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Abstract: Aerocapture is one of the key technologies for low-cost transportation, with high demands of autonomy,
accuracy,and robustness of guidance and control,due to its high reliability requirements for only one chance of trying.
A unified numerical predictor-corrector guidance method based on characteristic models for aerocapture is proposed.
The numerical predictor-corrector guidance method is used to achieve autonomy and high accuracy, and the
characteristic model control method is introduced to achieve robustness. At the same time, by transforming path
constraints, characteristic model equations including apogee deviation and altitude differentiation are established. Based
on the characteristic model equations,a unified guidance law which can satisfy path constraints and guidance objectives
simultaneously is designed. In guidance problems, guidance deviation is not directly obtained from the output of the
dynamics at present, but is calculated through integral and algebraic equations. Therefore, the method of directly
discretizing differential equations cannot be used to establish characteristic models, which brings great difficulty to
characteristic modeling. A method for characteristic modeling of guidance problems is proposed, and convergence
analysis of the proposed guidance law is also provided. Finally.a joint numerical simulation of guidance and control
considering navigation deviation and various uncertainties is conducted to verify the effectiveness of the proposed
method. The proposed unified method can be extended to general aerodynamic entry guidance designs, providing
theoretical and methodological support for them.
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techniques allows for increased payload mass in
0 Introduction many re-orbiting missions in the atmosphere,
and hence aerodynamic-assisted re-orbiting will
As an inevitable approach for the mankind yield impressive cost reductions in spacecraft
to exploring the mysteries of the universe,deep design. For  planets with  atmosphere,
space exploration is to explore the wider space aerodynamic-assisted re-orbiting can save large
of the solar system on the basis of the achieved amounts of propellant. For those without
breakthroughs in near-Earth space activities. atmosphere (e. g. , the Moon and Mercury),
Here, low-cost space transport is one key braking can still be accomplished using
technology. The use of aerodynamic re-orbiting aerodynamic forces, which activity is generally
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required for the return entry into Earth's low

orbit  from an interplanetary  voyage.
Aerocapture refers to the use of aerodynamic
forces generated by planetary atmospheres to
reduce orbital energy and achieve the transfer
from hyperbolic orbits to target circular orbit.
The concept of aerocapture was proposed by
London in the 1960s and its feasibility was
analysed ""'. Aerocapture has considerable fuel-
saving advantages over traditional chemically-
fueled impulse re-orbiting, and the Space
Propulsion Technology Program Office at
NASA' s Marshall Space Flight Center has
study of the

conducted a documented

advantages and disadvantages of both
aerobraking and aerocapture, with systematic
evaluation of their risks. The results of the
study,based on simulations of an Earth return
capsule carrying four 890 N orbital manoeuvre
engines, concluded that the engine operation
time for pure thrust braking and aerocapture
were 51 and 21 minutes respectively(where the
operation time for aerocapture is for the
trajectory adjusting from formatted ellipse orbit
to the target orbit). This is equivalent to a 40
percent saving in fuel. If the vehicle carries a
490 N small-to-medium-thrust orbital engine,
the percentage of fuel saved will be further
increased, which will be significant in future re-
entry missions. Studies have shown that the use
of aerodynamically assisted re-orbiting ( Mars
aerocapture and Earth aerocapture on re-entry)
is the key to mission realisation on a human
Mars if

technologies are used. On lunar re-entry,if the

mission  to current propulsion
return capsule returns to Earth by adopting the
aerodynamic assisted re-orbiting technology, a
large amount of propellant can be saved with
the take-off mass in the near-Earth orbit
reduced by 16% to 20%. Therefore,

aerodynamic power assisted reorbiting is a key

technology in the design of advanced launch

vehicles. However, unlike the successfully

implemented aerobraking technology., the
aerocapture technology is still at research and
ground test stage.

