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Trajectory Control for a Low-Lift Re-Entry Vehicle
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This paper presents re-entry trajectory control for a small re-entry vehicle by path following. A tracking
controller restricts the vehicle to a multivariable reference trajectory defined by altitude, velocity, and flight-
path angle. The controller design is based on several linear system models along a desired reference trajectory.
A linear control law is designed to minimize a quadratic performance index at discrete points on the reference.
Simulation results of spatial flights over a rotating Earth show that the designed controller effectively responds
to entry condition offsets on several reference trajectories. Also, the controller is capable of tolerating changing
vehicle parameters as well as atmospheric disturbances. The same controller gain functions are successfully
applied to different reference trajectories.

Nomenclature
A (t) = reduced-order plant matrix
B(t) = reduced-order control matrix
CD = drag coefficient
CL = lift coefficient
D =drag acceleration, normalized by G0
F(t) = feedback gain matrix
GO = acceleration of gravity at sea level
g = acceleration of gravity, normalized by G0
L =lift acceleration, normalized by G0
m = mass of vehicle
nG = aerodynamic load factor
P(tk) - solution of the algebraic Riccati equation
Q = diagonal weighting matrix
RQ = radius of the Earth
r. = distance from the Earth's center, normalized by RQ
S = reference area
t = flight time, normalized by \lRQ/GQ
v = Earth-relative speed, normalized by VGo/?o
x(t) = state vector
7 = flight-path angle
dx(t) = reduced-order state error vector
e = lift-to-drag ratio, CL/CD
6 = geodetic longitude
p = atmospheric density
a = bank angle
4> = geodetic latitude
\t/ = heading angle
a? = Earth's angular velocity, normalized by \fG0/R0

Introduction

FUTURE space projects, such as laboratories stationed in
orbit, will only be attractive if transportation can be

provided at low operational cost. Economic alternatives to the
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manned Space Shuttle are unmanned and reusable payload
vehicles with a low lift-to-drag ratio. Their feasibility is cur-
rently being investigated in the United States and Europe.1'4 A
key issue is, if safe and accurate landing can be achieved de-
spite the vehicles' limited aerodynamics, to avoid an expensive
recovery and long turnaround periods. A simple and reliable
control system must restrict the vehicles to a flight path inside
the load limits subject to unexpected parameter variations.
The control system must respond to off-nominal entry condi-
tions and must be tolerant to aerodynamic uncertainties and
atmospheric disturbances. Finally, the system must function
autonomously without ground or pilot control.

In the past, re-entry guidance has been built on a combina-
tion of two different strategies5'6: path prediction, in which the
controller computes a new trajectory in advance based on the
actual flight conditions, and path following, in which the
controller tries to reach a predetermined trajectory. Tradition-
ally, reference trajectories are selected from the acceleration-
velocity plane, since range can be expressed as the integral of
drag over velocity. Thus, measuring velocity, a vehicle is
guided to the desired final state by scheduling drag or vertical
acceleration.

The Gemini7 and the second entry phase Apollo8 guidance
laws track a stored lift-to-drag reference. In flight, the sched-
ule is corrected based on the estimated downrange error, and
acceleration and velocity feedback are used to eliminate track-
ing errors. The same principle is applied in the U.S. Space
Shuttle entry guidance.9'10 A drag vs velocity schedule inside
the load corridor is selected and can be updated during entry
to achieve the required downrange. A drag and velocity feed-
back law locally tracks this drag profile.

Self-reliant predictor methods have been suggested for the
inertial upper stage vehicle11 and NASP12 as well as for low-lift
capsules.2'13 Based on current flight conditions, these systems
use numerical fast-time integration of the future trajectory to
determine the control input during re-entry. Eventually, this
technique may be combined with optimization procedures14'15

to select a desired input from performance criteria. However,
with current technology standards, the computing hardware
required for these programs is regarded as too bulky and
complex to be feasible for a small payload vehicle.

In contrast to predictive methods, the concept described in
this paper is based entirely on path following. Reference tra-
jectories are prescribed for three states: altitude, velocity, and
flight-path angle. Onboard satellite navigation is used to pro-
vide position and velocity updates. This concept requires a
minimum of navigation and control hardware. In this ap-
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proach, a feedback control system eliminates trajectory off-
sets resulting from entry condition dispersions, atmospheric
disturbances, and aerodynamic uncertainties. Whether the ref-
erence path is obtained by a particular guidance law or an
optimization procedure does not affect the control concept
and is not a subject of this paper.

