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comprises up to the end of burning time (depleted shutdown
condition). A second order curve is fitted from the initial
time to the final insertion time; this curve represents the

programmed angle for this phase.

Insertion condition

At this time all parameters should comply with the insertion
accuracy requirements. The flight path angle at this time should
approach zero degrees and within the boundary conditions, 9 ~0,
the programmed angle of attack is constrained to approach zero
a0, the orbital velocity should be V/=7560 m/s corresponding
to h=600 km altitude, and the normal and axial acceleration
should be less than its allowable maximum values.

ORBIT INSERTION PROFILE FORMULATION

The variation of the flight path angle during insertion
flight has substantial influence on the injection accuracy
in orbit, acceleration loads, and final orbital velocity. It
is influenced by a programmed angle of attack. Figure 3
explains the insertion maneuver, and the angle of attack is
programmed using the following relations (He Linshu, 2004a;
He Linshu, 2004b; Xiao, 2001):
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where, o  is the maximum angle of attack, X (t) is the

programmed angle of attack, kK is the insertion maneuver
variable, ¢ is time of flight, ¢ is time corresponding to maximum
angle of attack, ¢, is time of start of insertion maneuver, and ¢, is

insertion time, coincident in value with the KSRM burning time ¢,.

DESIGN OPTIMIZATION PROBLEM

OBJECTIVE FUNCTION
For the present research effort, the objective is to minimize
the KSRM mass m,, .

objective function is as follows:

The mathematical description of the

t t, t, ot
Figure 3. Programmed angle of attack variation.
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g;(X) © (44)
h(X)=0 (45)
Xo X X (46)

where, X is the set of variables, X, is lower bound of variables

and X , is the upper bound of variables.

DESIGN VARIABLES

The variables considered in the KSRM design and the
insertion maneuver trajectory can be represented in Eq. (47)
and listed in Table 2.

X [Lm’Dm'pcipe'ks’u’ gn' v? m k ] (47)
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Table 2. Design variables.

S Variables | Symbol | Unies

X1 Rocket motor cylindrical length L m
X2 Rocket motor diameter D, m
X3 Chamber pressure P, Pa
X4 Nozzle exit pressure p, Pa
X5 Coefficient of grain shape k,

X6 Grain burning rate u m/s
X7 Grain density p,, kg/m3
X8 Grain volumetric loading 1,

X9 Maximum angle of attack o, deg
X10  Insertion maneuver variable k
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DESIGN CONSTRAINTS Table 3. Design constraints.
To prevent the failure of the upper stage, KSRM and PDM, m
several constraints were selected, and are listed in Table 3. C1 Orbit insertion velocity V,=7560£1 /s
C2 Final altitude h=600+0.1 km
DESIGN SEQUENCE - i
This section describes a step-by-step sequence for €3 et S
multidisciplinary design of the KSRM as follows: C4 Normal overload n,<2
C5 Maximum angle of attack a <10 deg
Cé6 Orbit insertion angle =
C7 Fineness grain ratio }\gn <2
1 Define initial variables X Eq. 47 cs Nozzle exit diameter d<095D m
2 Define constraints C Table 3 C9 KSRM total length Loy < 1.8 m
) (including nozzle)
3 Calculate grain mass 7i1g, Eq.2 I
C10 Burning time t, <50 s
4 Calculate burning time ¢, Eq.3 cli1 Nk e Erason @it -
5 Calculate mass flow 7 Eq. 4
6 Calculate throat area A, Egs. 6 -9
profile successfully reached the objective function. The
i Calculate specificimpulse 7 S 10 optimized values of design variables were obtained, and
8 Calculate thrust T Eq. 11 these variables did not violate the considered design
9 Calculate KSRM mass Egs. 13 - 33 constraints. Table 4 shows the lower bound, upper bound,
KSRM .

and optimized values of the design variables.

