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1. Introduction

Atmospheric reentry stage of manned
spacecraft is a rather severe period, which
needs delicate guidance and control.

Presently, nominal trajectory method and
prediction method are generally used space-
craft reentry guidance methods™.

The former uses a predesigned nominal
trajectory that is kept unaltered throughout
the atmospheric reentry!®. The control law is
simple and easy to be realized, but this method

is vulnerable to initial condition dispersions
and reentry disturbances, its landing point
precision is relatively low. In the latter method,
spacecraft dynamic differential equations
should be successively solved by onboard
computer; possible solutions based on real time
state vector and flight paraméters are provided
for guidance and control; a trajectory which
satisfies the reentry constraints and predicts
the spacecraft reaching the predetermined
landing point is selected for the next flight
step. While the large amount of mathematical
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computations for guidance is a burden to the
onboard computer, this kind of guidance has
the advantages of insensitiveness to initial
reentry condition dispersions, adapt-ability to
various flight conditions and high precision of
landing point control,

From the advantages and disadvantages of
the above two methods, it is necessary to
develope a simple and flexible guidance method
of higher guidance precision. From this point, a
new guidance method, what we called mixed
guidance, that integrates the nominal
trajectory method and prediction method is
discussed here.

During a certain period of reentry, the flight of
the spacecraft can be treated as flight along a
certain type of trajectory. Thig is a typical
reentry phase, that may be thermal protection
phase, quasi-equilibrium glide phase, constant
drag phase or ete., the complete trajectory can
be formed by combining these phases together.
Applying different simplification method to each
phase, the drag acceleration equation of each
phase can be written in fixed form and the
reentry trajectory can be represented by cor-
responding parameters of these analytic equa-
tions. Various reentry constraints can also be
written in the form of drag acceleration
functions. Therefore, the manned spacecraft
reentry trajectory is simplified into a piecewise
parametric drag acceleration profile under
reentry constraints which is the base of mixed
guidance. Initial reentry trajectory may be
found through parameter optimization. Using
this drag acceleration profile as a reference
trajectory, a real time trajectory control law
can be formed for mixed guidance on the basis
of nominal trajectory method . Since the
acceleration profile is a piecewise analytic
profile, all the variables in the guidance are
analytic. The analytic functions are suitable to

the reentry trajectory within a certain extent
on the height and velocity plane of reentry, so
the drag acceleration reference profile is not
restricted to a given trajectory. It can be
adjusted through parameter variations. The
piecewise analytic drag acceleration profile
enables analytic range prediction and the
landing point dispersions can be predicted
without enormous numerical computations,
providing mixed guidance with the information
for trajectory adjustment. Whenever the
predicted landing point dispersion become too
large because of reentry disturbances or
nondesigned reentry conditions, the relative
phases of reference drag acceleration profile
are adjusted through parameter corrections.
This is similar to the prediction method of
guidance. After reference trajectory adjust-
ment, the spacecraft is changed to be guided
along the corrected reference trajectory by real
time trajectory control law. Thus the mixed
guidance method is achieved.

Mixed guidance is characterized by the
analytic computations of all control gains and
predictions, and it is also attractive in the
ability of trajectory correction to deal with
nondesigned reentry conditions.

Similar research has been done in America®,
while in this paper the concept of mixed
guidance is defined, a new reentry reference
trajectory and a new control law are suggested,
finally simulation results based on engineering
data are presented.

2. Spacecraft reentry trajectory design

2-1. Spacecraft dynamic equations

Considering that the earth rotation is
relatively slow, Colias force experienced by the
spacecraft can be omitted. Spacecraft dynamic
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equations in flight path coordinate system are

as follows:
V=—d—gsiny 1)

L
Vi= (T—g) cosy-leosp (2)

where g is gravity acceleration, d, V is drag
acceleration and velocity.

