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Reference Trajectory Analysis and Trajectory Control by
Bank Angle for Re-Entry Vehicle

Dae Woo Lee, Kyeum Rae Cho*
Department of Aerospace Engineering, Pusan National University,
Pusan 609-735, Korea

The re-entry problem consists of guidance design and trajectory control. This paper summa-

rizes the detailed relationships between the velocity, drag acceleration and altitude in

determining reference trajectories. The computational issues are also addressed, and the

performance of the proposed simple nonlinear control of a bank angle for the longitudinal/
lateral trajectory is demonstrated. In particular, the fixed bank angle methods that can reduce
the drag acceleration errors at low-speeds are proposed. The importance of bank reversals with

respect to the azimuth errors is also elucidated.
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1. Introduction

The International Space Station (ISS) is sche-
duled to replace the space station Mir. Since June
1998 the ISS has been under construction at the
height of 435km above the earth by a joint effort
between the USA, Russia, Japan, Canada and
several European countries. The ISS consists of
the base structure and many laboratories. Consi-
dering a round-trip transportation of freight and
crew members, important stages of the space flight
profile are the launch of the space vehicle, orbit
entry, rendezvous with the space station, separa-
tion from the space station, de-orbit, re-entry into
the atmosphere, TAEM (Terminal Area Energy
Management), and finally, approaching and land-
ing at the runway. Among these, guidance and
control of the atmospheric re-entry phase can be
represented as the flight onto the reference
trajectory, which has to satisfy many constraint
conditions and execute stable flight.
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From the very beginning in the design of the
space shuttle in the USA, the guidance and
control system for re-entry vehicle has been
developed. The Space Shuttle has a high load
capacity and can decelerate efficiently by gliding
like a plane, but it requires expensive mainte-
nance. For these reasons, a new generation of
reusable payload vehicles have been developed in
several countries. RLV of the USA and Hope-X
of Japan are the typical examples. RLV has been
developed from a series of experimental vehicles
denoted X-33. Hope-X is based on the exper-
imental vehicles named Orex, Alflex, and Hyflex.
In the development of these reusable space
vehicles, guidance and control for atmospheric
re-entry has become an important issue.

There are many researchers who have worked
on the re-entry problem. In 1983, Harpold and
Gavert (1979) analyzed the reference trajectory
by dividing it into distinct phases depending on
the dominant constraints at each phase. Although
they presented the characteristics of range predic-
tion as well as the parameters of reference trajec-
tory at each phase, the relationships between the
drag acceleration, velocity, and altitude have not
been fully explored. Axel J. Roenneke presented a
tracking control law governing the dynamics of
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the re-entry equations expressed in terms of the
altitude, velocity, and flight path angle in 1992.
And Alberto Cavallo proposed an LQR control
scheme for re-entry in 1996. Ping Lu presented
a reference trajectory obtained from an SQP
(Sequential Quadratic Programming) in 1997.
This reference trajectory is the function of energy.
However, their analyses concerning the reference
trajectory have not been fully developed.

This paper proposes the detailed analyses of
reference trajectories for stable re-entry. The
reference trajectories are analyzed by calcula-
ting the velocity-drag acceleration and velocity-
altitude for atmospheric re-entry space vehicle.
The longitudinal/lateral control of trajectory are
conducted by using a simple nonlinear control
law and bank reversals. The result on the azimuth
error reveals the importance of lateral trajectory
control. In order to reduce the drag acceleration
tracking errors at initial and final regimes of the
re-entry phase, this paper suggests the fixed bank
angle method. Using this method, the drag
acceleration tracking error is reduced to about
0.8m/sec? at the final regime of the re-entry phase.

2. Mathematical Modeling

2.1 Dynamics of re-entry for space vehicle
The equations of re-entry motion for space
vehicles can be described under the following
assumptions.
¢ The earth is assumed to be a rotating sphere.
¢ The non-thrusting re-entry vehicle is assum-
ed to be a point mass from the vertical plane
of the earth.
With these assumptions, the dynamics of re-entry
are
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V=-—D—H5T (1)
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where R is the radial distance from the earth
center to the space vehicle, Vis the earth-relative
velocity, 7 is the flight path angle, D is the drag
acceleration, 4 is the gravity constant, # is the
control variable that is a function of the bank
angle, and % is the angular velocity of the
rotation of earth. The latitude and longitude are
¢ and @, respectively. ¢ is the azimuth angle, L is
the lift, and ¢ is the bank angle. B, V, and Vy
represent the rate of decent, the progress
directional acceleration, and the longitudinal
acceleration respectively. Cr and Cp are the lift
coefficient and drag coefficient, respectively. o is
the atmospheric density, Sy is the reference sur-
face area, m is the mass of the space vehicle. An
important feature during gliding is that the flight
path angle is small compared with ballastic flight.
The space vehicle used in this study has a mass of
10020kg and a reference surface arza of 79

