7 and the previous missions are the perturbation guidance methods (PGMs).

HE FT I A 23 BB IR SR, TR S i 22 R RE 4 MBS, JE T 5 0 A7 30T O N R L.
£ CZ-8/Y1 B &, IR L P A S RRSEA 22 10.5°, KRAIAT A ROt % 1 RIEBUE
I SCHLAR I, KIS T T R R RS

3.2.5 NG

R 3 R s IR T IVE, PR AEFERL TV B A AR AT, A8 D i L R B TR
BRI, W 5 Fras. 4 MOHEE UCRR IR (IR ZZE0E) gtk 2 For.

M 2 AT AE Y, CZ-2F /Y8 ARG AN T YT 4TS5, NPUEEEA T RE T, JCH RSB B4R
br. [E AT U, 383061 (CZ-2F/YT7) A RA M RZE O T 0.1° Rk REW 2L
XEAESS 0.5° THZ AR ZEOR), R BE— DR 7RISR SR L ENE. CZ-7 ANUERTH AL
T T PR EE AT SRAR v, (H A AT s FE SR ZE A CZ-2F A TR, (B R T 2R . X2
T RICEEHUE SR, FIaRezmith R, A6 S RGN 1 LR W2, CZ-2F /T3 UM HUIE A1 28 b
LA ER, SEhR ATE R THER. CZ-8/Y1 Kt EAE £ SSO (sun-synchronous orbit) BI#IE, {06
Pugm . AR OF (R 1 R, ZR/NT 0,003, SEFROY 0.0004) A7 ZE5K,

4 BFHES YTHIZRERE L

T b S B H AR UE AT IR RS, S 3 DA RERIEIE I, 7 B SRR B AE UL
B HARPUE. HLE T B L ) o R sl S X SRS, SR FH i v SR DA D ik e 6 AE R IR H A
BUB KRN W AT P, 2RI R, JF B 3— TH 8 A e B P mT se k.

AR TR A3z 3 RE 7 DU BT (R FUE I 19 AU TR D AR 2 MR 1), RENS 28 R R R IO R 20 R
ANZ 2%, JFEL AT CUE Bt H AR & ESe B K #Fia shid R 42 . BUE It t2 — SR A U5
%, WEB I KET A AN AR SRR pRE T SRRSO (EREE TR R T RIIRTT, B TR A
I PR DCA T3 92 RE % SN SR PR R, 3t 25 ST B30 X WA P s I P A A 18 i ) A A 12
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FEEAR S B ERERMTT A SR WD, Sun 19 4@ T —FhdE T IR G 89 B THBL 207k, K
PRI D5 R A R 8 BB D A R o T SRR I o SEATMEL, X 32 ARSI Bk iR e B A — 5 I s
€ 7). Dukeman B71 I Calise 55 B8] $2 1 75T — KIERIMME L RRITE, JERIH 2 B AT H0VE R
ETHBUE, RS IE N ek (e )R A B A5 R AR A N A RE S AE CRUE R
(7] I BRIEE SR AR T AL LR 85, Cheng 4 1391 SRATIE TRLRIAME ) 7 51 AL T 1R AR SUZ K
HT AL 7] A, Hao 45 101 T 8 I ARALHIT ST 1 H AR BUIE T P BL R K Dy H BRI e f R
FELRIN T 3. SRR 4 [ B APIE [ 2 B S A ek S5 BAS B (n A AR B I A R A% A, 1o TeiRK
FIYORASR A, T B REE sV 0 51— ORI B i BE 6 AR B A T 2 R ), Song 45 18541421
EEXT N AT B T 3R T STT (state triggered indices) HIRERHIE 5 ATHULB LA TT %, DKL
R AL H R 08 R PUE, 0Ly SR T TR PROE L. fEIEIEA 455 1GM, BLoY
B T7 s T 0 s TR R A B T B B AR 5 EA S 143 H _BRTVEI VA S AT B
B VAT BUBLAUA, it — 0 R KT 5 R AR a1, Z %0 214 (multiple graded
optimization, MGO) AR TT %A Jm EE0F T 5 17 22—

AR TAT B S AT By BURAX WA TG, FRHE BRI TR ) MGO i .

