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Abstract

This paper investigates the potential applications of Space Maneuver Vehicles (SMV) with skip trajectory. Due to soaring space oper-
ations over the past decades, the risk of space debris has considerably increased such as collision risks with space asset, human property
on ground and even aviation. Many active debris removal methods have been investigated and in this paper, a debris remediation method
is first proposed based on skip SMV. The key point is to perform controlled re-entry. These vehicles are expected to achieve a trans-
atmospheric maneuver with thrust engine. If debris is released at altitude below 80 km, debris could be captured by the atmosphere drag
force and re-entry interface prediction accuracy is improved. Moreover if the debris is released in a cargo at a much lower altitude, this
technique protects high value space asset from break up by the atmosphere and improves landing accuracy. To demonstrate the feasi-
bility of this concept, the present paper presents the simulation results for two specific mission profiles: (1) descent to predetermined alti-
tude; (2) descent to predetermined point (altitude, longitude and latitude).

The evolutionary collocation method is adopted for skip trajectory optimization due to its global optimality and high-accuracy. This
method is actually a two-step optimization approach based on the heuristic algorithm and the collocation method. The optimal-control
problem is transformed into a nonlinear programming problem (NLP) which can be efficiently and accurately solved by the sequential
quadratic programming (SQP) procedure. However, such a method is sensitive to initial values. To reduce the sensitivity problem, genetic
algorithm (GA) is adopted to refine the grids and provide near optimum initial values. By comparing the simulation data from different
scenarios, it is found that skip SMV is feasible in active debris removal and the evolutionary collocation method gives a truthful re-entry
trajectory that satisfies the path and boundary constraints.
� 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There are more than 20,000 tracked objects in space.
Among them, only 1000 are functioning satellite and others
are space debris. Those debris mainly come from uncon-
trolled spacecraft, lost equipment, rocket stages, fragments
from disintegration or collisions, causing great risks to
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unmanned- and manned-spacecraft in the space and
human activities on Earth (Liou, 2011).

Although break up of debris from the altitude of 80 km,
part of total mass will survive re-entry and impact on Earth
surface, thus probably poses dangers to human and prop-
erty on the ground. Almost 70% of re-entry objects are
uncontrolled and the debris spread over long ground track.
To protect the near-Earth space and reduce the threat by
implementing controlled re-entry, the most significant issue
at the moment is to develop a reliable scientific method for
remediation of space debris, particularly in LEO, which is
known as active debris removal (ADR).
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Many missions have been proposed or under develop-
ment for active debris removal such as Clean Space One
of Switzerland aiming to drag the debris to re-entry, Ser-
vice Orientated ADR (SOADR) by ESA, Orbital Transfer
Vehicle of CNES which is designed to remove large debris,
and Deutsche Orbital Servicing Mission of DLR which is
designed to rendezvous with a non-cooperative and tum-
bling spacecraft (Bonnal et al., 2013).

2. Potential applications of SMV with skip trajectory

With enhanced development of spacecraft capability,
there is an expansion of Space Maneuver Vehicles
(SMV): unscrewed, reusable payload carriers with signifi-
cant maneuvering capabilities for a dynamic mission profile
(AFRL, 2004). Skip re-entry is one special trans-
atmospheric maneuver. Skip re-entry is widely addressed
in return mission of deep space exploration vehicles for
the purpose of vehicles deceleration. However the flight is
unpowered and the vehicle is a glider. In the present paper,
a new concept is proposed that SMV has thrust capability.
This kind of SMV could descend to lower altitude and then
go back to LEO with thrust engine. Although there is no
relevant study about skip SMV, we here proposed this con-
cept and demonstrated its potential applications in the fol-
lowing sections.