2.2 Atmospheric models

Generally, the atmosphere is limited to the
height of 120km from the sea level. Atmospheric
models can be expressed by the eitter U.S. stand-
ard atmosphere or the exponential atmosphere
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which are both reasonable approximations. Eq.
(4) is the expression of atmospheric density, and
Fig. 1 shows the variation of density of the 1976
U.S. standard atmosphere and the exponential
atmosphere with respect to the altitude. Eq. (4) is
the exponential atmospheric model. Here py is the
density of the atmosphere at sea level, R, is the
radius of the earth, and /s is the scale height.

2.3 Aerodynamic coefficients

The aerodynamic coefficients are functions of
the angle of attack, and the angle of attack is the
function of velocity. The angle of attack of a
re-entry vehicle should be decided to decrease
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aerodynamic coefficients as shown in Fig. 2 for
the protection of the airframe. To protect the
airframe from heating during re-entry, the skin
of the space vehicle should be covered with pro-
tective heat tiles. Usually, however, these tiles
are attached only at the under-side and nose
cap of the vehicle, and at the leading edge of
the wing to reduce the overall weight. The angle
of attack should be designed to remain at 43° for
the velocity range of 4300~7400m/s to satisfy
the heating rate constraint which is the most
dominant constraint during high-speeds flight.
For the velocities of less than 4300m/s, the angle
of attack decreases. Figure 3 is the variation of
aerodynamic coefficients with respect to the ve-
locity.

3. Generation of Reference Trajectory

The reference drag acceleration is called the
reference trajectory. To obtain the reference drag
acceleration, it is necessary to develop a profile
for the optimal drag acceleration, i.e., the optimal
trajectory, by executing optimization of parame-
ters based on the following constraint conditions
and performance index.

 Constraint conditions . Heating rate, Load

factor, Equilibrium glide, Dynamic pressure,
Range error, Dynamic performance

¢ Performance index . Total heating accumula-

ted in the airframe

3.1 Constraints

All of the constraints, except for the range
error, are determined by the design of airframe.
These can be expressed as functions of drag ac-
celeration.

1) Heating rate constraint

The heating rate is determined by the perform-
ance of the protective heat tiles because it is
proportional to the temperature of the outside
surface. From the definitions of the heating rate
and drag acceleration, the following relation
should be satisfied

.2
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where §max=600,000W/m?2, and C,=1.3X107%
2) Load factor constraint
The load factor normal to the airframe is de-
termined by the acceleration which the passengers
or airframe structure or instruments can bear.
This constraint can be expressed as

Nmax o
D= C./Cpcos a+sin a (6)

where #max=2.5 and g is the gravity at the sea
level. ¢ is the angle of attack.

3) Equilibrium glide constraint

The equilibrium glide constraint is the limit
at which the re-entry vehicle can fly without its
nose-down at zero-bank angle. Therefore, if drag
acceleration is smaller than the equilibrium glide
constraint, the space vehicle stalls. The condition
for avoiding the stall is

Co( _ﬂ)

¢ 7 )<D (7
where g(=y/R? is the Newtonian gravity gra-
dient.

4) Dynamic pressure constraint

The dynamic pressure constraint becomes pre-
dominant for the case of high atmospheric densi-
ty. If the dynamic pressure constraint exceeds the
limit, the control surface returns to a neutral
condition in spite of the operating control surface.
The condition for maximum dynamic pressure
provides

DS q_maxSrefCD (8)
m

where Zmax=10,000N/m?

