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Abstract: In this paper, we have used the differential evolution to optimize the design of a Micro Air Launch Vehicle and
its launch trajectory. Since trajectory design of a launch vehicle requires prior knowledge of the masses and propulsion
performance parameters of the Micro Air Launch Vehicle, whereas the vehicle design requires prior knowledge of the
requiredvelocity (AV) to insert the required payload into the target orbit, a two-step optimization cycle was adopted. A Micro
Air Launch Vehicle was designed to launch a 20-kg payload into a 400-km circular polar orbit. The preliminary design of
the Micro Air Launch Vehicle was conducted given the required AV, which was obtained from trajectory optimization, and
then applied in mission analysis to obtain the initial masses. These initial masses were used in the vehicle design to get the
performance and geometry parameters. The objective function of the Micro Air Launch Vehicle design optimization is to
minimize the initial mass under specified constraints on the insertion orbit. The objective of trajectory optimization is to
maximize the payload mass under constraints on orbit specifications and design variables. For the 20-kg payload mass, the
optimal initial mass is 1267.8 kg and optimal payload is 20.6 kg, which slightly exceeds the mission requirements.
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LIST OF SYMBOLS m;  Initial mass

m, . Inert mass
A Exit area m_ . Insulation mass
e Throat area m,: Payload mass
A Wall area (surface area) m, Propellant mass
c: Effective exhaust velocity m,:  Pressure vessel mass
CF:  Thrust coefficient m,:  Skirt mass
D: Rocket diameter m: Mass flow rate
&: Expansion ratio NDF: Nozzle diameter fraction (Dnnzzlc/Dmotor)
F: Thrust Pa:  Ambient pressure
f Velocity fraction of each stage P Chamber pressure
St Inert mass fraction P Exit Pressure
I o Specific impulse 1 Burning time
L: Rocket length T/W: Thrust to weight ratio
L/D: Length to diameter ratio v Velocity
m, Motor case mass Vw: Motor case volume
M Exit Mach number e Specific heat

& Expansion ratio
Received: 15/01/12 Accepted: 16/03/12 (90": Half cone nozzle angle
*author for correspondence: aldheeb750@yahoo.com p: Density
P.O. Box 10, 50728 Kuala Lumpur/Malaysia a: Angle of attack
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INTRODUCTION

Air launch has received increasing attention over the
last decades, due to the many advantages it has over ground
launch. An air-launch vehicle is released from a flying carrier
(aircraft), which significantly alleviates many launch restric-
tions and virtually allows launching at any desired location
and in any launch azimuth. Air launch takes advantages of the
carrier altitude and velocity that improves the launch efficien-
cy and reduces the initial mass of the launch vehicle. With the
advance of Microelectronics and Micro-Electro-Mechanical
Systems (MEMS), it became possible for micro- (less than
100 kg) or nano-satellites (less than 10 or 20 kg) to perform
the typical functions of larger satellites in the last decade
(Fortescue et al., 2003, Matsuda et al., 2008).

To reduce launching costs, such small satellites are
usually launched from the ground with many other small
satellites or as a secondary payload to a main larger one.
Thus, the small satellite mission becomes constrained by
the mission requirements of the main payload. Using air
launch, small satellites can be independently launched and
be not constrained by the mission specifications of another
payload. Responsivity is another main advantage of the air
launch, especially during time of crisis because its prepa-
ration is much less time-demanding than ground launch
(Boltz, 2002). In order to take full advantage of air launch,
its vehicle should be designed with the right size for the
payload. Nowadays, operational air launch vehicles, such as
Pegasus series (Braun ef al., 1997, Isakowitz et al., 2004),
are designed for payloads that are far above nano-satellites
making them inefficient for launching a single or a few nano-
satellites. The design of very small air launch vehicles was
investigated by Boltz (2001), Choi ef al. (2009) and Omar
et al. (2011). Miniaturization of air launch vehicles is seen in
a major problem, which is the increase of inert mass fraction
or the decrease of vehicle mass ratio (payload mass to total
mass ratio) as the payload mass is decreased.