2.1. Potential application in active debris removal

The SMV could be used to support many missions, e.g.
technology validation; space surveillance; on-orbit servic-
ing; satellite deployment or retrieval; orbital debris mitiga-
tion and remediation. Among those applications, debris
removal missions are the most promising including orbit
changing (transfer debris or malfunctioning satellite to dis-
posal regions in which the debris will not interfere with
future space operations) and using atmosphere drag force
to capture debris through controlled re-entry, etc. ADR
concentrates on existing large orbital debris objects in
LEO such as large booster, upper stages and defunct satel-
lites lacking capability of controlled re-entry, which can
prevent catastrophic evolutionary growth of debris.
According to the classification of debris, skip SMV in
ADR aims at addressing two problems: (1) reducing risks
of useless space debris to ground. SMV improves re-entry
interface accuracy by release debris at a pre-determined
attitude and lower altitude leads to higher impact point
prediction accuracy; (2) retrieving high value space prop-
erty by a heat shielding cargo. Improved landing accuracy
reduces difficulty for search and rescue. Those two goals
are carefully discussed in the Sections 2.1.1 and 2.1.2.

2.1.1. Ability to reduce debris risk to ground

Improving the prediction accuracy of re-entry interface
is critical to decrease casualty expectation caused by
ground impact or breakup of hazardous debris (Kai
et al., 2015).
The debris could be captured by net, robotic arm, or
other clamping mechanisms, and then released at predeter-
mined altitude in order to improve the prediction accuracy
of re-entry interface. As air density is quite low at altitudes
above 80 km, the more time debris spend in the atmo-
sphere, the less accuracy the landing point can obtain due
to uncertainty in debris attitude, atmosphere model,
gas–surface interactions model and drag coefficient, etc.
Kai et al. (2015) gives a general calculation of accumulated
error. The result shows that ±(10–25)% error in time of
re-entry leads to ±4050 km uncertainty in re-entry point.
To make things worse, it is impossible to predict impact
point of surviving fragments. It is practicable for landing
on Pacific Ocean, but for more precise landing on ground
with small area, it is infeasible.

In addition, space systems in LEO re-enter atmosphere
at very shallow angle. At very shallow angle of re-entry,
the behavior of space objects is similar to a pebble skipping
across the surface of a pond when approaching the upper
layers of the atmosphere. So it is necessary to go deep into
atmosphere for larger braking force. To increase accuracy,
space tug could be used for fast and steep re-entry, but it is
impossible for reusability. The skip capability of SMV pro-
vides an alternative solution for controlled debris re-entry.

2.1.2. Ability to retrieve high value object

For retrieval of disabled satellite with remaining high
value, it is a better choice to re-entry within a heat shielding
cargo to avoid breakup due to higher density atmosphere.
SMV releases the cargo at a lower altitude and then para-
chute works to slow down the cargo further. Compared
with the landing case of retrieving satellites, it will consume
less fuel and be able to implement multi missions because
new launch of SMV from sea level will cost more energy
compared with skip trajectory by which the vehicle goes
back to orbit with high initial velocity. For retrieval of high
value object, it is necessary to increase landing prediction
accuracy. Otherwise, if the landing prediction area is too
big, it will be difficult for on-ground rescuers to locate
the cargo, which may fail the retrieval mission.

To improve landing accuracy and narrow ground foot-
print, it is preferable to release debris at lower altitude
and even at predetermined point. The mission profile can
be divided into four stages: (1) phasing and rendezvous;
(2) debris capture; (3) skip re-entry and release the debris;
(4) SMV goes back to orbit preparing for next mission.

2.2. Some other potential applications

In addition to application in ADR, Skip SMV also
shows great potential for other operations. For example,
the skip SMV could be used in Mars landing missions to
release lander and then go back to orbit around Mars wait-
ing for return to Earth. The skip trajectory could be used to
dissipate heat and slow down the vehicle with more hop-
ping. In addition, landing accuracy can be improved by
releasing the lander at specific altitude (position) with
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appropriate velocity and prolonged travel range. Further,
the skip SMV could also be implemented in over flight of
ground target for surveillance purpose, etc.

2.3. Feasibility analysis

This concept is totally new and has a high requirement
for the vehicle design and fuel, however it could survive
in orbit for longer time and save fuel because it is possible
for SMV to implement several skip missions once launched
into orbit. Furthermore, such operation in space is expen-
sive but affordable for retrieving satellites.