5) Range error constraint

The objective of the range error constraint is
such that the difference between the actual range
S, and the reference range Srer, is zero. The range
relation is

$=Vcosy (9)
V cos y
s—fo V cos ydt = f D54V (10)
and the constraint has the form of
ds=5-Sres <E(ROQ) (11)

6) Dynamic performance constraint
Some re-entry guidance and control designers

have designed the permissible flight corridor with
the above 5-constraints. In this stucy, more accu-
rate permissible flight corridor is presented by
using the initial condition cons:raint that is
derived by the dynamic performance of the vehi-
cle. Because of the rare atmospheric density at
high altitude and the dynamic performance limit
due to no-thruster gliding flight, the magnitude
of response of drag acceleration is very small
despite the manipulation of control surface until
about the altitude of 85.5km. Thus the dynamic
performance is a stricter constraiat than those
of the heating rate and equilibrium glide during
high-speeds flight. This constraint is composed of
bank angles of 0° and 90°.

3.2 Generation of an optimal trajectory
For the generation of the optimal drag acceler-
ation profile, velocities relative to the Earth must
be defined first as in Eq. (12). These velocities are
divided narrowly at high-speeds because the rate
of variation of the velocity is large in these
regimes. {Max is the maximum number of break

points of the region V.
Vim Vim (Vi Vi) (g LY
iMax—1

i=1,2,...iMax

The re-entry trajectory is limited by the con-

(12)

straints that determine the magnitude of the drag
acceleration. The re-entry corridor is also defined
by these conditions. Therefore, the drag acce-
leration satisfies Eq. (13) which is defined as
the minimum drag acceleration D, and the
maximum drag acceleration Dy, in each interval
7, and is converted by a transformation of
Eq. (14). Because D and D satisfy a pre-
scribed flare maneuver, they are fixed values
which are obtained from the definition of the drag
acceleration.

le(I/i) éngDub(V;)
i=1,2,...iMax
D:i=Du (V) +[Dus(V:) =D (V:) 1 X0.5
1=2,...iMax—1

(13)
(14)

Optimization is achieved by using SQP (Se-
quential Quadratic Programming). SQP is a non-
linear programming method and is described in
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Table 1 Initial and final conditions for generation
of trajectory

Parameter Value
initial velocity 7400m/s
initial altitude 85.5km
final velocity 760m/s
final altitude 27.5km

detail by R. Fletcher. Approximation at each
iteration is solved by taking the Hessian of
Lagrangian function using the quasi-newton
updating method. In general, this method is also
called the constrained nonlinear optimization.
Table 1-describes the conditions needed in the
generation of reference trajectory.

In this paper, the application of SQP can be
explained as the iterative problem for minimizing
the total heating on boundary of constraints 1),
2), 3), 4), and 6) until ds becomes less than &.
With [ as the performance index, the optimization
problem can be formally stated as

min J =min f, Y e Vit (15)
subject to ds<E(=0)

Requiring total heating to be a cost function
increases the payload. Performance index J which
is the function of time, can be approximated as
the analytical expression. Analytical performance
index Janaw is the function of D and Vas given by

J = Janaw=F (D, V) (16)

Figures 4~6 show the optimal trajectories
along the range. Figure 4 shows the case of the
specified ranges 2500, 3000, and 3500km respec-
tively. It is evident that optimal trajectories are
designed for large drag acceleration in order to
shorten the heating-up time of the airframe
during flights at speeds exceeding 4594.6m/s. A
trajectory with a range of 2500km lies on the
upper bound of constraints, which are the heating
rate, load factor, and dynamic pressure. Trajec-
tories with in the range between 3000km and
3500km are designed for flights at the lower
bound of the equilibrium glide constraint to
minimize heating at low-speeds. That is the
minimization of atmospheric density and drag
acceleration. Figures 5 and 6 depict the trajec-
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tories above the range of 4000km that have sud-
denly fallen to the lower bound at the velocity of
7000m/s and then climbed back to the upper

Table 2 Performance index accordir g to the ranges

Range (km) J Range (kin) J
2,500 0.16034 4,500 0.18863
3,000 0.16450 5,000 0.19171
3,500 0.17402 5,500 0.19367
4,000 0.18293

bound at around 6800m/s. It is reasonable to
reduce heating by reducing atmosoheric density,
because long range trajectories are at high-speeds
for long periods of time.

Figures 7~9 show the variation of the altitude
with respect to the velocity corresponding to the
optimal trajectories represented in Figs. 4~6. The
trajectories over the range of 4000km in Figs. 8
and 9, unlike Fig. 7, descend in order to satisfy a
long range at velocities of 7000m/s~6000m/s
after a short ascent. This phenomena dilate upon
the explanation of the tracing of drag acceleration
shown in Figs. 5 and 6. The ascents of altitude at
below middle-speeds are shown in Figs. 7~9.
These are caused by the sudden descent of op-
timal drag acceleration into the lower boundary.