Since during most part of reentry the flight
path angle(y) remains small, term (gsin}y) which
is relatively small compared with drag acceler-
ation(d) can also be omitted, the dynamic equa-
tions are simplified as ;

V=—d

Ve I
V= T-—-g +(7)cd

where, V is used as independent variable; (é)c

is control variable, it is the component of lift to
drag ratio in the vertical plane; drag acceler-

ation (d) is function of velocity®!®.

2-2 Atmospheric reentry corridor and
simplified reentry trajectory

During the stage of atmospheric reentry, the
spacecraft has to endure high overload of
deceleration, aerodynamic heating and dynamic
pressure. Safety reentry depends on the drag
acceleration of spacecraft satisfying the above
constraints. Atmospheric reentry corridor is
defined on the plane of reentry drag acceler-
ation and velocity.

The upper boundry is decided by the
maximum overload(fim..=4.5g), maximum
heating rate(gmax=500 (KW/s*)) and maximum
dynamic load(@msx=2.7 X 104(N/s%)) that can be
endured by the spacecraft, the lower boundary
is formed by a no leap zero bank equilibrium
glide.

According to the requirement of reentry cor-

Table 1. Piecewise Trajectory of Spacecraft

Reentry
Flight Phase Drag Acceleration
1. First Thermal Protection C(Ve—V)
2, Second Thermal Protection Co4C3V+ 0V
3. Quasi-equilibrium Glide | - (1——0)
Cs &
4. Constant Drag Co

5. Constant Desending Rate (*El'i—-l- Cr )Vl—-&V

V¥ ViH, H;

ridor and the features of the reentry trajectory,
the reentry drag acceleration profile describing
the reentry trajectory is divided into different
phases which are the simple functions of veloc-
ity. Five phases are included in the profile. They
are two thermal protection phases, a quasi-
equilibrium phase, a constant drag phase and a
constant descending rate phase. The functions of
drag acceleration to velocity of each phase are
listed in Table 1.

In this table:

C1—Cp7: the adjustable parameters of reentry

reference trajectory;
Vi—V4: velocities at connection points

between phases;

Veu the initial reentry velocity;

Vs: the earth circle velocity;

Hg: the earth standard elevation(Hg=
7.11 km).

2-3 Range Prediction

The piecewise analytic trajectory provides
the ability of range prediction. Since

R=Vcosy (3)
Combining equation (1) and (3), the following

equation can be acquired:

__ [ Veosy
R= fd—gsing av (4)

At the high velocity part of reentry, the flight
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path angle is so small that it can be assumed:
¢os y=1, siny=0
S0, equation (4) can be transformed into:

R=—[Vav (5)

As for the last phase of reentry in which the
flight path angle varies to a large degree, the
above simplification is not feasible. Since the
value of drag acceleration is still large
compared with gsiny, term gsiny can be omitted
in equation (4), range of the last phase can be
predicted as:

Vcosy
d

R=— f av 6)

Integrate equation (5) or (8), the range predic-
tion functions of each phase can be derived, see
table 2 for the results. Add up the predicted
range of each phase, the range to the predeter-
mined landing point can be calculated.

Table 2. Range Prediction of Each Reentry Phase

The predicted range of spacecraft during

reentry can be computed from following

function:
BA(V)+Ro+R3+Ry+Rs (Vo> V> 1))
RyV)+R3+Ry+Rs (Vi>V>Vo)
Rpredzcted = (Rs(W)+R, +R5 (Vo> V>Va)
RiV)+R5(Vs>V>Vy)
R5 (Vy>V>Vs)

R, is the predicted range of whole phase i.
Ri(V) is the predicted range from present to the
end of phase i.