It will be viable in near future and many preliminary
practical experiment and studies are already or being con-
ducted. Advanced Re-entry Vehicle (ARV) is an evolution
of ATV which is designed to return conditioned payloads
and equipment to Earth after retirement of space shuttle
(Bottacini et al., 2011). Orbital Test Vehicle is a reusable
unmanned spacecraft and able to re-enter Earth’s atmo-
sphere for multi times. Actually, it is a mini space shuttle
and the forth flight test is under conduction (Grantz,
2011). The Dream Chaser derived from HL-20 lifting body
is a reusable crewed space plane which can operate in sub-
orbital or orbital orbit. Its primary mission is to resupply
ISS and download from space station (Howard et al.,
2011). Bettinger and Black (2014) introduced a new con-
cept TAVs which is designed to complete orbital change
maneuver and overfly specified ground target. Virgili
et al. (2015) studied a novel method to control re-entry
location using aerodynamic drag which shows potential
application in increasing precision of debris re-entry point.
Moshman and Proulx (2014) studied the reachable area of
hypersonic vehicle with thrust engine which concludes that
the presence of an engine is most advantageous for poten-
tial maneuver or retargeting.

In Section 3, the concept of skip re-entry with thrust will
be defined in detail. In Sections 4 and 5, based on the evo-
lutionary collocation method, simulation is conducted to
demonstrate the feasibility of proposed concept. And dif-
ferent scenarios are discussed to illustrate the problem bet-
ter. Section 6 summarizes the whole work of this paper.

3. Problem definition

One of the many issues encountered in the development
of skip SMV is to establish the dynamic and control equa-
tions of the vehicle with thrust capability during its re-entry
into the Earth’s atmosphere and to optimize its trajectory
accordingly. Several methods (Duan and Li, 2015; Zhao
et al., 2014; Zondervan, 1984) have been proposed to opti-
mize the trajectory of a spacecraft entering the atmosphere
however most of them relate the optimization to a landing
scenario, aiming at improving the control over the range
and the touchdown accuracy.

The proposed investigation in this paper will focus on
the atmospheric skip of SMV, targeting the entry into the
atmosphere down to a predetermined altitude or point
(including altitude, longitude and latitude) and the
required controls involved in returning to orbit. Du et al.
(2014) studied the skip re-entry of deep-space spacecraft
with high speed over first cosmic velocity, however a high
thrust engine would be necessary for SMV to return to
low orbit in this paper.

To find an analytic solution to the general trajectory
optimization problem is difficult, instead, many numerical
methods have been proposed to solve a particular profile.
The main difficulty of a trans-atmospheric entry is the
rapid change of atmosphere, whereas the current gradient
method used for trajectory optimization is time- and
memory-consuming due to the large gradients which forces
the algorithm to refine the grids and leads to a significant
increase in computation time.

In order to circumvent the limitation brought by the
classic gradient techniques, this paper will work on direct
trajectory optimization method rather than indirect meth-
ods. The solution proposed in this paper is to implement
a higher non-gradient optimizer to guide the collocation
grids and help smooth the control over the state disconti-
nuities. Collocation method is applied to transform the
trajectory optimization problem into a nonlinear program-
ming problem (NLP). Then sequential quadratic program-
ming (SQP) method is used to solve constrained nonlinear
programming problem, and thus named as evolutionary
collocation method. Wang et al. (2015) has preliminarily
studied the difference between two heuristic optimization
methods, GA and PSO. In this paper, GA is adopted due
to its higher accuracy of global optimization.

General skip re-entry problem can be divided into 5
phases: initial roll, down control, up control, Kepler and
final entry. Phase 5 (landing) has been thoroughly studied.
Considering the mission of SMV is to arrive at a predeter-
mined position with specific altitude, the most challenging
phases 2 and 3 will be highlighted in this paper (see Fig. 1).

In this section we present the re-entry optimization
problem including the atmospheric model, nonlinear
dynamics, the constraints and the cost function.

3.1. Atmospheric model

For improved accuracy on the guidance before the ini-
tial entry and after the exit, the atmosphere model is built
up to 1000 km from the ESDU 77021 documentation
(RAS, 2005).