Multiple-state feedback is a feasible design approach. Cur-
rent flight conditions can be obtained from satellite navigation
in addition to conventional onboard inertial measurement
units (IMUs). Receivers for the Navstar Global Positioning
System (GPS) are available for spacecraft application with a
total mass of 6 kg and the size of a car stereo.16 They ascertain
position and velocity at a sample rate of 200 Hz with an
accuracy of ± 30 m and ±0.3 m/s, respectively, even if the
spacecraft is traveling at orbital speeds. Integrated systems,
cross-filtering GPS and IMU information for higher accuracy,
are under development and have been successfully used for
autonomous approach and landing of aircraft.17

The controller design is based on several linear system mod-
els along a feasible trajectory. Feedback gain functions are
computed by linear quadratic regulator optimization. This
design approach has been presented in previous papers.18'19 In
this paper, the control system performance is investigated
when it is responding to entry condition dispersions of several
states. Simultaneously, the control system is submitted to
aerodynamic and atmospheric variations. How one set of gain
functions performs on reference trajectories that are different
from the design trajectory is also evaluated.

Re-Entry Model and Test Vehicle
To demonstrate the trajectory control problem, we have

chosen a specific mission and vehicle model. The translational
motion of a rigid body over a rotating, spherical Earth is used
as the nonlinear system model to simulate unpowered re-entry
glide and the controller performance. The forces acting on the
vehicle are gravity and the aerodynamic lift and drag. Wind is
not considered.

The state of the vehicle is represented by standard Earth-
fixed variables20'21:

x(t) = [r v 7 j 6 (1)

where v is the normalized velocity. Flight-path angle 7 and
heading angle \l/ give the direction of the velocity vector. The
control of the vehicle is represented by the velocity bank angle
a, which is formed by the lift vector and the local vertical
plane. The dynamics of a roll maneuver are disregarded in this
analysis.

In terms of these state and control variables, the dynamic
system is given by

r = v sin 7
v = - D - g sin 7

+ co2r cos </>(cos 0 sin 7 - sin 0 cos 7 sin

(2)

(3)

7 = l/v[L cos a - (g - v2/r)cos 7 + 2cov cos </> cos \l/

+ co2r cos </> (cos </> cos 7 + sin 4> sin 7 sin i^)] (4)

1 I sin a v2

\[/ = - \ L —— - — tan </> cos 7 cos \l/
v L cos 7 r

sin 0 cos 0 cos ̂  .
- orr ————————— + 2wv (cos </> tan 7 sin \l/ - sin

cos 7

. v cos 7 cos \l/
u = —————————r cos 0

v cos 7 sin \l/_ ———————

in </>)

(5)

(6)

(7)

The overdot indicates differentiation with respect to nondi-
mensional time /. For the following simulation results, a New-
tonian gravity law g = 1/r2 is assumed.

Lift and drag accelerations L and D are related to the
dimensional speed V = vVGo#o an^ the atmospheric density
p by the following common definitions:

L = •2mG0
CLPV2

2mG0
CDPV2

(8)

(9)

Both quantities are normalized by the acceleration of gravity
at sea level.

The load factor nG is defined as the magnitude of the
aerodynamic acceleration:

(10)

Equations (8-10) show that nG only depends on the altitude-
velocity path of the vehicle's trajectory.

Vehicle data used in the following are taken from a Eu-
ropean design study on a small re-entry module.1 The vehicle
has a sphere-cone configuration with a base diameter of 0.5 m
and a height of 0.8 m. The total mass is estimated at 80 kg. To
provide aerodynamic lift, one side of the cone is flattened,
resulting in a constant supersonic lift-to-drag ratio of 0.52.
The capsule's attitude can be changed by moving the center of
gravity, for example, via a servo-controlled ballast mass. In
the simulation, this capability is modeled as a variation of the
velocity bank angle.

Trajectory Control Concept
Perturbation guidance combined with trajectory tracking is

a well-known guidance method5"8'22'23 and has also been con-
sidered for re-entry guidance of vehicles with moderate lift-to-
drag ratio. In a recent tradeoff study on guidance for
aeroassisted orbital transfer missions, this method ranked best
with respect to performance and required onboard computing
power.4 It is the goal of current research to investigate whether
such a concept is also effective in controlling the re-entry
trajectory of a low-lifting vehicle.

This paper presents a tracking control law for the fast
dynamics of the re-entry equations represented by altitude,
velocity, and flight-path angle. Terminal control for the slow
dynamics given by the position and heading angles can be
achieved independently from the fast dynamics and is not
addressed in the following.

The controller design is based on the trajectory error with
respect to the three reference states. In this fashion, the trajec-
tory control problem is cast into a multivariable tracking
problem. For low-lifting vehicles, it can be shown that re-entry
trajectories are slowly varying.5'24 To track a reference, a
linear regulator concept is sufficient. Measuring the state er-
rors, the controller continuously adjusts the bank angle to
correct the actual trajectory and to match the reference.