Table 2 shows the value of the performance
index of the optimal trajectories along the range.
The longer the range is, the greater the increase
in heating accumulated in the airframe since the
space vehicle stays where the heating rate con-
straint is governed at high-spceds for long
periods of time. In Table 2, the value of [ is
normalized by g(=9.8m/s%).

3.3 Reference drag acceleration

The performance index acquired from Eq. (16)
can not be physically realized. Because the slope
of the drag acceleration changes suddenly, it is
dangerous to fly on the boundary of constraints
with respect to the stability of the re-entry vehicle.
To correct such a defect, the regularization
parameter € is introduced to the performance
index. With g, the performance index can be
modified as follows :

P[5 e DD

I/z'+1‘— I/z
{Dzb(Vi) <Di<Du (V)
Di=Dansi (fixed> , Dataex= Dy (fixed)

(17)
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Optimal trajectory acquired through SQP is
characterized by the drag acceleration, and ex-
pressed as a linear function of the velocity at
each break point. In this processing, the ‘regular-
ization method’ mentioned above is needed to
acquire the desired characteristics for the optimal
drag profile, and the reference trajectory is re-
presented as Dy.r. When the iterative calculation
of the SQP converges, the reference trajectory is
approximated as a third-order polynomial func-
tion of the earth-relative velocity in each break
point in Eq. (18). It has a continuous form for the
integral algorithm as given by

Dies (V) =C(V=V)*+C(V—T1))?

+C(V-V)+Cs (18)

where C; (=1, 2, 3, 4) is the coefficient which
change along /=1, . .. iMax.

Figure 10 shows the flow chart for generating
Dres. Figures 11 and 12 show the reference drag
acceleration and the altitude along the appro-
priate ranges, and Table 3 represents the per-
formance index when £=0.01. Figure 13 shows
drag acceleration for different values of € in a
fixed range of 4000km, and the performance
indices for these cases are presented in Table 4.
Despite changing of ¢ from 0.01 to 0.1, there
is not much visible change in the reference
trajectory, but the performance index is increased
by 152%. Although the performance index ex-
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Fig. 10 Flow chart for generation of Dyt

Table 3 Performance index for different
ranges (£=0.01)

Range(km) J
3,500 0.26106
4,000 0.24734
4,500 0.24582

Table 4 Performance index according to &
(range=4000km)

€ J € J
1 4.38250 0.001 0.20760
0.1 0.62337 0.0001 0.19555
0.01 0.24734 0.00001 0.18418
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Fig. 13 Reference drag acceleration along epsilon
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periences a large increase to 3.38250 when =1,
the actual performance indices have similar values
for visually identical reference trajectories as
shown in Fig. 13. Also, compared to the case of
£=0 with the range of 4000km, the performance
index with €=0.01 is increased by 35.21%. This
seems to be an acceptable penalty to pay in terms
of the performance index in return for much more
realistic trajectories.

4. Flight Control System

The flight control system of the re-entry space
vehicle consists of a navigation system, a guidance
system, and an attitude control system. The role of
the navigation system is to transfer the states
(position, altitude, velocity, flight path angle etc.)
to the guidance systam. The guidance system also
consists of longitudinal and lateral guidance. The
former has two parts : one generates the reference
trajectory which is based on the states, and the
other is the trajectory control which is acquired
by the attitude angle needed to track the reference
trajectory. The role of the latter is to reverse the
attitude angle in order to decrease the azimuth
error when it exceeds the dead-band limit. The
attitude control system used in this paper only
controls the bank angle using an aerodynamic
control surface, elevon.

4.1 Control of longitudinal trajectory
The space vehicle should be guided to the target

o3 s
Dr

@R
4

Fig. 14 Block diagram for trajectory control system

states acquired by the generation part of the
reference trajectory. These target states should
always be maintained inside the permissible flight
corridor. These constraints are functions of the
velocity and drag acceleration. The velocity de-
creases monotonously in the case of the no~thrust
space vehicle. Accordingly, the representation of
the drag acceleration as a function of velocity can
guide the states to targets, anc. can also be
expressed in a form in which all of the constraints
are within the permissible flight corridor. Thus
the target states are the reference states, and they
represent the drag acceleration described as a
function of velocity. When the optimal drag acc-
eleration is acquired, it is used as the reference
drag acceleration in the control system.