Earlier research in rocket design used several optimiza-
tion techniques. Lee et al. (2002; 2007) studied the trajectory
optimization of air-launch rocket using the Multidisciplinary
Design Optimization (MDO) technique. In their method,
rocket sizing, trajectory and propulsion analyses are coupled
altogether. In the two-step method, mission requirements are
optimized in one and then the trajectory and propulsion analy-
ses are optimized in the second step. The optimization used
is called multidisciplinary feasible optimization. Choi et al.
(2009) used sequential quadratic programming (SQP).

In this paper, we have optimized the design of a micro air
launch vehicle (MALV) to achieve minimum initial mass.
The optimization of the MALV is carried out in two steps;
the first is to optimize the vehicle for minimum initial mass
and the second is to optimize the trajectory for maximum
payload mass. Due to the complexity of the optimization
problem, we use differential evolution (DE). It is a population
stochastic optimization technique that belongs to the class of
evolutionary algorithms, it is also a promising optimization
for single- and multi-objective optimization and it has a good
convergence properties. The main advantages of DE are its
simplicity, accuracy, and resonably fast and robust optimiza-
tion method (Wong and Dong, 2005).

To initiate the two-step optimization cycle, we use a set
of scaling laws to estimate the initial guess of the masses and
performance parameters of MALV, which is capable of launching
the required payload into the target orbit. The cubic scaling law
is used to downsize the rocket mass to miniaturize the rocket for
small payloads and to study an alternative low-cost system in
Responsive Access Small Cargo Affordable Launch (RASCAL)
(Sutton and Biblarz, 2010; Humble et al., 1995). Boltz (2002) has
shown that the actual payload mass of a miniaturized air launch
vehicle will be much smaller than predicted by cubic laws, due
to the non-scalability of avionics and navigation and guidance
systems. However, Omar et a/. (2011) have shown that the great
reduction of the mass and size of electronic devices, due to
advancements in microelectronics, makes it possible to assume
cubic law scaling with some conservation.

DIFFERENTIAL EVOLUTION ALGORITHM

DE was first proposed by Storn and Price (1997) at Berke-
ley as a new evolutionary algorithm. It uses a function called
crossover to increase the diversity of the perturbed parameter
vectors, and it ensures that the last vector gets at least one
parameter from the previous one (Storn and Price, 1997; Storn,
1996). As a population-based algorithm, the DE starts with a
set of candidate solutions. The initial solutions are randomly
generated over the problem space. The steps of DE algorithm
can be described as follows (Storn and Price, 1995; 1996; 1997,
Abou El Ela et al., 2011; Abido and Al-Ali, 2009):

» Initialize stochastic solutions as in Eq. 1:

x;’j _x/'-lower limit +r(x/'-upper lim it_'xjj-lower /imit) ( 1 )
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where, 7 is a random number, r€[0,1].

Evaluate each initial solution against the objective function.
Check the stopping criteria. Stop, if they are satisfied.

For each solution x, create a mutant solution x', as follows
by randomly selecting three different solutions (R1, R2,
R3), as in Eq. 2.

X=X, (X, X, 2)

where, F is a mutation factor between [0,1].

For each mutant solution, generate a trial solution x". by
copying parameters either from the parent solution x, or the
mutant one x’, as Eq. 3

= {x,-,,- if rand(0,1) < CR} 3

Xij else

where, CR is a specified crossover factor between [1, 0]
and the subscript j refers to the jth dimension of the
solution vector.

Design Variables

Vehicle Design L/D,T/W, f1,5, P, NDF

» Evaluate each trial solution against the objective function.

» Compare the objective function of the trial solution with
that of the parent solution. Select the better solution to
survive in the next generation.

» Repeat steps four to seven until the population is filled.

» Update the best solution and go to step three.

In this paper, we have taken the mutation constant (F=0.9),
the crossover constant (CR=0.7), the size of population
(NP=40). The search will be terminated if the number of
iterations, since the last change of the best solution is greater
than 50, or such number reaches 150 and 500 for design and
trajectory optimizations, respectively.

DESIGN PROCESS

The whole design process is illustrated in a flowchart
shown in Fig. 1. The design flow chart is further elaborated.
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Figure 1. Chart of vehicle design and trajectory optimization of air-launch vehicle using differential evolution
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Design requirements
Mission requirements

Mission requirements are the target parameters to be
achieved in the design process. Some requirements may be
considered as constraints on the design, which are:

Orbit and altitude

MALYV should be able to insert its payload into a 400-km
circular polar orbit.