3.2. Dynamic model

Our initial implementation uses the physical characteris-
tics of the NASA space shuttle found in the literature
(Zondervan, 1984). The original scenario was set up in Bri-
tish units so most of the literature followed the trend. For
this work, international standard units were used except
heating flux. Interface between optimization routines and
high-level modeling packages is well established with
MATLAB, however models and methods can be easily



-100001000200030004000500060007000
0

20

40

60

80

100

120

140

Phase 1

Phase 2

Phase 4

Phase 5

Debris break up 
altitude

Altitude

Downrange

Phase 3

Phase 1: Initial Roll
Phase 2: Descent Phase
Phase 3: Exit Phase
Phase 4: Kepler
Phase 5: Final Re-entry

Bottom point

80 km

50 km

Fig. 1. Whole phase description of skip re-entry.

1796 W. Wang, A. Savvaris / Advances in Space Research 58 (2016) 1793–1806
modified. The motion equations of the space shuttle with
thrust capability are established with a minor correction
of Moshman and Proulx (2014):

_r ¼ v sin c ð1Þ
_/ ¼ v cos c cosw

r cos h
ð2Þ

_h ¼ v cos c sinw
r

ð3Þ

_v ¼ T cos a� D
m

� g sin c ð4Þ

_c ¼ L cos rþ T sin a cos r
mv

� g cos c
v

þ v cos c
r

ð5Þ

_w ¼ L sin rþ T sin a sin r
mv cos c

þ v cos c sinw tan/
r

ð6Þ

_m ¼ � T
Isp g

ð7Þ

_a ¼ KaðaC � aÞ; _r ¼ KrðrC � rÞ; _T ¼ KT ðT C � T Þ ð8Þ
where r; /; h; v; c; w; m; a; r; T are state variables,
representing radial position, latitude, longitude, velocity,
flight path angle, heading angle, mass, angle of attack,
bank angle and thrust respectively. Here, angle of attack
(aCÞ, bank angle ðrCÞ and thrust ðT CÞ denote control sig-
nals. First-order control system is applied in which
Ka; Kr; KT are constant control gains and the control
rates are limited in this manner. The lag between control
signals and actual state variables is used to imitate actuator
dynamics. Ka; Kr; KT are set as 0.001, 0.001, 0.005,
respectively. L and D are the lift acceleration and drag
acceleration respectively, which can be defined as:

L ¼ qV 2SCL=ð2mÞ ð9Þ
D ¼ qV 2SCD=ð2mÞ ð10Þ
where CL is the lift coefficient, CD is the drag coefficient and
S is reference surface area. q is the density which can be
achieved by ESDU 77021 toolbox. The aerodynamic
parameters can refer to Zondervan (1984).
3.3. Solutions for optimization

The collocation method discretizes all state and control
variables. Then the SMV skip trajectory optimization
problem is transformed into a nonlinear programming
problem containing equality and inequality constraints on
the boundary conditions and path (Betts, 2010).

min J ¼ f ðxÞ ð11Þ
hiðxÞ ¼ 0; i ¼ 1; 2; . . . ; p ð12Þ
gjðxÞ P 0; j ¼ p þ 1; . . . ; q ð13Þ

a. Genetic algorithm

GA is one kind of evolution algorithms, which generates
solutions to optimization problems using techniques
inspired by natural evolution, e.g. inheritance, mutation,
selection and crossover. It is regarded as one of the most
robust and reliable optimization algorithms and has no
requirement for gradient information or initial guess. GA
is widely used on some large-scale nonlinear global opti-
mization problems (Betts, 1998).

b. Collocation method

Equal step collocation method is applied in Wang et al.
(2015). Several well-known pseudo-spectral methods have
been developed for solving optimal control problems such
as the Legendre pseudo-spectral method, Radau pseudo-
spectral method and the Gauss pseudo-spectral method.
Radau and Gauss methods outperform the Legendre
method in accuracy with comparable computational effi-
ciency. However, the Legendre method based on Gauss–
Lobatto points (LGL) is the most appropriate method
for solving infinite-horizon optimal control problems with
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arbitrary boundary conditions in skip re-entry, especially
when the boundary constraints are functions of initial con-
ditions or final conditions, Gauss and Radau pseudo-
spectral methods may not converge (Fahroo and Ross,
2008). In this paper the LGL method is applied (see Fig. 2).