4.1 BBV N EBERER

WRE AT R AEAE S ) R Gl B i G DL R SRR Zh L s s B IR Ak B R 3 B,
KA 5 A B RIS AL FR AGERPIRES 3 M, X XS ERE SRR, 2 e S
HARPIE A ATE R, SEAUH]SAE HARPUE L FRREAPRR AR CEAFAE T ] FHRBERIE,
ERARISIHBNIE, JF G 2 W EME, O T AL

BRI AR, R 3 A ARSI S B A A R b B ) 8 0 b B A, AR SR N A AT AT 1 2 4
SE/b DR PR HERE TR K A SO, S8R Ja R R 28 L B et . R
R T BRI 23 HE ST R B (BRFRAE 7R 1188 kN), % 4 FIH T AR [H b Tl N R ShHLIE ST Rk
R DR iR . RS 1524

fE B3R 4 TEE S, SR SIHLHE I E N BT 4 UG 2 H0F o 3% 2257 (AN R R A
) 3 ORI ZE S AROK. O R, — SN DR AR HERE R AT, A SR H i e T XA AR
B A R AR R, IR B A SRR e A e 77, ELAHEREFRIRE RN e LA T, 454 55 M)y
K TARKIIATENE. R BRI B T RIS, WA R SIHUERKE XU, Bk R R o %
SALE. PRI, AER iR BRI R B 0 R guiE T E B H S ARTIE, ERX B TASCHITHETE.

4.2 ESHENER STI 53

ANFIE S A B AT BUUAL. O T i TR B S R B PIE T AR SR, BT
H Iz ORI, Ay SRR PG R T eI I F PR BUE. ART, AN [R) B MR 0 i 22 6T TR B RE 70 B RE i
SHUERE RN AT A M ADIRS E VIR, BRI A AR R RAE; PR SRR BB AR B i 225K 52 X
AL EIAPUIE BB R HE, BB DLUE AR B 22y H bR R BORSK 8, Wik 72, 305 B N JRy B i
DU, Toikse s RAEF iz Bie

ISR T R FIRAS ik H AR R (STT) B753%, Hero BARIR.

(1) BT =EEERE, Sbs)E R Rer RPUE R L. TR PUE T 7 2 AR, 7T AR
B I 221 (¥ BIE T A 3-8 s 3 RE 0 T ) i i [ LT, 8 S HUE = B AR T BAVE . 5 — APk il
BRI IEAL H AR B, 1210 L 5 2R AT RERRS T A HEREF. i T BRI m BRI AN, AR A
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Table 3 Typical engine failure modes, causes and detection parameters

Failure mode Causes Detection parameters Reactions
Thrust 1. A leakage of the pre-burner feed system, or a blockage in a Gas generator pressure 1. Thrust drop is
drop filter or nozzle, leading to a decrease of fuel (or oxidant) flow and temperature; turbine evident due to its
into the gas generator. inlet temperature and effect on the accel-
2. A gas leakage in the upstream of the turbine, causing pressure (TIT&P); eration of the
damage to the gas pipelines and/or a further gas leakage. rotation rate of the vehicle.
3. A leakage of the main pipeline, or an improperly secured turbine pump (RRTP); 2. It is generally
precooling discharge valve, causing a reduction in the flow pressure after pump believed that these
entering into the thrust chamber, so as to decrease the (PAP); thrust chamber  failures will not
combustion chamber pressure (CCP). pressure. cause an explosion.
Explosion 1. The pressure drops at the inlet of the engine pump, causing Pump inlet pressure, If the engine looks
the turbine pump to cavitate and whirl, and resulting in RRTP, fuel and oxidizer likely to explode, shut
structural damage to the pump blades, bearings and/or pressure before injection it down immediately.
seals, and perhaps even turbine pump explosion. in the generator, TIT,
2. A leakage of propellant supply in the pipelines of the etc.
oxygen (or fuel) enriched generator, or a blockage of the filter
and nozzles, resulting in a decrease of the oxidizer (or fuel)
flow and an increase of the gas temperature of the generator,
thus leading to structure damage of the generator and/or gas
pipelines, which may cause the engines to explode.
Unable to A disconnection of the power supply line, a failure of the CCP, gas or ambient For multi-burn
startup firing element, and/or an inappropriate amount of powder temperature, etc. engines, restarting
which causes the igniter not to work normally. is an option.
Accidental Accidently triggered shutdown command, or closing the RRTP, CCP, PAP, etc. For multi-burn engines,
shutdown cutoff valve due to abnormal air supply control. restarting is an option.
R4 EEAHNARHPEERXTHSH
Table 4 Parameters of an engine under different failure modes
Failure mode
Leakage after Blockage of Turbine nozzle Oxygen pump
Parameter oxygen pump gas equalizing ablation (area increased efficiency
plate (70%) to 1.5 times) decreased (10%)
Engine thrust 1040 1067 976 1102
Fuel pump outlet pressure 31.09 30.53 22.76 33.93
Main turbine speed 16813 16643 14256 17589
Combustion chamber pressure 16.01 16.22 14.51 16.87