3. Guidance Logic and Control

3-1 Guidance logic

Mixed guidance is developed by assimilating
the advantages of both nominal trajectory
method and prediction method. In this guidance
method, the real time trajectory control is

Flight Phase Range Prediction
. . 1. V.-V, V. 1 1
First Thermal Protection e In( VooV, ) ¢ VoV V= V1)
¢ 1 (Cz—I—C3V2+C4V?3)
Q>0 20, Ca+CaV+HC, Vv
Ca 204 Ve+Ca 2CV+Ca
tan—1 —tan—1(———
Second Th_ermal Caf@ ltan—1( e )—tan—1( Ve )]
Protection T ooVt
(@=4CsC,—CH) et L2 laVat OV
Q=4C:CeCh < Yo, Ceorevrea
Q Cs . 2CVotCa—/—Q  , 2C,V+Ca——0Q
+ Inl[( W )]
s Q7 20 Vet Ca+-/—Q 7 20, VHCs+ —Q
z_ 72 1172
Quasi-equilibrium Glide -;——-%111(%)
Constant Drag V;E:‘?
Do
Constant Desending Rat LB Vi Teos7
onstant Desending Rate A N C. n ( D N . v <, cosy
Vi HYV; Vi HV, H,
In this table :
d . drag acceleration when velocity is V;
¥ : medium flight path angle of constant descending rate phase.

d;, V; ' initial drag acceleration and velocity of constant descending rate phase;
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acquired using nominal trajectory method, the
landing point dispersion is predicted at the
same time by analytic computations. Whenever
the predicted landing point dispersion exceeds
the maximum value or the predesigned landing
point needs to be changed in emergence during
flight, the guidance logic changes into
trajectory correction in order to control the
spacecraft to the predesigned landing point

along a more precise trajectory.
3-2 Real Time Trajectory Control Law

Real time trajectory control law is used in
mixed guidance to control the spacecraft to
entry along a designed trajectory which
satisfies the reentry constraints and landing
point range requirement. According to nominal
trajectory method, the control law is developed
on the feedback
acceleration, descending rate, velocity and

information of drag

range. Variable control gains are used in the
control law to attain good dynamic response.
System simplification and parameter
substitutions are introduced for computing
control gains. The reduced system is a fourth
order system, the control law is :

&%)=f15 d+fo8H+f36V+f16R 4]

in which fi— f4 are new control gains.
Matching the fourth order system to two
second order system, when system frequency
(w) and damping coefficient(&) are set for each
system, the functions for computing control
gains are founded.

f1=%[w21+of2+4§1§2m1m2+(§1w1+2{20};)(%--27'1)

+gcz_d2,3éll2d2 dd g W)]
d &' V'V dv H, g

(1

f1=%[—2(;1w1—2§2c02+£—ﬁl

v d ®

(14)

H, A
fo="gp 20+ 2000 — QG+ 26023

2dV _3dd _5d'_2dd,
Hs Vv V' av

3-3 Trajectory Adjustment

Since the reentry trajectory is a piecewise
analytic trajectory that is described by several
parameters, it is easy to change the reentry
trajectory to a new one by parameter adjust-
ment when the predicted landing point disper-
sion exceeds maximum value. The trajectory is
adjusted according to following principles.™*

a) At the thermal protection phase of reentry,
the trajectory is adjusted by shifting thermal
protection phases and the quasi-equilibrium
glide phase of trajectory up or down according
to range requirement and reentry constraints,
leaving the other phases of trajectory
unchanged. Parameters that need correction
are Cg, C1, V.

Table 3. Parameter Adjusitment of Reentry

Trajectory
Flight Phase Functions of parameter Adjustment
,_ Co=d(V1)
=—2=T 1L R
O =T RytR,
Thermal . Cs
Protection Cs _CSR2+R3
V3’ =Vs4’1_ Cs 06
g
. ’__ C5
Qu'as%— s =0 R2+R;
equilibrium T7C
Glide Vy =Viafl ——Z—FLAR
’__ VQ—Vi
Constant Drag Ce' = 2R AR)AR
Constant ,
O =C
Desending Rate ! "d tan y
AR : the predicted landing point dispersion,
AR = Raesired — Rpredicted;
AR; : the predicted range of phase i;

d(V1),d : drag acceleration
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b) At quasi-equilibrium glide phase of reen-
try, just this phase of frajectory is shifted to
eliminate the predicted landing point error, the
constant drag and constant descending rate
phase are not changed. Parameters for correc-
tion are Cs, Vs.