Generally, the drag acceleratior. is determined
by the atmospheric density and velocity. In order
to increase the drag acceleration for the same
velocity, the atmospheric density shou.d be
increased. The atmospheric density can be
approximated by the 1976 U.S. standard atmos-
phere. The lower the altitude is, the higher is the
atmospheric density. Thus lift should be small to
lower the altitude. The bank angle should be
controlled for this purpose. From the definition
of R, V, D, the relations for these parameters are
as follows

R=PR+QRu
V=PV+QRu (19)
D=PD+ Qnu

where Pr, Qr, Pv, Qv, Pp, &@p are functions of R,
V, y. Figure 14 is the block diagram that re-
presents a bank angle command (o) for the con-
trol of longitudinal trajectory. In Fig. 14, kI, k2
and k3 are the control gains.
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4.2 Control of lateral trajectory

Although the space vehicle tracks the reference
drag acceleration by the longitudinal trajectory
control, lateral range errors orthogonal to the
plane of longitudinal trajectory exist. In other
words, the roll and yaw motions due to the
change of the bank angle increase the tendency of
runway bias to one-side. Therefore the control of
the lateral trajectory should be considered so thet
the no-thrust vehicle will land on the runway.
The lateral velocity can be considered separately
because it is very slow in comparison with the
longitudinal velocity. The azimuth pointing from
the current position toward the target point,
$eu—ta, can be expressed as

Pou-ta =%_tan_12 ( Grinar— b, Ormar—0)  (20)

where @finas, Orma: are the final latitude and
longitude of the vehicle, and tan™2(Y, X)
(—7r<tan™"2(Y, X) <nm) is the four quadrant
arc tangent of the real parts of the elements of X
and Y.

When the magnitude of the azimuth error | ¢ —
$cu—ta | exceeds a dead-band limit, the control
of lateral trajectory results in bank reversals.
Mathematically, this is the process for changing
the sign of the bank angle. At this time, the dead
-band limit should be set to be as small as
possible. It is set to be 10° in this study, which is
identical to the case of the space shuttle.

Owing to the high atmospheric density at low
altitudes, the dynamic performance of the lateral
motion as controlled by the bank angle is brisk.
Therefore, the tracking error is increased by the
bank reversals. Thus, in order to maintain the
flight stability at low altitudes, the drop in the
tracking performance of the trajectory can be
prevented by the fixed bank angle after a sequeuce
of bank reversals at some limited velocity.

4.3 Attitude control system

Physical time delays occur when transferring
states from the navigation to attitude systems. To
represent the physical meaning, the following
equation with a first delay mode is inserted into
the algorithm.

d=—%:(ac—o) 1)

where T, is the time constant.

44 Fixed bank angle methods

The fixed bank angle methods are applied to
two parts(initial/final) of the re-entry phase.
One is in the altitude range of 120km~85.5km,
the other is in the velocity range of 1200m/s~
760m/s. In the former, the bank angle of the
region from the altitude of 120km to the initial
point of the reference trajectory (Dye,) at altitude
of 85.5km, is set as a constant because it is im-
possible to control drag acceleration by changing
the bank angle due to a low atmospheric density.
This constant value should be selected so that the
re-entry vehicle can approach the initial condi-
tion of the reference trajectory. In the latter, the
bank angle should be fixed to countes the
fluctuating lateral motion of the vehicle in the
high atmospheric density. The fixed bank angle
methods do not always increase the tracking per-
formance. The differences in performance depend
on control gains, fixed angle magnitude, and the
velocity at which the fixed bank angle is applied.
The criteria of a fixed bank angle for the velocity
range of 1200m/s~760m/s are as follows

if V< Velocity at which Gsxea is applied
{ Oc=~+ (Orixea at low altitude), if 0.>0 (22)
0c=—(Crixea at low altitude), if 6,<0

4.5 Implementation of Control
Table 5 shows the parameters used in this

study.