10 Set constant values m,_ , m Mission
POM?pAY There are several parameters that characterize
11 Calculate upper stage mass m, Eq.12 the KSRM; however, only the most important were
" Trajectory conditions Orbit Insertion calculated from the optimized design variables and are
Voo o 8y, & Profile Sequence presented in Table 5.
13 Calculate X (t) Egs. 40 - 42
14 Calculate p(h) Eq.37 Table 4. Optimum values of variables.
1 lcul Eq. . imi
5 Calculate g(h) q. 38 Variables Lower Upper Optimized
Bound Bound Value
16 Calculate V(t), 9(¢), h(t), I(t), Eq. 34
L, m 0.65 0.90 0.8141
17 Calculate overloads n,, n, Egs. 35, 36
D m
18 Calculate final values V, b, 9, Eq. 34 " 0.65 0-90 0.8140
Pa S5 5 5
19 Check constraints Table 3 b. 60e 70e 65.901e
Pa 5 5 5
20 Back to step 1 P, 0.05e 0.20e 0.0581e
k, 1.50 1.90 1.5050
u  m/s 6.5¢ 8.5¢7 6.651e”
Py kg/m’ 1725 1735 1727.01
OPTIMIZATION RESULT , 0.80 0.86 0.8176
&, deg 7.5 9.0 8.3601
The optimization results show that the optimized k
KSRM as well as the upper stage insertion trajectory " 0.28 045 0.5222
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Table 5. KSRM optimum values. 8 T T T T
Optimized : : : :
Svmbol 7.5 ............................................. 1
Upper stage mass 1061.81 é&\ Th o A i
Rocket motor mass Mot kg 761.816 \g 65 |
Grain mass m kg 679.358 s
& S
Structural mass m, kg 82.488 O] N (O 1
Burning time i, s 45.677 LY R s R E
Specific impulse* I N.s/kg 2544.12 5 : : ; ;
KSRM total length Ly m 1.733 0 10 20 30 40 50
. Time(s)
Nozzle throat diameter d, m 0.062 600.05 : : : :
Nozzle exit diameter d, m 0.5409 : . . .
Nozzle expansion ratio £ 76.13 600
& 59995
L
=t
=}
§ 599.9
Figures 4 and 5 illustrate the optimized insertion <
trajectory profile of the upper stage. From Fig. 4 it can be 599.85
seen that the burning time of the KSRM is 45.67 seconds, : : : :
the end of burning time shows coincidence with the 599'80 10 20 30 40 50
required insertion parameters. Additionally, the figures Time(s)
evidenced that the payload is inserted at the required 0.2 r r r r

altitude of 600 km and the obtained circular orbital

velocity is 7560 m/s. The insertion flight path angle _i;”
is within the required accuracy, whereas the axial and Py
normal overloads were maintained within the constraints %D
limits. '::*:,'
&
e
SENSITIVITY ANALYSIS &=
Monte Carlo analysis is widely used in system and
early stage of design. It provides a relatively accurate 0 1I0 2I0 3I0 4.0 50
statistical evaluation of the response distribution under Time(s)
input uncertainties. Monte Carlo sensitivity analyses 10 T T T T
of the main KSRM parameters were conducted to ' : : :
investigate the effect of uncertainties of design variables gb 1 IS N A
over the expected result. For this analysis, a +1% error % 6h NG
was added to every optimized value of design variables. %
The results are presented in Table 6, and the scatter plot 7 T O N
is shown in Fig. 6. %;”
The GA optimization method considered successfully 2P N
reached the optimal solution, a population of 100 with
200 generation was sufficient to perform the present 00 1.0 2.0 3I0 40 50
study; however, several trials had been carried out to Time(s)
obtain the desired accuracy of the optimal solution. Figure 4. Insertion trajectory profile of the upper stage.

J. Aerosp. Technol. Manag., Sdo José dos Campos, Vol.5, N° 3, pp.293-304, Jul.-Sep., 2013



Villanueva, F.M., Linshu, H. and Dajun, X.
T e e e e e e e e e e e e e e e e e e e e e

1200 T T T T 1120 T T T T
1000 1100 f-------- YT AR T
— *e . - N * * .0
% ’O\D e ‘ AR . - - . :‘. * IR
....... 200, R R A RFEAS X L3
< 800 < 100 F g N R SR F el
4 A . * oo SAKIVRN A ." oo”""/ .
g 1060 fris g "32».‘ 00 T 4 &5 PRI
g g PR RN L3N SR AT KIRX D W
” > K S PP R MY SOR ey, L ORI
% 600 2 [o 2oustte 200 &, o AR B TS AN
o <] MAAGARE P ARSI/ OO ARS MR LS DL TR
= 5 1040f7% N . IRLIRILE
. . . . *
400 1020 F i RRTRR T ERRRRRE -