There are more collocation points at the boundary
point, so it is preferable to divide whole phase into two
separate phases at the bottom point. Then the number of
Step 1
Direct Shooting
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global
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Similar to Step 1

Fig. 3. Flow chart of trajec
collocation points around the bottom point will be larger,
and the accuracy would be higher around bottom point.

c. Sequential quadratic programming

The SQP algorithm proposed by Powell is known as an
efficient iterative method for NLP problems (Gill and
Wong, 2012). The optimization result of GA guides the col-
location grids, and then the SQP is applied to search local
optimum close to the initial value to achieve an optimum of
the NLP problem.

d. Optimization classification

In this paper, two types of optimization strategies are
studied according to mission requirement. The difference
is the initial value provided by GA. For descent to prede-
termined point, constraints are so higher that it is difficult
for GA to converge, so it is better to divide whole phase
into two parts and provide an initial value to SQP as illus-
trated in Fig. 3. However, for descent to a predetermined
altitude without other constraints, it is appropriate to take
the descent and exit as a whole phase. So in Fig. 3, step 1
and step 2 will be integrated as one step.

Fig. 3 gives a chronological view of the method: (1)
Trajectory optimization for the descent. (2) Trajectory opti-
mization for the exit. (3) Join the 2 paths on a new mesh
Step 3
Collocation 

methodTO of skip NLP of skip

SQP

Initial 
assignment high-accuracy

global optimal 
solution

Initial guess

tory optimization (TO).



Table 1
Simulation parameter setting.

Boundary conditions Initial state Final state

Height (km) 80 80
Velocity (km/s) 7.5 Free
Flight path angle (rad) �0.0174 Free
Mass (kg) 90,719 Free
Longitude (rad) �0.785 Free
Latitude (rad) �0.174 Free
Heading angle (rad) 0 Free
AOA (rad) 0.698 Free
Bank angle (rad) 0.698 Free

Optimization constraints

Number of collocation nodes 60
Thrust (N) <2 * 106

Heat flux (BTU/ft2/s, MW/m2) <200/2.2
Dynamic pressure (N/m2) <13,000
Load (/g0) <2.5
Angle of attack (rad) � p

2 ;
p
2

� �

p p
� �
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with collocation method. Then the optimal solution of NLP
is obtained using SQP on the complete trajectory.

3.4. Optimization objective and constraints

3.4.1. Optimization objective
Three single objectives may be considered including: (1)

To minimize time, J t; (2) To minimize fuel consumption,
Jf ; (3) To minimize total heating, Jh. For multi objective
optimization, the weighting method is adopted with corre-
sponding weighting coefficients.

J ¼ xt J t þ xf J f þ xh Jh ð14Þ

where xi ¼ x0
i

J imax
; and

P
x0

i ¼ 1; i ¼ t; f ; h. J imax is used

for order-of-magnitude agreement denoting the maximum
possible value of J i.
Bank angle (rad) � 2 ; 2
Time (s) [500; 5000]
3.4.2. Path constraints

(1) Heating flux constraint

As the velocity of vehicle is less than 7.5 km/s, convec-
tive mode of heat transfer is the dominant form. The max-
imum heating rate usually happens at the bottom altitude
which is closely related to velocity, height and angle of
attack.

_Q ¼ 17700 c0 þ c1aþ c2a2 þ c3a3
� � ffiffiffi

q
p

10�4v
� �3:07 ð15Þ

where c0; c1; c2; c3 are coefficients with fixed values
(Zondervan, 1984). q is atmospheric density.

(2) Load and dynamic pressure

nL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ D2

p

mg0
ð16Þ

q ¼ 1

2
qv2 ð17Þ
Table 2
State at bottom point.