The task of guidance is to enable the
spacecraft to fly in an excellent thermodynamic
environment and to accurately meet various
constraints such as overload, thermal and
terminal conditions. The aerocapture mission
has only one chance to be realised and requires
very high reliability,thus placing high demands
on the accuracy and robustness of guidance and
control. Reviewing the progress of research and
application of re-entry guidance algorithms, the
theory of re-entry guidance has been studied
since the 1950s and has gone through the
of Apollo

algorithms, Space Shuttle guidance algorithms,

development stages guidance
and numerical predictor-corrector guidance.
With the significant improvement of computer
technology, the numerical predictor-corrector
guidance method has made great progress after
more than 60 years of development. In the case
of a large initial error and issues with the
vehicle, this method can still achieve good
guidance accuracy. The aerocapture guidance
problem follows the same development
process,dating back to the late 1970s,when the
accuracy and orbital characteristics of intra-
atmospheric navigation guidance and control for
aerocapture missions were analyzed™ . Based on
the Space Shuttle guidance law, a hybrid
predictor-corrector  guidance method was
proposed™® , which is essentially an analytical
guidance law based on the linearisation of small
perturbations, and is the basis of the research
field of analytical guidance for aerocapture™ ™.
However,for the aerocapture problem of Mars
which has strong uncertainty in aerodynamic
environment, the analytical guidance method
can hardly meet the requirements of guidance

accuracy and robustness, and hence the
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numerical predictor-corrector method has
gradually become the main research direction
deorbiting

for solving the aerodynamic

problem"™. The

above are all studies of single control quantity,

control quantities studied
i. e., the bank angle. In order to further
improve the control capability, an aerodynamic
capture guidance method was proposed using
two control quantities, the bank angle and the
angle of attack, to control the aerodynamic
flight trajectory'’.

The trajectory constraints are the key
problem for the numerical predictor-corrector

[8-11]

guidance law . It is pointed out that for a

small lift-to-drag ratio vehicle, the peak
overload of the process is smaller when the
initial bank angle amplitude of the vehicle is
larger'™. Based on this, an overload eliminator
is designed to predict the peak overload when
the vehicle enters the atmosphere and increases
the initial bank angle if it is too large. The
trajectory is divided into two parts and the
vehicle is guided in the first part with a
constant value thermofluid trajectory and in the
second part with an unconstrained predictor-
corrector guidance algorithm™. A lift-up
employed when the
limit"". The

trajectory constraints are corresponded to the

guidance command is

vehicle overload reaches the
drag to which the vehicle is subjected to obtain
the range allowed by the drag""”. When the
drag reaches the boundary a strategy to increase
the vehicle altitude is used to reduce the drag.
Convergence is also an issue to be considered
for numerical prediction of the correction
guidance law, and a convergence analysis is
carried out in the optimisation framework "%,
Unlike the method using optimisation in

[ 12 ], the

guidance method based on characteristic model

numerical  predictor-corrector

extends the control method to guidance, which

has stronger robustness compared with the

optimisation method,but the method in control
cannot be used in the performance analysis.
This is due to the fact that,for the aerocapture
problem, the numerical predictor-corrector
guidance method first integrates the dynamics
at the current moment up to the atmospheric
exit,then uses the orbital dynamics formula to
obtain the value of the transition orbit apogee,
and finally its difference from the desired
apogee is used for the feedback of the guidance
law. It can be seen that, unlike the control
design, the difference used in guidance is not
the difference between the state of the
differential equation and the reference input,
and the error feedback in guidance is the result

of the

calculation,so it cannot be analysed directly in

integration and algebraic equation
the same way as the performance analysis in
the field of control. An alternative approach is
hence needed.

In this paper, a unified numerical predictor-
corrector guidance method based on characteristic
models for aerocapture is proposed, with also the

convergence analysis and joint numerical simulation

of guidance and control.

1 Problem description

Consider the following spacecraft dynamics™®
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where ¢ denotes the gravitational constant of
target stars ( Mars, Venus, Titan, etc. with
atmosphere) ;m denotes the mass of spacecraft;
r denotes the distance from the spacecraft to
the centre of mass of the target stars;0 and ¢
denote latitude and longitude respectively; V
denotes the relative velocity; ¥y and ¢ denote the
flight path angle and heading angle
respectively;o denotes the bank angle, which is
an input for the guidance;{2 denotes the angular
velocity of the target stars;L and D denote the
aerodynamic lift and drag respectively,
S.CLpV*
2

S.iCppV*

B

S.. denotes the spacecraft reference area; C,

L =

and C; denote the lift and drag coefficients

respectively;p denotes the atmospheric density,

L =pPoexp (Bh%)

h=r —R,

0o 1s the atmospheric density at the reference

altitude h,,and p, and h, are known. 3, <0 is

known,and R, denotes the radius of the target
stars.