200 ; ; ; ; 1000 . . . .
0 10 20 30 40 50 0 200 400 600 800 1000

Time(s) Monte Carlo runs
40 T T T T 7.7 T T T T
- : - : 765 e R S REE EERTRES -
. . . . .. S : . L
39f e EEEREETEE SRR e RERERRRE > U IR I RO N S
. . . . = “’0"“0 MRt RS GRS
jan : : : . * +% 0 S wtdes RN {1
& g 76 ""‘“i&.. *;,;’jf*éi;’***}-’»&«:‘: PRI
9 : : : : = 4" 0 T R S e
2 38kl . e e oy ,’”V,,y % i PR ”“\w’(&‘ b¢
! : ; ‘ ‘ EERVAE] A AR ‘“:2"‘*’-‘4’?3?.". b SOXSE
..E % . ’.oont‘ NSRS )‘ ",0“'0"2.’::&\:,0. o
= : : : : > c et I
37k S S feed 75k . L Lo ]
745 L L L L

36 L . " L 0 200 400 600 800 1000
Monte Carlo runs

14 T T T T 600.2 : : : :

. . . o
L e - T e e N/ SR S S T N A
600.1 b T % MR L RS e ?
2 SR e :
el E poos . } IR AR AR TR N JRAS . s,
S b 2%t w0 'S b3 * w3 £ S
o =< NI &0.”0“0‘0A"¢"':“£ S e ee S
3 L Ll T B A A
g T 600 At R N R SR R
ey .2 NS & po g “'
=] E % %%, }:3' ks :"’ 3 A &t‘o’ "-‘: 4, “':;3\ o~ ‘;“
— - . - > . BR *e
5 .—4: } “Q. x‘g‘. . ":‘: o @3 0 ees 0,.‘”»“0 3
o= < ,‘3 .‘0:‘30’.‘. ® .,’:‘ ¢“.3.o" batt:
e o 0 * *. .
é 5995F --- AR TR . .’.‘c...0...‘...‘.‘.‘..?....‘.'{..‘...1
. L S . EPNRY . .
. . .

599.8 1 1 1 1
0 200 400 600 800 1000

40 T T T T
: : : . ] R R O IR R IO SRR
< 0.6f - SRR SRR REREEEEEE RS E LB NCIL I SR AL XUIRE TR FOIRS RN <
< N s LR o % . 4 3.“‘ 0. ¥ s K2 AR
_q — pgees * o, 3o ‘¢“0“‘ -7 RGO AR A . .«“‘? oW
N AR e PR A GV
: : : : = CAK N ST 2 KNS ION e
So0ap i N e b T R s T M
= . . . . =] M ‘{t.‘ L. o s “.‘3“‘;?. 0} wrte, ?
E E 37 -*-‘,-'-‘w--,-'&--‘---0.--‘«'-:-‘-‘-‘-',. EPRRAEL FEREIRS S5
E : : : : = R e S S
02F /- . AR N\ P . : : : :
- : : : 36 e s R 1
0 1 1 1 N 35 N N N R
0 10 20 30 40 50 0 200 400 600 800 1000
Time(s) Monte Carlo runs
Figure 5. Flight parameters of the upper stage. Figure 6. Monte Carlo sensitivity analysis.
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Table 6. Monte Carlo results.

Parameter mm Maximum value Mean value Standard deviation

Gross mass 1030.6
Velocity m/s 7515.1
Altitude km 599.86

Thrust kN 36.383
CONCLUSION

A GA based optimization approach has been applied
to conceptual design and optimization of a KSRM. The
advantage of the GA relied on its independency of initial
point to calculate the optimum. A 2D dynamic model was
developed to simulate the orbital insertion trajectory of the
upper stage composed of the PDM of 100 kg, the optimized
a payload of 200 kg. A sensitivity analysis was conducted using
Monte Carlo method to investigate the variation of the main
parameters of the KSRM. The emphasis of this research was to

find the optimal KSRM design and the upper stage insertion

1098.2 1063.9 11.771
7648.2 7579.2 0.0219
600.12 600.00 0.0473

39.184 37.846 0.497

trajectory profile characteristics required for insertion a small
payload into a circular LEO orbit of 600 km.

The results of the KSRM parameters are shown in
Tables 4 and 5 and its insertion trajectory profile is shown
in Figs. 4 and 5, and Monte Carlo sensitivity analysis shown in
Fig. 6 evidenced the validity of the used approach for the early

stage of the design process.
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