¢) During the constant drag phase of reentry,
only the constant drag value Cg is adjusted to
satisfied the range requirement.

d) Until during the last phase of reentry, the
descending rate C; is modified.

Functions of parameter correction are in
table 3. They are the results from following
function:

oR ad

C =C+—ad oC AR

4. Simulation and Analysis

Spacecraft reentry is simulated by nominal
trajectory guidance method and mixed
guidance method. Comparisons of the landing
point dispersions at typical reentry conditions
are listed in table 4:

The reference reentry trajectory of mixed
guidance and nominal trajectory method at
various reentry conditions can be seen in Fig.1-
Fig.4. The trajectory correction of mixed
guidance is clearly shown in the figures.

In all the simulations, the nominal trajectory

guidance methods at nominal reentry condi-
tions. Since the reference trajectory is the
simplified analytic trajectory, it means that the
design errors are unavoidable. The nominal
trajectory method. causes a large landing point
dispersion, whereas mixed guidance method, the
trajectory design errors can be examined and
corrected during the process of reentry, greatly
reduced the landing point dispersion. It can be
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Fig.1 shows the reference trajectory of two  Fig 2 Reference Trajectory at break point
dispersion
Table 4. Landing Point Dispersion
1deg. Dispersion 2m/s Dispersion 1deg Manuver of
Reentry Condition Nominal of Brake Point of Reentry Aimed Landing
Position Brake Impetus Point Latitude
Mixed Guidance 25.9 15.5 23.9 16.9
Nominal Trajectory Method 239.3 3022 534.8 337.3
Ratio of Two Methods 108 % 50% 45% 50%
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seen from the figures that using mixed guidance
method the reentry reference trajectory has
been corrected from the initial one.

Fig.2 shows the reentry at one degree
longitude dispersion from the nominal reentry
break point position. Using nominal trajectory
method without trajectory correction, this one
degree dispersion of breakpoint causes a large
dispersion of landing point. While using mixed
guidance method the landing point dispersion
can be predicted and reduced through trajectory
correction, which can be seen from Fig.2.Fig.3
shows the reentry at 2m/s dispersion of break
impetus. This causes large dispersion of reentry
velocity and the angle of reentry. Since space-
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Fig 4. Reference Trajectory at landing point
maneuver

craft reentry trajectory is vulnerable to these
parameters small dispersions are enough to
cause a very large landing point dispersion by
nominal trajectory method. Mixed guidance
eliminated these influences easily by range
prediction and reference trajectory correction.
Fig, 3 shows the corrected reference trajectory.

Fig.4 shows the reentry at one degree
maneuver of aimed points after the atmospher-
ic reentry has started. Because nominal tra-
jectory methods use a reference trajectory
designed before reentry, it can not make up for
the aimed landing point maneuver after the
reentry begins, so a large landing point
dispersion is expected. Since mixed guidance
method can observe this maneuver and apply
reference trajectory corrections timely, the
spacecraft is guided to the new aimed landing
point along the corrected reference trajectory,
which is demonstrated in the figure.

It can be seen from table 4 that in all the
above cases, mixed guidance has better perfor-
mance than nominal trajectory method. Its
landing point dispersion is only 5~11 percent of
that of nominal trajectory method.

5. Conclusions

From simulation results, we can see that :

a) Using all analytic computations in mixed
guidance, the guidance prediction efficiency is
highly promoted.

b) Manned spacecraft can be safely guided to
the aimed landing point without violating
reentry constraints using piecewise analytic
reentry trajectory in guidance and control.

¢) Compared with the nominal trajectory
method, mixed guidance has the advantage of
higher control precision to the landing point,
and it is more adaptable than nominal trajectory
method at various reentry conditions.
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