State of bottom point Value

Height (km) 50
Velocity (km/s) >3
Flight path angle (rad) >0
Latitude (rad) 0
Longitude (rad) 0
3.4.3. Boundary constraints

(1) Position constraints
Altitude constraints on descent to predetermined alti-

tude are: hb ! 50 km, hf ! 80 km, which represent the
altitude at bottom point and final state, respectively.

For descent to pre-determined point, there are more
constraints on position apart from altitude. It is assumed
that a special point is chosen with latitude and longitude
both equaling to zero, i.e. / ! 0; h ! 0:

(2) Time constraint

To guarantee the complement of the SMV process, the
time is limited as shown in Table 1.
3.4.4. Control constraints

(1) Constraints on angle of attack (AoA) and bank
angle

Initial values are assumed to be the same for different
scenarios and simple constraints are adopted which are
shown in Table 1.

(2) Thrust constraint

To lift off, space shuttle has two solid rocket boosters
each providing a thrust of 12,500 kN and three main engi-
nes each providing a thrust of 2170 kN, so the total thrust
is about 30,000 kN. The main engine is able to operate for
7.5 h before requiring major maintenance.

In this paper, the maximum thrust is assumed to be
2000 kN which equals the thrust of one main engine. In
Section 4, effect of thrust capability on optimization is dis-
cussed with different limitations on maximum thrust.

It should be noted that in Zondervan (1984), the maxi-

mum heating flux _Qmax ¼ 70 BTU=ft2=s, but it is an orginal
value of NASA space shuttle nearly forty years ago. Con-
sidering the new mission requirement of rapid change in
dynamics at the bottom altitude, a relatively high value is
applied here.

Table 2 gives the state at bottom point. The requirement
for latitude and longitude is only used in the mission of des-
cent to predetermined point in Section 5.
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� Other constraints

Longitude and latitude error for descent to point:
[�0.01, 0.01] rad.

Altitude error: [�200, 200] m.
4. Simulation result of descent to predetermined altitude

In this part, the simulation of descent to predetermined
altitude is conducted. There is no constraint on the longi-
tude and latitude of bottom point.
4.1. Single objective optimization-to minimize fuel

consumption

For SMV which implements skip mission, the fuel con-
sumption is the most important factor which should be
considered as the optimization objective.
4.1.1. Comparison between different altitudes

Fig. 4 shows the result for three different altitudes:
50 km, 60 km and 70 km. If the vehicle goes lower, velocity
at bottom point is further reduced. Moreover, there are
more hops for lower altitude and fuel consumption is
greater than other two cases.

From Fig. 5 we can see that peak of path constraints
occurs near the bottom point which is different from the
skip reentry for landing. The values of three constraints
are larger for descent to lower altitude because of denser
atmosphere. Comparison between Figs. 4 and 5 shows that
the crest of hop in altitude typically corresponds to a
trough of hop in path constraints.

For the case of descent to 50 km, the constraint of
dynamic pressure is active, which means the dynamic pres-
sure is the dominant constraint for optimization. This can
be deduced from Eq. (17) as atmosphere density is much
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larger than the other two cases although velocity is a little
smaller.

Different altitudes indicate different landing accuracy
and pose various requirements for SMV such as the thrust
capability and path constraints. If altitude is lower, the pre-
diction of landing location would be more precise because
debris would spend less time in atmosphere before landing.
Ground footprint would be narrower, consequently it will
reduce the hazard to ground and improve the landing accu-
racy for retrieval of satellites corresponding to two poten-
tial applications of SMV in Section 2.1. However, it is
difficult to define a minimal altitude of SMV, and the most
appropriate altitude should be determined by a compro-
mise between landing accuracy requirement, available fuel
and path constraints.
4.1.2. Comparison between different thrust

From Fig. 4 we can see that, the peak of thrust for des-
cent to 50 km reaches about 50 percent of maximum thrust.
In order to show the effect of thrust on skip re-entry, three
cases with much smaller thrust capabilities are discussed.
Three thrust capabilities are: (a) 10 percent of maximum
thrust; (b) 5 percent of maximum thrust; (c) 2.5 percent
of maximum thrust, and the maximum thrust is 2000 kN.