Payload mass

MALYV should be able to launch at least 20 kg into the
target orbit.

Launch conditions

MALV will be launched from a carrier aircraft at an alti-
tude of 12 km and speed of 300 m/s.

Decisions

Certain parameters should be defined to start the design
process. They are selected based on published data of exist-
ing launch vehicles (e.g. Pegasus). However, some of them
will be set as design variables in the optimization stage in
order to find the optimal values. These parameters are: the
number of stages (we have decided to use three, fixed; the
type of rocket in each stage (we choose solid motor rocket
with end burning grain propellant, fixed); chamber pressure
(P); thrust-to-weight ratio (7//); length to diameter ratio
(L/D); T/W and L/D will be set as design variables in the
optimization process.

Initial values

To start the design process, initial values for specific
impulse () and inert mass fraction (f, ) are required.
However, these values will change during the design loop
processes until their values are converged. An initial value of
total AV is also required to start the design process.

188

Design of micro air launch vehicle subcomponents

The required AV is used in mission analysis with initial
specific impulse and inert mass fraction. The output of mission
analysis is the initial values of propellant and inert masses
using Eq. 4 and Eq. 5

A
mpay<el,\-pgo‘il>(l _ﬁlert)

Miprop = AV “4)
1 _ﬁnertel‘”g"

mi:mprop+mpayload+minert )

Note that the selected AV at the first step of the design is
taken based on some previous available data of Pegasus to
start the design process. However, this A} will be replaced by
the real value when the trajectory analysis is performed.

The propellant masses along with 7/W, L/D, and cham-
ber pressure are used to design the geometry of the vehicle
and to obtain the initial masses again and also to obtain the
inert mass fraction. The vacuum thrust of the vehicle can be
calculated using Eq. 6:

F=mv+A4P, (6)

Figure 2 illustrates the main components of MALV. Solid
motor has a classical architecture and is attached to the other
stages by thrust skirts. The volume is calculated using the
propellant mass and its density, a cylindrical motor case with
half dome ends is selected for the design as shown in Fig. 3,
the calculations are done using Eqgs. 7 to 12:

Vs = ,’l"— (7)
Vo= [ (G 1) ®

Pressure vessel and skirt masses are calculated using Eqgs.
9 to 12 (Humble, 1995):

mbv = p(‘.&‘trs‘Dzﬂ(l + %)b (9)

m.\'k =P mtcan2 ( 1 O)
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Figure 2. Main components of the solid rocket motor.

Thus, the motor case mass is:

m =1.1 (msk-i-mpv) (11)
Insulation mass of motor case is

-9 —1.33 L0965 L 0144 0.058 2.69
P = 1788 X107yt () LA AL (12)

The nozzle parameters are shown in Fig. 4 and calculated
using Egs. 13 to 20. Nozzle system mass may be calculated
from Eq. 13 (Humble, 1995).

(Mprpc *) 2" ]}

— —4
mnogx,»'x - 15{0256 X 10 [ PL{),St’(}Gtanem (13)
The throat diameter and nozzle length are calculated using

Egs. 14 and 15:

4¢* Myop
D=/ =5 (14)
_ De — Dz
Lnoz - 2[an em (15)

\ ocn Cone

L. .

Figure 4. Sketch of nozzle design.

In this work, the inert mass of each stage was calculated
from the sum of the motor case, the insulation, and the nozzle
system masses. The inert mass includes also avionics, separa-
tion systems, attitude control systems, and so on. This may

Lcs

Figure 3. Sketch, length, and diameter of the motor case.

comprise an important fraction of the payload mass, especially
in the upper stages, which become more profound in the case
of small payloads. Thus,

(16)

m =m +m _+
inert cs insul noz_sys

The inert mass fraction is calculated again using the new
inert mass as in Eq. 17:

Miners
Minert T Mprop — Mpay

S = 17)

If this new inert mass fraction is not the same as the initial
values, then the new finert will be used in mission analysis and
the same steps will be repeated until finert converges. When
finert is converged, then the value of Isp should be evaluated
and compared with initial values, if it is not the same, the whole
previous procedure will be repeated until the solution of Isp and
finert converges. The calculation of the nozzle specific impulse
is done using Egs. 18 and 19 (Sutton and Biblarz, 2010):

y+1

e~ 23 ]

(18)
R=Rb+1%iMf: (19)
_ 2\ 2 val (PYS L e—P)
T D) ] e
]W=ACF7C* (21)

8o

Output of the vehicle design is total mass, propellant mass,
inert mass, specific impulse, inert mass fraction, dimensions,
nozzle expansion ratio, thrust, mass flow rate, and burning time.