Table 5 Values of control parameter

Parameter Value
Range 4,000km
Time constant 0.1sec
Bank angle limit +90°
Bank angle rate limit +10°/s
Dead-band limit of azimuth error +10°
Velocity at which 0yixeqs is applied 1200m/s
Fixed angle at low altitude 60°
Fixed bank angle between re-entry 60°
and initial point of Dyes
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Figure 15 depicts the drag acceleration histories
in the altitude range of 120km~85.5km according
to the fixed bank angles. In this study, the bank
angle of 60° is verified as the most adequate value.
Figure 16 plots the tracking performance of the
drag acceleration onto the reference trajectory
during both the bank reversals and the non-bank
reversals. Figure 17 shows a detailed represent-
ation of the circled region in Fig. 16. There are
sudden drops of drag acceleration in Figs. 16 and
17. These are caused by a sudden incremental lift
at the point 6=0 during the bank reversal pro-
cess. The steady-state error in the above figures is
caused by neglecting the second derivative of the
drag coefficient (d*Cp/d#*=0) and the uncer-
tainty of experimental data. Figure 17 also shows
the results of the non-fixed bank angle at a low
altitude. In the case of the non-fixed bank angle,

------ Reference

~ao-— Bank angle=0 °
~o— Bank angle=30 °
—o— 8ank angle=60 °

—o— Bank angle=85 °

D { mfsec )

0 T i v T -~
7000 7200 7400 7600 7800 8000

Fig. 15 Drag acceleration histories along the fixed
bank angles in 7440m/s~7400m/s

——— Reference
Bank reversals
—0— Non-Bank reversals

\_"\In case of non-fixed bank angle

6 —— T ' T )
1000 2000 3000 4000 5000
V (mvsec)

Fig. 17 Detailed representation of drag acceleration
histories in low-speed region

tracking performance in the final region is worse
than that of the fixed bank angle.

Figure 18 shows the bank angle aistories, the
difference between the bank reversals and non-
bank reversals. The difference becomes noticeable
at 400sec.

Figures 19~21 are the flight path angle, earth-
relative velocity, and altitude witk. respect to time,
respectively. There is little difference in the bank
reversals except for the flight path angle. The
sudden variations of the flight path angle are due
to the bank reversals, thus the number of the
sudden variations are same as that of the bank
reversals.

Figure 22 shows the azimuth errors in two
cases. There is an azimuth error o7 37° in the bank
reversals, while the azimuth error of 225° is
induced in the case of the non-bank reversals.

T Bank reversals

T77TT Reference !
|
" Non-Bank reversals |

D ( m/sec 2)
et

24

° T T T A . T v
0 1000 2000 3000 4000 5000 6000 7000 8000
Fig. 16 Drag acceleration histories with respct to

velocity
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Fig. 18 Bank angle histories with respect to
time
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Fig. 19 Flight path angle histories with respect to
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Fig. 23 3-Dimension geometric trajectory

The azimuth error in bank reversals exceeds the
dead-band limit, which is caused by the fixed
bank angle needed to maintain flight stability
and tracking performance at a low altitude. This
azimuth error does not have any significant effect
on the lateral range error because the altitude is

755
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Fig. 20 Earth-relative velocity histories with respect
to time
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Fig. 22 Azimuth error histories with respect to time

already low, and it can be easily dealt at the
TAEM phase. Figure 23 represents the 3-dimen-
sional trajectory for re-entry. It shows the differ-
ence between the two cases mentioned due to the
bank reversals.

5. Conclusions

It is necessary to design the reference trajectory
related to drag acceleration in order to decrease
the hypersonic velocity of a space vehicle shortly
after atmospheric re-entry. This paper uses the
total heating of the airframe as the performance
index, and seek to minimize it by applying the
SQP method. If the range is designed to be longer,
the altitude climbs and suddenly comes down to
satisfy the long range at high-speeds.

For realistic reference drag acceleration, the
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regularization parameter is introduced into the
performance index. Trajectories that are physi-
cally realizable can be designed be the suitable
scaling of &, and it is verified that the regular-
ization parameter is effective in the scale range
from 0.01 to O.1.

In the control phase, bank reversals and non-
bank reversals are simulated using a simple
nonlinear controller for longitudinal/later tra-
jectory. The effect of the bank reversals appears
in the drag acceleration, the bank angle, the
flight path angle, not in the velocity and the
altitude. In particular, fixed bank angle methods
are shown to reduce drag acceleration error at
initial/final parts of the re-entry phase. The
steady-state errors in drag accelerations are
caused by neglecting the second derivative of
the drag coefficient and by the uncertainty in
the experimental data. Although the maximum
steady-state error is about 0.12m/s?, the pro-
poscd method provides a good tracking per-
formance in the permissible flight corridor.
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