LA

NV FE 75 ZE 10 it LU [R) 5830 T st v FE PO AR [ T /D

1}/2<_ fad

E = .
2 T

i S REE AT (6) FIRA, FEAH FIHLCEE T, ABURS 203 BB, U NURS i Re kD DRt

(6)

A AIE W B e BN TR e fE, SIS ERAE IR RAROK, A R X LU B, AT UK
A R BE R R T 22 4 T TR (E/INT SR A AR UE I s v BE IR, 2 DASE R BB 1 Dy R i

FRk.
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Figure 10 (Color online) Block diagram of autonomous mission reconstruction algorithm under typical faults

2 G T v P KT b s PR, BB IR — 0 RS R RE AR T T R R A B AR B, il
R AT

(2) TECRUFUTHE 255 BE DI LT, AR BB T S8 (OB T2 A ). K ROR P IE (11
A P R AR T B bR T R B SR AB BRI, R AT RV BRI T R 2.

U RN R AT v I R R R A T, A T RV R AR, G R = A R AR R
BASS. DRI, STT MIAR R LE A A RE 853 2 015 il I L0 3N A I R R — 25k

R 2 SRR A A5 5 [ B bR E LT B R AR HEETR, 4k SRl R R R AR IR A5 DK
AL 25 SRAE N RAR N IE.

(3) FEARAEUT s FE AN BB T S BB 00, R HUERIR ot siig . KM mOR). F
% R ITVERVEAT S I 225 SCHR [41). ST J7vkiEid iz il & 15 28, K 00k BRI RAE A T — 2
oAb BRI YIME, B2 R sRIERCR. Bk e R BUS 1 BE ROR.

4.3 BRITHRHNBEESEN

A/NTPHRAE AT HAFAEZ A WAT B, UGN T I AT BRI A SRS . IR St SR B 0%
FE, BRI AT AR IR AT BUiT3) 71 VAT UV HAREUIE. [FI 5 R 3 sz, 52wl 10 s
T4 MR E YV (DL BOHESR 10 =K Fi R ST GTO (geostationary transfer orbit) T2 ). 1% 7k
kS I=Pas

(1) BT RS I, I RI 4.1 /N hit Hh ) A B

(2) FIWr /T TAEBORAE R RN ATIE R R ARSI R BN AT, HRE Kk
P& DX PRI, A75R H ERERFNE () 1) 2 T77% (PGM), H 2 FER KM
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(3) WRIBFARAE R TR AN, WIHHATHRIAIZ BAE TR TG (ES-IGM). FEH AT Bl Filfd R R iz 86
TR RE AT B JR\ATHUE, IR ATBUE I RIRIZEAE /2 ik Re AT £ )5 HARPUE;

(4) WP ARIZHBE T RENEIE I TUE MIPUE, WK TR IGM 34T JLZEpikl; 750, KA STT 2
AFBPUE R AT PLE A AL,

M T AR AT BLt AT A, R S0 — MO R A BT i, DM S AT BUE T T R, A
AT BANIESE TR B ATRET; IR ATHUE A ATIAI, SR STT J7 R B J5 v AT U ) B e
MRS, FFAEIRAT Z R PIE T S FOR SR S BAR D GRS SR AT 226 30k [42].

4.4 KEMZRAME
4.41 BRHBEMTTE

IR 2 AT BUW AR BE RO SR (R R X B B IR AN — P AR AL B SRS, JC R
SHEAT BT AG. A/NFTE I MGO 5t B i i — ] .

b5 AT R NS ISR A HE S, —#7 2 B AL S R G R . L CZ-8 A, Tk s N
4.7 ¢ MZPUNERE (RS BELBEER) A 700 km 1) SSO ¥iE. CZ-8 ~ZHAWIKEIIIHE
TR TAF B TAR S ARG 3 N2 —2600 km x 710 km B IEHLE, H4T 400 s JoE b ST
TR UK. T I R TE 1R i IE DALY SR R BT R R IR TR R, 2k G Jet K e AT I TR
T AR B TA A 52 0