In the case of a vehicle requiring real developments,
the targeted payload mass should have a margin to cover
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inevitable losses during the development, which may cause a
substantial loss in the targeted final mass.

Trajectory analysis

Since the AV loss was selected based on published data of
existing launch vehicles, a trajectory analysis was needed to
obtain a more realistic AV loss of the MALV.

Aerodynamic model

Missile Datcom is the software used to obtain aerodynamic
coefficients of lift and drag using the dimensions obtained
from the design of MALV subcomponent. These coefficients
are obtained for the first stages, assuming that at the second
one the effects of aecrodynamic forces are negligible. Fig. 5
shows the acting forces of MALV body in 2D.

Figure 5. Two dimensional body forces for flying vehicle.

Since the aerodynamic forces coefficients are obtained,
the trajectory model is done using the equations of motion
numbers 22 and 23 (Fortescue, et al., 2003):

av _ .
mI—Fcos(é-l-a/)—mgsmy—D (22)
mv% =L+ Fsin(0 + @) — mg cosy + #cosy (23)

The total AV, which is required from the launch vehicle, is
calculated from Eq. 24:

AV =V -V +AV

total orbit aircraft loss

24)

where, AV
performance losses, which can be expressed as Eq. 25:

is the summation of drag, gravity, steering, and

loss

190

AV, =AV

loss drag

+AV

gravity

steering performance (25)

In the Eq. 25, AV iy is the velocity needed to overcome
the effect of the gravity and gain altitude and AV irag is the loss
due to drag that is profound at low altitudes, but become negli-

gible at high ones. AV

steering

is the velocity needed to steer and
is the veloc-

erformance

turn the vehicle along the trajectory. AV,
ity loss due to ideal performance assumptions, since vacuum
performance is assumed during the design, whereas the actual
rocket performance is reduced by atmospheric pressure.

STEP 1: MICRO AIR LAUNCH VEHICLE DESIGN
OPTIMIZATION

The optimization of MALV aims at finding the best values
of design variables in order to minimize the initial mass of the
vehicle. The optimization of the MALYV algorithm is the almost
the same as its design procedure; the difference is the range of
design variables. Four parameters were selected as the design
variables at each stage: 7/W, L/D, D’wm/ oo and f. The total
number of design variables is 15. Each one has a reasonable
range, so they are not over or under estimated. The range values
of these design variables are listed in details for stages 1 to 3 in
the following section of optimization constraints.

Optimization constraints

In the optimization, the number of generations was taken
as 150 with a number of particles of 15. The mission defined
is to launch a 20 kg payload to a 400 km circular polar orbit
from an altitude of 12 km with initial velocity of 300 m/s.
The initial velocity loss was guessed at 2,000 m/s; which
was considered pessimistic after the first two-step optimiza-
tion cycle. A more realistic value of 1,500 m/s was used in
the final two-step optimization cycle, a fact that is compared
fairly well to the value calculated by trajectory simulation
for the optimized vehicle and trajectory. The range of design
variables for each stage is further given.

Stage 1

3 <Tw <35
75 < LD <9
0.8 < NDF <1
03 <f, <0.5
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Stage 2

3 <TWwW <35
25 LD <5
0.5 < NDF <0.68
025 <f, <0.5
Stage 3

3 <Tw <4
1.7 <L/D <4
0.4 < NDF <0.6
fo=1ae,

Micro air launch vehicle design optimization results
Optimal design variables

The design variables shown in Fig. 6 to 9 represent the
optimal values that provide the optimal initial mass of MALV.
High D /D

sl provides better results, since it increases
the expansion ratio and results in better performance and less

motor
initial mass. The minimum initial mass (objective function)
obtained is 1,287.3 kg for payload of 20 kg to 400-km circular
polar orbit. The objective function evolution along the opti-
mization is shown in Fig. 10, and the optimal values of the
design variables are shown in Table 1.