In general, typical path constraints for

aerocapture include altitude /i ,heat rate Q ,load

a »and dynamic pressure q ,

h=h, (2)
Q=koVo/R, V' < Q... (3)
a=+L"+D"/m<a,, D

q=pV"/2< (5)

where ko R, are known constants, and h ., »

Qv 2@ o and g ... denote the limits of altitude,

heat rate, load, and dynamic pressure
constraints,respectively.

In this paper, we consider the aerocapture
guidance law design problem with consideration
of the path constraints(2)-(5)for the dynamics
(1); furthermore, we prove convergence and
simulations  under

carry out numerical

uncertainties to verify the wvalidity of the

designed guidance laws.

2 Unified numerical predictor-
corrector guidance based on

characteristic model
Unified

guidance based on characteristic model means

numerical  predictor-corrector
that the designed guidance law satisfies both
path constraints and guidance targets. In this
paper,by transforming the path constraints into
altitude,

the differential function of

characteristic models including the apogee

deviation and the altitude differential are

established,andthe guidance law is designed.

2.1 Establishing the differential equations

associated with path constraints

In [ 12 ], differential equations related to
heat rate, load and dynamic pressure are
established. In addition to the above path
constraints, aerocapture needs to satisfy
altitude constraint(2). The differential equation
associated with the altitude constraint is given
to provide a basis for the unified guidance law.
Discretizing the altitude equation in eq. (1),
we have

ht+T)=h()+TVsiny
where T denotes the sampling period. In order
to achieve the altitude limit
ht+T)=h)+TVsiny = h
we have
P 10 (6)
VT
Combining the results of [12] for path

sin y =

constraints on heat rate, load and dynamic
pressure, by differentiating the path constraints
(3)-(5), followed by linear interpolation and
prediction,it can be obtained separately:

g —QJ[1—3TD Vv
Siny>Qmax Q[1—3TD/(mV)] 0

B.QVT/(2h,)
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Amex —a [1 —2TD/(mV)]

=
sin Yy = 8.aVT/h, (8)
Qo —q [1—2TD/(mV
siny = Lm0 [mVD] ()
quVT/hO
For the inequality(6)-(9),let
how —h
sin ¥’ =max (sin 7,%} (10)
o { . Qu.—Q[1—3TD/(mWV)] }
sin Y = max {sSin 7, .
BQVT/(2h)
(1D
L . Qe —a [1—2TD/(mV)] }
sin = m S s
SIN Y et ax (s Yy BraVT/ho
12
o { Qe —q[1—2TD/nV)] }
sin Y = max {sSin 7, =
lgquT/h(J
(13)

Due to the need to satisfy multiple

constraints mentioned above at the same
time, let

. _ . hooo Qo a o q
Sin 7, = max {sin Yyyssin Y5 ssin Yigssin 7}

a4
Considering further the dynamics(1),let
href =Vsin Y et (15)

Remark 1: When it is far from the path
constraints, it can be obtained from eq. (6)-
(15) that

sin ¥, =sin ¥
h.=Vsiny

*hm[:o (16)
Remark 2: When approaching the path

e, =h

constraint,if e, >0 we have & — i —=0,Q —

Qmax"o a—a maxAO »Or q 7qmax4>o'

2.2 Characteristic modeling

The aerocapture numerical predictor-
corrector guidance is implemented by first
integrating for the guidance dynamics(1)to an
altitude of 150 km at the edge of the
atmosphere, using the current state as the
initial value. Then from the algebraic relations

obtained from the two-body problem

#
= an
¢ 2u/r. —V:

7 2 2
rizae(lJr 1_M) (18)
A pa.