For the controller design, a reduced-order linear system is
defined with respect to the trajectory error. Let the subscript
R denote the reference state and control histories, respectively.
For small deviations dx = [r - rR, v - VR, 7 - JR]T and
da = o — OR , the state equations can be written in linear form
as

x = A(t)dx+B(t)da (11)

The reduced-order system matrix A (t) and the reduced-order
control matrix B(t) are approximated at discrete times tk by
constant matrices A (tk) and B(tk), which are obtained numer-
ically at the reference state. For our controller design, A(tk)
and B(tk) are the corresponding Jacobian submatrices of the
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state equations (2-7). This approximation is equivalent to
assuming a stationary Earth.

Theoretically, a linear control law for a time-vary ing system
must be based on A(t) and B(t) as functions of time. How-
ever, since these functions are slowly varying,24 A(tk) and
B(tk) can be treated as locally time invariant for the design.
Thus, at each time tk, a linear control law is suggested of the
form

= -F(tk)dx (12)

where the feedback gains F(tk) are constant. These gains are
obtained by minimizing an infinite-horizon quadratic perfor-
mance criterion

lim q2dv2 qada2) dt (13)

with constant nonnegative weighting coefficients qf on state
and control errors. This problem is commonly referred to as
linear quadratic regulator optimization.25 Since the system is
controllable, the feedback gains are given by

= -BT(tk)P(tk) (14)
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Fig. 1 Feedback gains vs time. Data points are obtained by succes-
sive solution of the algebraic Riccati equation.
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Fig. 2 North latitude atmospheric density data from Ref. 27. Alti-
tude is plotted vs relative density variation from the U.S. Standard
Atmosphere 1976.

Table 1 Nominal and off-nominal entry conditions for a payload
re-entry vehicle; off-nominal entry conditions result from a

larger or smaller deorbit impulse

Impulse perturbation, %
Altitude, km
Velocity, m/s
Flight-path angle, deg

+ 10
120

7422.5
-3.30

0
120

7440.3
-2.97

-10
120

7458.3
-2.60

The constant matrix P(tk) is the solution of the algebraic
Riccati equation

0 = Q - PB—BTP + PA +ATP
<?a

where Q contains the weighting coefficients:

Q = diag (Ql9 q2, q3) = diag (1, 0.1, 10)

(15)

(16)

The numerical values of qf are chosen according to Bry son's
rule.23 Each term of the integrand in Eq. (13) contributes, on
average, equally to the performance index. A typical gain
schedule F(tk) calculated for the nominal reference trajectory
and nominal conditions is shown in Fig. 1.

Error Sources
The re-entry mission is divided into three phases. At deor-

bit, the vehicle is jettisoned from a space station in a low-
Earth orbit of 500-km altitude at a 28.5-deg inclination. The
capsule goes into a Keplerian transfer orbit and reaches the
detectable atmosphere at a 120-km altitude and a flight-path
angle of - 2.8 deg. This is the interface to atmospheric re-en-
try. The capsule passes through the atmosphere on an aerody-
namic glide, during which a feedback law controls the vehicle
to a reference trajectory. The final approach phase begins
when the vehicle is parachuted from an altitude of 5 km to the
ground. Simulation results in the following show the atmo-
spheric part of re-entry until parachute deployment.

To evaluate the controller performance, several model
parameters are changed simultaneously to an off-nominal
value. We have considered entry condition offsets of several
states, atmospheric density disturbances, and a constant offset
from the vehicle's nominal lift-to-drag ratio. Lastly, how one
set of controller gains performs on different reference trajec-
tories is investigated.

The transfer orbit is modeled as a Hohmann ellipse22 with a
fictitious perigee altitude of - 200 km. Deorbit is induced by
a single impulse opposing the orbit velocity vector. To repre-
sent entry condition dispersions, the nominal deorbit impulse
is offset by ± 10%. This perturbation is well within the ex-
pected retroboost error of 1 % . The resulting entry conditions
at a 120-km altitude are listed in Table 1.

For nominal flight conditions, atmosphere data are taken
from the U.S. Standard Atmosphere 1976 ,26 During the con-
troller simulation, the atmospheric density is changed to data
measured during Space Shuttle entry flights with north lati-
tude.27 This density profile is up to 50% lower than the U.S.
Standard Atmosphere 1976 between 120- and 40-km altitudes
(see Fig. 2).

To model design uncertainties, the nominal lift-to-drag ra-
tio of 0.52 is varied by ±4%. This value compares with
experiences from the Apollo program.28 During the controller
simulation, the lift-to-drag ratio is changed to 0.50 or 0.54,
respectively.