Table 1. Optimal design variables of MALV.

Design variable Stage 1 Stage 2 Stage 3
M, (kg) 1287.34  385.8757 105.408
w 3 3 4
L/D 7.5 2.5 1.7
nozztd 2 motor 1 0.68 0.6
f 0.3 0.3041 0.3959

Table 2 shows the design parameters obtained at the
optimal design variables. It represents the output of the
design optimization process for the mass, geometry, and
performance parameters of MALV. The thrust, masses, and
dimensions are high in the first stage and low in the third
stage, but the values of burning time, expansion ration,
specific impulse, mass fraction, and velocity fraction are
not. The expansion ratio has a high value in the third stage
and low in the first one.

Table 2. Optimal MALV parameters.

Parameter Stage 1 Stage 2 Stage 3
Thrust (N) 37311.85 11050.59 3873.561
Length (m) 4.080286 1.629353 0.938153
Inert mass (kg) 113.7089 39.49656 10.56858
Throat area (m?) 0.002691 0.000839 0.000272
Exit area (m?) 0.157146 0.073051 0.03366
Expansion ratio 58.40634 87.09153 123.8406
Burning time (s) 58.30218 61.06214 50.51115
Diameter (m) 0.447309 0.448496 0.345035
Initial mass (kg) 1267.817 375.4873 98.71461
Propellant mass (kg) ~ 778.6207 237.2761 68.14603
Inert mass fraction 0.127429 0.142704 0.134265
Thrust fraction 1.849018 1.882084 1.900171
Specific impulse (s) 284.7978 289.8908 292.6767
Velocity fraction 0.3 0.320485 0.379515
T e
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1% Stage | |
- - - - 2"Stage|
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17z
= 3074
= | 2
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Figure 6. Thrust-to-weight optimal values.
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Figure 10. Optimal objective function of vehicle design.

The exit diameter of the nozzle is fixed by a certain
range of values related to the diameter of motor case, which

is controlled by L/D ratio. The throat diameter is obtained
using Eq. 26,

A E My,
D= wt, P,

The values of ¢* and Pc are the same for all stages and there

(26)

is not a very much difference in burning time. Thus, propellant
mass is the parameter that significantly affects the throat area and
we can see from Table 2 that the propellant mass is very small for
the third stage compared to the first, resulting in a small value of
the throat area. Therefore, the expansion is high for the third stage
and high expansion ratio is good and required at high altitude.

Step 2: Trajectory Optimization

In this step, the trajectory is optimized to get the maxi-
mum payload mass. The trajectory model is done using
equations of motion (Eqgs. 22 and 23).

The inputs of trajectory optimization are: initial mass, propel-
lant mass, burning time, specific impulse, and thrust (Table 3).
Trajectory optimization has three important factors: the objective
function, the design variables, and the constraints. The objective
function is the payload mass, the design variables are angles
of attack (), third stage coasting time, and payload mass. The
payload mass and the design variables are the objective functions,
since payload is used in the calculations. The constraints are very
important to achieve the desired orbit and velocity, and they are
called penalty function. This penalty function calculates the error in
altitude, insertion velocity and flight path angle between the real and
calculated values from the trajectory optimization. Thus, the opti-
mization should achieve the optimal objective function and should
also match the constraints. The design variables of the trajectory
optimization are shown in Table 4. The number of generations was
taken as 500 with 40 individuals in each generation.

Table 3. Input parameters for trajectory optimization.

Stage 1 Stage 2 Stage 3
F(N) 37311.85 11050.59 3873.561
A, (m?) 0.157146 0.073051 0.03366
t, (s) 58.30218 61.06214 50.51115
m, (kg) 1267.817 375.4873 98.71461
m, . (kg) 778.6207 237.2761 68.14603
1,(s) 284.7978 289.8908 292.6767

The convergence of the objective function of trajectory
optimization is shown is Figs. 11 and 12. Table 5 shows the
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Table 4. Design variable range of trajectory optimization.