From the subfigure of altitude we can see that if the con-
straint value on thrust is smaller, skip mission takes longer
time and there will be more hops. Besides, the thrust has to
work during descent phase because the thrust is not enough
to lift vehicle up to exit atmosphere. Subfigure of bank
angle shows that the bank angle descends gradually to
small value to provide larger lift force in the last two cases.

Generally, small thrust can save fuel by comparing
Figs. 4 and 6. However, if the thrust is too small, actuator
has to work for longer time and fuel consumption is a little
larger. From the subfigure of mass we can also see that, the
minimum fuel consumption occupies just 6 percent of total
mass which is a small value. It means that it is possible for
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(a) Heating flux time history (b) Dynamic pressure time history
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0 100 200 300 400 500 600 700 800 900
20

40

60

80

100

120

140

160

Time (s)

H
ea

tin
g 

flu
x(

Bt
u/

(ft
2 .

s)
Heating flux

50km
60km
70km

0 100 200 300 400 500 600 700 800 900
0

2000

4000

6000

8000

10000

12000

14000

Time (s)

D
yn

am
ic

 p
re

ss
ur

e(
N

/m
2 )

Dynamic pressure

50km
60km
70km

0 100 200 300 400 500 600 700 800 900
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Time (s)

Lo
ad

(/g
0)

Load

50km
60km
70km

Fig. 5. Curves of path constraint.
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SMV to implement several skip missions once launched
into orbit. This saves much fuel by comparison with land-
ing scenario and launching again for next mission.

Different from Section 4.1.1, the constraints of dynamic
pressure are all active in three cases with a value of
13,000 Pa (N/m2) (see Fig. 7).

Heating flux of third case is significantly higher than the
other two because the velocity is much bigger at bottom
point in order to go back to 80 km, which can be deduced
from Eq. (15).

The load constraint for the first case is the highest and
the peak value decreases gradually with decreasing thrust
capability.

Thrust capability is the major difference from other re-
entry operations. In this part, three scenarios with much
smaller thrust capability are presented to show the effect of
thrust capability. Furthermore the simulation results demon-
strate feasibility of skip SMV with small thrust engine.
4.2. Single objective optimization -to minimize time

In this section, a scenario of minimizing the time is put
up because in some emergency circumstances, it is
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necessary to implement fast skip to retrieve inoperative
spacecraft.

Applying similar constraints with Section 4.1.1, the sim-
ulation result shows that the minimum time to fulfill skip is
about 500 s with only one hop in descent phase. The fuel
consumption is quite large which is almost impossible in
practice, and more constraints need to be considered (see
Fig. 8).

From the subfigure of AoA we can see that the AoA
increases to a large value and then falls down quickly. With
more strict constraint on control signal, mission time will
be prolonged because smaller AoA leads to longer descent
time.

In the scenario of minimizing mission time, both con-
straints of load and dynamic pressure are active. And the

peak of heating flux is about 160 Btu=ðft2 � sÞ (see Fig. 9).
Although the fuel consumption is quite large and it

poses great challenge for the vehicle design, it may play
an important role in some emergency situations. For exam-
ple, if a new launched satellite failed in attitude control or
deployed in wrong orbit, it may face collision risk with
other space targets, thus it would be necessary to imple-
ment prompt retrieval and reduce the risk.
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4.3. Multi objective optimization

In this part, the multi objective optimization simulation
is conducted. Three objectives are considered including
minimizing time, minimizing fuel consumption and
minimizing total heating. In Eq. (14), parameters are set as
follows: J imax = 90,719, 4000, 400,000, x0

i ¼ 0:2; 0:4; 0:4;
i ¼ t; f ; h. Following is simulation results.
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Fig. 10 shows the curves of optimized state variables, to
be noted, there is one more hop during exit of atmosphere
which is quite different from former simulation. Compared
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with Section 4.1.1, the mission time increases by 50 s and
the fuel consumption drops about 2000 kg. The difference
in fuel consumption and mission time is minor, however,
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the difference in total heating is clearly seen from below
figures.