reached by the

aerocapture, where x, =

e

calculate the apogee 7
spacecraft after
[r. V. 7.]" denotes the state of exiting
atmosphere. The error at the apogee is

e, =ri—r, (19
where r, denotes the expected apogee. In
particular,the integration of the state variable ¥
requires the guidance law o. At the current
moment ¢ ,we only know the guidance law ¢ (¢)
that was designed before the current moment,
but the guidance law after the current moment
required for the integration is unknown. To
solve this problem, a constant bank angle
strategy is used,i. e. ,the guidance law after the
current moment is needed to obtain the
integral, and the guidance law ¢ (z) at the
current moment is used. By integrating the 5th
equation of eq. (1) without considering
rotation,

Y .(t)=f,)+g,(t)cos a(t) 20)

where
) - h=150 km Vﬁ 1
fy(t)—y(t)JrJr (~ Vr2>cos yde
h=150 km L
gy(t) :J; Wd‘[‘

Theorem 1: If the sampling period is
selected in accordance with the theory of
characteristic model, the characteristic model
for united numerical predictor-corrector
guidance can be established as slow time-
varying differential equations:

e (k) =e,(k—1)+ g, (B)Aulk) @D
e, (k)y=f, (k)e, (k — 1)+ f,,(k)e, (b —2) +

g, (k) Au (k) (22)
wheree, (k) and ¢, (%) are given in(16)and(19)

respectively,

Au(k) =coso(k) —coso(k —1)
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3 15 15 3
and g, (k) and g, (k) are bounded.
Proof: We first prove that eq. (21) holds.

fin (k) € {12—9} S (k) € {—B,fq

Denote the state of the atmospheric fringe such
that e,=0as
=l viow]
It can be seen that e, is a function of x,

[ro V. 7. "byeq (17)and(18). Thus, we

take a linear expansion of e, at x,

e, (t) = Vv, ]+
Substituting eq. (20) ,we get
e, (1) —9 L) — Vo4
de,
2.0 g,y(t)cos o(t)

(23)

By discretization of eq. (23),we have

ea(/z)— Vi]—
de a(fa
3 ng(k)cots o(k)

Further at step £ —1,we have

e(/e—l)— [r k—1D —r. ]+
7V vil-
f (b —1)+
aeﬂ

agy(k — Dcoso(k—1)

Differentiate the above two equations:
e, (k)=e, (b —1)+ g, (EDAu(k) 4+ Ae (k)

where

g. (k) = 77 gy(/e)
de, “risin 27,
7. Viricos’y.,

2p |1 — el

pa.

ar

Je.
Aeﬂ(k)=7 ~(r. (k) —r.)

* (’)e“ *
chfaye(k))’c + (k) —
(77
de, . de,
V. ]+r7}/e(k — D! *,)T/efy(k — 1+
de, de,
[ ~g, (k) — — '(k—l)}cosa(kD
aye aye
(24)
Since the states are bounded in the

engineering problems, it follows that g,(k) is
bounded. From eq. (24)it can be seen that each
quantity in Ae, (k) is the difference between the
states of two continuity sampling periods, and
small From the

thus it’ s a quantity.

31 a4 slow time-

characteristic model theory
varying characteristic model can be built when
the sampling period is small:
e.(k)=e,(k—1)+g,(k)Aulk)
In the following we prove eq. (22). Taking
differential and substituting eq. (1), it can be

obtained that

e, =F, +G,coso (25)
where
D Vv?
F, Z*f%m)’*erﬂ*hrd
m 7t
G, :Lcos Y
m

(15). By
analysing eq. (14) and (15) it can be seen that

and h . is the differential of eq.