Design variables Range

a, (deg) 1-4

a, (deg) 2-5

a, (deg) 3-6

a, (deg) 3-7

a (deg) 5-9

a (deg) 0-3

a, (deg) 0-3

a, (deg) 0-3

a, (deg) 0-3

a,, (deg) 0-5

Coasting time (s) 260-390

Payload mass (kg) 19-23

best values of design variable of a and third stage coasting
time, which provide the best trajectory shown in Fig. 13.
This trajectory is the optimal one that maximum payload
can be carried through to the required altitude. The payload
obtained from trajectory optimization is 20.6 kg, while it is
20 kg in MALYV design.

The performance of a’s through the optimization process is
shown in Figs. 14 and 15. The evolution of the 3rd stage burn-
ing time is shown is Fig 16. Figure 17 shows the increasing
in the payload mass along the optimization; the payload mass
increases until it reach steady state which is the optimal value
of the payload mass.

The effect of angles of attack is mainly at the first stage,
where effect of lift and dynamic pressure are high. The time

-
(&)}
T

—_
T

Objective function

o
(3
T

100 200 300 400 500
Generation No.

Figure 11. Objective function evolution of trajectory.
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Figure 12. Zoomed objective function to show the convergence.

Table 5. Optimal values of design variables.

Design variable

Optimal values

Time of a change

a, (deg) 1.827477 0
a, 4.714505 5
a, 5.525553 7.9151
a, 6.170552 10.8302
0 8.628338 19.5755
0 1.786781 31.6511
o, 2.866733 66.8022
0 1.414886 127.8407
a, 0.772816 414.1451
o, 1.936009 464.6709
31 stage costing time (s) 286.3128
payload mass (kg) 20.6074
AV, (m)s) 1382.75
400F
__350F
g 300
g 250F
3 g
T 200 a
= r
T 150 :—
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Q- L
© sof
07””|HH|HH|HH| L
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Figure 13. Optimal trajectory.
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Figure 16. Design variable, third stage coasting time.

of changing alpha is shown in Table 5, in which there are six
values of a used in the first stage. Figure 18 shows the optimal
value of angle of attack along the trajectory from the ignition
point until the insertion one in the orbit.

The AV, due to steering, gravity and drag is shown in
Fig. 19. The value of total AV, obtained from the trajec-
tory is 1,382 m/s, while the one used in AV, in the design
optimization is 1,500 m/s. The difference AV,  is about 110
m/s and it is called AV

performance’®

this value is a correction of the
performance because in design we assumed a vacuum thrust,
but the first stage does not perform in a vacuum. Thus, this
AV, . is the correction value of the vehicle performance.

SUMMARY AND CONCLUSIONS

In this paper, we have developed a two-step DE opti-
mization algorithm for the design optimization of MALV.
In the first step, the vehicle design parameters were opti-
mized for minimum initial mass, given the total trajectory
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Figure 15. Design variables alpha 5 to 10.
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Figure 17. Payload mass evolution.

velocity loss. In the second step, the vehicle trajectory was
optimized for maximum payload, and total velocity loss
was calculated. The two-step optimization cycle is repeated
until there is an acceptable convergence of the total velocity
loss. Only a few two-step optimization cycles are needed to
reach a reasonably convergent value of total velocity loss,
which was taken as 1,380 m/s.

The optimization process was repeated several times with
different starts to assure that the obtained optimal design is as
close as possible to the actual optimal design. The optimiza-
tion was started from three to five times for 200-400 iterations
in each start, without changing input parameters to ensure that
the optimization achieves a reliable optimal solution.

In vehicle design optimization, we have concluded that higher
nozzle diameter fraction values provide better performance and
less initial mass of MALV. T/W and L/D affect other parameters,
such as thrust, expansion ratio, and specific impulse. For the
selected mission requirement, the initial mass obtained in MALV
design optimization is 1,267.8 kg for a 20-kg payload mass.
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Figure 18. Optimal angle of attack along the trajectory.

In trajectory optimization, ten angles of attack were used
as design variables. The optimal payload that can be launched
into 400-km polar circular orbit is 20.6 kg, with a small
increase in payload mass over the target payload mass.
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