Apart from the dynamic pressure, the constraint on load
is also active because of larger lift force. From comparison
between Figs. 11 and 5, we can see that the total heating is
significantly reduced although the maximum value is close.
According to above analysis, the total heating plays a
remarkable role in optimization objective under current
settings of weighting coefficient.

Although the multi objective optimization method
achieves a better result in this paper, the performance is
affected profoundly by the weighting coefficient of each
objective. It is difficult to determine the most appropriate
weighting factors. In engineering, decision maker will
choose the appropriate value according to experience and
prior information. Many scholars have improved multi
objective algorithms such as fuzzy satisfactory goal pro-
gramming method (Hu and Xin, 2015) and design of exper-
iment approach (Bettinger et al., 2015). In the future, more
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Fig. 12. Three dimensional trajectory of skip SMV.
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Fig. 13. State curves for re-entr
work will be done by applying multi-objective evolution
algorithms to skip trajectory optimization to obtain a set
of solutions, i.e. Pareto front, rather than just a solution
by the weighting method.

Fig. 12 shows the three dimensional trajectory of skip
SMV, nodes scatter is denser near the boundary based on
LGL collocation method.
5. Simulation results of descent to predetermined point

In Section 4, the case of descent to a predetermined
altitude is studied. However in some occasions with small
re-entry interface window, it is necessary to descend to a
position with fixed altitude and longitude to further
improve landing precision. In addition, in some cases that
have different optimization requirement for descent and
exit, it is also necessary to conduct optimization separately
in calculating initial value.

In Fig. 13, the line illustrates initial value calculated
from GA. The blue line represents optimization result of
descent phase, the red line represents exit phase while black
circle represents final result by SQP.

From subfigures of longitude and latitude in Figs. 4 and
13, we know that traveled range in the second case is larger
than the first one and there are more hops, so we may come
to the conclusion that hops can contribute to prolonging
the traveled range.

The total number of codes shares the same value with
Section 4 which is set as 60, and the number for descent
and exit is set to be proportional to the mission time. As
the descent phase takes longer time, the number of nodes
in descent phase is larger than counterpart in exit phase
(see Fig. 14).

Compared with simulation in Section 4, the peak of load
and dynamic pressure happens near the bottom point,
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while the peak of heating flux happens at the initial phase
because the total heating is also considered as one opti-
mization objective.

Fig. 15 shows the three dimensional trajectory of skip
re-entry with three hops. As the number of nodes is propor-
tional to mission time, the number of nodes in descent
phase is much larger than exit phase. Besides, there are
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Fig. 15. Three dimensional trajectory of skip SMV.
more nodes at the bottom point compared with Fig. 12
which performs better for skip re-entry to capture sudden
change in state variable.
6. Conclusion

This paper investigates the potential applications of skip
SMV and one of the most promising applications is active
debris removal. For unusable debris, skip SMV is able to
increase the re-entry interface prediction accuracy and
reduce risks for people and property on ground. For dis-
abled space property still with value, it is possible for
SMV to re-entry to a lower altitude and then release space
asset in a cargo, which can help to avoid the breakup
brought by atmosphere, and thus improve the landing
accuracy.

The key feature of skip trajectory is to descend into
atmosphere and then exit. This paper established the
dynamic and control equations for skip re-entry with thrust
capability. Space shuttle is adopted as the SMV model
because the parameter settings are available from open
source literatures.

Trajectory optimization is the key issue for skip SMV
and it is in detail discussed in our paper with different sce-
narios. Compared with descent to fixed altitude, descent to
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predetermined point is more challenging for control. Evo-
lutionary collocation method improves the computation
efficiency in skip trajectory optimization. Simulation
results demonstrate feasibility of skip SMV in active debris
removal satisfying constraints. Although there is no rele-
vant study about the application of skip SMV to removal
of large debris, in the future, it will be feasible for skip
SMV to perform debris re-entry missions repeatedly and
efficiently.
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