whene, 7% 0,0 (¢) is not explicitly included in
h.;; when ¢, = 0,¢, is not included in the
guidance law in the following design, so the

guidance law term o (¢) in /., is not considered

here. The method of [15] is introduced below

by letting
.
— e, 70
_ e,
F,= (26)
i oF, |
- €y =0
a@;,
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Taking discretization of eq. (25), it can
be obtained
e, (k) =F,(kF)e,(k—1)+ g, (k)cos 6 (k)
27
where
f, =0 —TF,).g, =TG,
For the engineering problems, f, and G,

are bounded. From the characteristic model

h

theory™* ,by selecting T such that

— 1 1
TI|F,|€e [E?} (28)
we have
- 2 14

By eq. (27) ,at step k — 1,we have
e, (k=1 =f, (b —1e, (k—2)+
(30)
g, (b —1Dcoso(k —1)
Subtract eq. (30) from eq. (27) .
e, (k)= f, (k)e, (B — D+ f,,(k)e, (k —2) +
g ) dulk) + [g, (k) —g, (k —1)] cos sk — 1)
3D

where
Fi (k) =1+ f, G)sf,, () =—f, (k—1
By(29)it can be seen that
e [£.2] umr e [,
Further,it can be shown that the last term
in eq. (31)is the difference between the states
of two continuity sampling periods,and thus it’
s a small quantity. From the characteristic

theory'™, a  slow

model time-varying

characteristic model can be established when

the sampling period is small;

e, (k) =f, (k)e, (k — 1)+ f,,(k)e, (k —2) +
g, (k) Au k)

Combining the above analysis, it can be
shown that the conclusion of the theorem
holds. The proof is complete.

Remark 3: The choosing method of the

sampling period in Theorem 1 is given in [ 16 ].

In [ 16 ], the time scale of a nonlinear system
and the way its sampling period is chosen for
nonlinear systems are defined. Specifically for
the nonlinear system(25), F/) given in eq. (26)
is its time scale,and the sampling period can be
chosen in accordance with eq. (28).

Remark 4: From the characteristic model

%] the characteristic models and the

theory"
bounds on their parameters established in
Theorem 1 are consistent with the basic
characteristics  of  first-and  second-order
characteristic models.

Remark 5: Characteristic models cannot be
modelled in the guidance problem by means of a
direct discretization of the guidance dynamics,and a
method for characteristic modelling of the guidance
problem is presented in Theorem 1. In fact,in the
control problem, the error used in the control
design is the output of the dynamics at the current
moment, and therefore, we can build a
characteristic model of the control problem by
performing a direct discretization of the
dynamics™ . Unlike the control problem, the error
used in the guidance design, instead of being the
output of the guidance dynamics at the current
moment, is the integration over the guidance
dynamics to obtain the error used in the guidance
design. The guidance problem for aerocapture is
even more complex, and in addition to the
integration described above, it is also necessary to
take algebraic operations to obtain the apogee error
for use in the guidance law design. Therefore, we
cannot establish the characteristic models in the
guidance problem by directly discretizing the
guidance dynamics. In Theorem 1, a method for
characteristic modelling of the guidance problem is

presented.

2.3 Designing guidance laws

In this section we design united numerical

predictor-corrector guidance laws based on
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characteristic model. Let

0> |0 =[g. [ fi. @]
5 29 4 2
TS {g’ﬁ} S € [‘ﬁ’_gj ’
8.8, € [0.003,1]} (32)
b 1oGo=[z. 7, F. &)
. 5 297 4 27 -
f,‘,]e [ﬁ 7:| 9f,'126 [ﬁia**:l ' 8,

3715 15 3
g, € [0.003.17} (33)
D(k) =
Au (k) 0 0 0o "
{ 0 e, (k—1) e, (h—2) Au(k)}

Yy =[e (k) —e,(k—1) e, (k)]"

where the bounds of g, and g, are chosen
according to the characteristic model theory"'*,
and @ (k) denotes the identification result of
0(k). United

guidance laws based on characteristic model

numerical predictor-corrector
consists of three parts.

1)Choosing the initial values:

0 =[0.5 2 —1.5 0.5]"
D) =0,

2) ldentifying the parameters: firstly, the
gradient method or least squares method is used to
identify the parameters,and then the identification
results are projected into eq. (33).

3) Designing the guidance law: first design
guidance laws based on the characteristic

models(21)and(22),

L,
Au(h) =—————¢,(F —1) —
A t+g. (k)
L,f, (k) G
F
*e,}(k—l)
Ay + g, (k)

where 0 < L,,L, < 1,A,,1, > 0, then take
integration of eq. (34),

wuk) =ulk — 1)+ Aulk) (35)
where the initial value « (1) is a known

guidance quantity.