B =R — I3 )1 TAER 320 s B SR FEFh kb, St 1By 85.5. 4k R A R A M 5 5%, B
AEATIA T REEAE. MGO LR H I, 270 IR RIs #ae /1, #R0] /8 2 I8 16 N TE 1
T8, T [E S R AT O L2, SR AR AR B B IR, A Ay IR 0 T s

min J = —m (ty),

T T
3 - b
m Lopgo

(70, Vo, mo | = [7, V, m] (to),
phasel - ¢ | T(t)|| = T,

s.t. Dynamics: 7=V, V=

t1 < timax, P (t1) = hsafe,
phase2 : [|T'(t)[| = 0,

to — t1 < tseps

m (tz) <m(t1),

phase3 : ¢ orbit,er = Fun (v (t7),V (tf)),
m(ty) = Mumin,

IT@)| = Tz

Phasel $510 & 44— ah /1 TR, JAHRIZ] ¢, HOLIARHE N — RS BN, JTH s R KT
BZRII haate, 2 IRAVFRR TR LA b o Phase2 $HIEATEL, SORMHATBIN N toop, IFTE
AT BLA B A TR, I B 2K TR m(t) /S THENTF I AR BT B m(t1). Phase3
G REN S TARRL, R VAR
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Figure 11 MGO simulation results. (a) Height; (b) velocity; (c) orbital inclination; (d) mass; (e) perigee height;
(f) apogee height
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TR AT, AAAEUN SRR DT B T I AR TR E K2 20 s, HEA 150 km x 710 km ¥
THUE. EEATHES DS 1.4 ¢ 0 EEBS, IR K E 800 s (ks KIHIK); EHETE
AL IR RUK, R RIR 3.3 ¢ B R AR AARPUE. P ATIE R — A IHE, TRAE 1B
RATRC 22 At TR 11 s, Hd Ref F1 MGO 73 IR hRARAR GUAE /7
b i FHTALRI A RAT B, AR 21, coast, 22 0 RIR IR TARB S AT 2 IR TAREL

MGO FfEARH BRAACERIEN TR R, Kt — b RAREE 5 Ik, 5 B AT vE S St se
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4.4.2 ETBEEHISHAIFZE

EF B, ETFBE TIPSR RE R W 12 Pros. A 20l oy ik gt A
FRIZL K.

AT SN BEAT R AR BAE T I PEAG, LLOGE WA R HARIE R IR H AR, 7 E PR, AR
PEAELR I IOTERE, LE R s Xt i Pk, 2 Bril (BT RALAL K ©AT BOd 2 K/ A2 AT
BB i sm Ak, BOE A KT AT LRI & 75 BER AT BUR AR BESE), 3X — 2 #¢n] th P E I A
RO A A ). MR WA 5 A IS B 0 5 i A1 S Ay S U % A A B B 1) 3, L 2R st (0 A A
] 45 R AT LU E i S 3 g ME S A8

5 RLE

AT _ETHBE P IR BT A, S ARAE K AE LR T AR ST R A H BRI
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Figure 12 (Color online) Closed-loop control diagram based on AGM
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Review and progress of the autonomous guidance method for
Long March launch vehicle ascent flight
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Abstract The development of the autonomous guidance method (AGM) in the ascent phase of a launcher is
reviewed. The AGM is a real-time planning method which does not rely on offline planning reference trajectory, so
as to dynamically generate the current guidance command to meet the subsequent complex process and terminal
conditions. It combines the advantages of trajectory planning and traditional guidance methods, such as onboard,
dynamic, globally optimized, and iterative. The main features faced by different moving bodies in guidance control
are compared, showing the distinguished challenges of the launcher’s ascent flight. Thus, two technical systems
of AGMs for Long March launch vehicles are proposed. One is the guidance method for a prescribed target orbit,
also known as the iterative guidance mode (IGM); and its basic theory, fundamental and enhanced algorithms,
and the flight results in real launches are discussed in order. The second is the joint optimization of the target
orbit and the flight path, mainly occurring under the typical failures of thrust dropping; and a state triggered
indices (STI) method, as well as the mission reconstruction algorithms based on STI and IGM, are introduced.
Finally, the future research directions are discussed, including the multiple graded optimization and an innovative
closed-loop control system architecture based on AGMs. These studies will further improve the autonomy and
fault adaptability of the ascending flight.

Keywords iterative guidance mode (IGM), autonomous guidance method (AGM), online planning, autonomous

mission reconstruction, multiple graded optimization (MGO)
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