2.4 Convergence analysis

Theorem 2:Consider the united numerical

predictor-corrector guidance law based on
characteristic model eq. (34) and (35). There
exist control parameters L, ,L,.A,,A, such that
for the characteristic models (21) and (22) the
closed-loop system is convergent.

Proof : let
e (B —1) =e, (B —2)

h

e, ,(h—1) =¢, (b —1)

oo b o e
A t+g. (k) A, + g, (k)
(36)
Substituting eq. (34) into characteristic
models (21 ) and (22 ) gives the closed-
loop system
)l N4gF, o gF,
e, (k)| = 0 0 1 X
e, (k) g, Fu Sio it &iFe
e, (b —1)
ém (k—1) (37)
e, (k=1

h2

Since the characteristic model is slowly
time-varying. the analysis is carried out here
using “the solidified coefficient method” which
uses the eigenvalues to determine the stability.
For the error e,,its main feedback quantity is
generated by F, e,,so the analysis ignores the
value of row 1, column 3 in eq. (37). In this
case, the closed-loop system(37)can be divided

into two parts:

z— U+g,F,)=0 (38)
= (f,te,Fo)z—f,=0 (39
It is clear from the Juli judgement"'™ that

the condition for stability is
—2<<g.F.<O0 (40)
1+f,—f.,.>—g.Fa 41D

or

1—f —fi > g Fw 42>

Combining the bounds on the parameters
(32) and the expression (36) it is known that

there exist control parameters L, L,,A;, 2,
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such that eq. (40) and (41) hold. The proof is

complete.

3  Numerical simulations

Numerical simulations are carried out
using Mars spacecraft as the object of research.
The mass of the spacecraft is 2 500 kg, the
velocity increment is 2077 m/s,and the specific
impulse is 310 s. The guidance, controland

filtering methods™® are designed. In [ 18], the

Table 1

autonomous navigation problem for the aerocapture
approach and capture segments are investigated,
achieving positional and velocity accuracies of 50 m
and 5 m/s respectively. In the simulation, we
consider this navigation bias with atmospheric
entry and aerodynamic uncertainties.

Through the simulation, aerocapture is
achieved and path constraints are satisfied. The
obtained simulation results in table 1 show the
effectiveness of the integrated guidance method

proposed in this paper.

Simulation results of characteristic model based unified numerical

predictor-corrector guidance for Mars aerocaprute

Uncertainties/ %

Entry angle Density Li.fF Dr‘a.g (mVim;{1 ) conseififilon/% r/lm Error/%
coefficient coefficient
+3 +50 +20 +20 51.15 98. 00 0. 857 0.0381
+3 +50 +20 —20 51. 90 97.98 5.95 0. 264
+3 +50 —20 —20 50. 81 98.02 3.54 0.157
+3 —50 +20 +20 48.90 98.09 4. 04 0.18
+3 —50 +20 —20 47. 28 98. 15 1. 39 0.0619
+3 —50 —20 +20 47.53 98. 14 —0.158 —0.007 04
+3 —50 —20 —20 39. 28 98. 46 —20. 28 —0.90
—3 +50 +20 +20 45. 32 98.23 0. 945 0.042
—3 +50 +20 —20 45.72 98. 33 —4.53 —0.201
—3 +50 —20 +20 41. 69 98. 37 —8.99 —0.4
—3 +50 —20 —20 39.58 98. 45 —13.19 —0.59
—3 —50 +20 +20 43. 34 98. 31 1. 67 0.0744
—3 —50 +20 —20 44. 52 98. 26 8.62 0. 383
atmospheric entry and aerodynamic uncertainties,
4  Conclusion demonstrating the effectiveness of the designed
method. The design and analysis methods
Considering  the  aerocapture  guidance presented can be generalised to general

problem, a predictor-corrector guidance method
based on unified characteristic model is proposed
with convergence analysis in this paper. Joint
numerical simulations of guidance and control are

carried out under consideration of navigation bias,

aerodynamic entry guidance and therefore have

good application prospects.
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