Controller Performance
For the following simulation results, reference trajectories

are chosen with constant 30-, 45-, and 60-deg bank angles,
respectively. At nominal entry and parameter conditions, the
45 -deg trajectory is chosen as the design trajectory for the
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5x=[8r6v8y]'
Controller

1
Limiter Gain Functions

Fig. 3 Block diagram schematic of the simulated feedback system.
The nonlinear equations of motion are contained in the vehicle block.

controller. Although this range of trajectories is chosen arbi-
trarily, it covers the vehicle's lifting capabilities2 and agrees
with the vehicle's design specifications.1 With constant bank
angles of 60 deg or lower, the capsule develops enough vertical
lift so that the aerodynamic acceleration does not exceed the
desired limit of 3 g. A bank angle of a constant 45 deg also
provides maximum lateral reach.21

A block diagram schematic of the simulated control system
is shown in Fig. 3. The reduced-order regulator receives feed-
back of the state errors in altitude, velocity, and flight-path
angle. With these offsets, the controller computes the neces-
sary change in bank angle. A saturation block limits the bank
angle input to a range from 0 to 90 deg. Thus, neither heading
reversals nor negative-lift maneuvers are permitted. The re-
sponse of the system to a set of entry conditions is integrated
numerically in the time domain using the system analysis
program Simulink.29

Figures 4-6 show the time histories of altitude, velocity, and
flight-path angle due to a 10% lower deorbit impulse. Simulta-
neously, the lift-to-drag ratio of the controlled vehicle is in-
creased by 4% to 0.54. The controller smoothly counteracts
the higher initial speed and also approaches the desired histo-
ries of altitude and flight-path angle. The controlled vehicle
stays close to the desired trajectory after 400 s. The load factor
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Fig. 4 Altitude time history of the feedback regulator system to
entry conditions resulting from a 10% smaller deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is increased by 4%. The
reference trajectory (dashed line) and the open-loop time history
(dotted line) are plotted for comparison.
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Fig. 6 Flight-path angle time history of the feedback regulator sys-
tem to entry conditions resulting from a 10% smaller deorbit impulse.
Simultaneously, the vehicle's lift-to-drag ratio is increased by 4%.
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Fig. 5 Velocity time history of the feedback regulator system to
entry conditions resulting from a 10% smaller deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is increased by 4%.
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Fig. 7 Load factor time history of the feedback regulator system to
entry conditions resulting from a 10% smaller deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is increased by 4%.
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Fig. 8 Altitude time history of the feedback regulator system to
entry conditions resulting from a 10% larger deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is decreased by 4%.
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Fig. 11 Load factor time history of the feedback regulator system to
entry conditions resulting from a 10 % larger deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is decreased by 4%.
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Fig. 9 Velocity time history of the feedback regulator system to
entry conditions resulting from a 10% larger deorbit impulse. Simul-
taneously, the vehicle's lift-to-drag ratio is decreased by 4%.
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Fig. 12 Bank angle input time history as commanded by the con-
troller for a 45-deg reference trajectory. Response of the feedback
regulator system to entry conditions resulting from ±10% deorbit
impulse perturbations.
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Fig. 10 Flight-path angle time history of the feedback regulator sys-
tem to entry conditions resulting from a 10% larger deorbit impulse.
Simultaneously, the vehicle's lift-to-drag ratio is decreased by 4%.

experienced by the controlled vehicle (see Fig. 7) does not
differ greatly from the values on the desired path.

A second case with opposite parameter offsets is presented
in Figs. 8-10. The plots show the time histories of altitude,
velocity, and flight-path angle due to a 10% higher deorbit
impulse, resulting in a lower entry speed and a more shallow
flight-path angle (see Table 1). At the same time, the lift-to-
drag ratio of the controlled vehicle is decreased by 4% to 0.50.
Again, the controller is able to counteract these offsets and
guide the vehicle to the desired trajectory. The controlled
vehicle's speed increases when compared with the uncon-
trolled time history and approaches the desired trajectory
asymptotically. The altitude and flight-path angle histories
approach the desired within satisfactory final error limits. The
control action has lowered the load factor curve of the con-
trolled vehicle (see Fig. 11), but the peak load on the con-
trolled path exceeds the desired peak value.

The bank angle histories for the two previous cases are
plotted in Fig. 12. It shows that the transients for opposite
speed and angle offsets are mirror images. For both cases, the
bank angle histories are smooth functions with one oscillation.
The required roll rate is less than 1 deg/s. This result shows
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that the presented control law is suitable for a vehicle with
slow attitude dynamics.

Strictly speaking theoretically, one computed gain schedule
is only valid for the particular reference trajectory for which it
is designed. However, for practical applications, how a single
set of gain functions performs on neighboring reference tra-
jectories that are different from the design trajectory is of
interest. The following test results show that the gain sched-
ules designed for the 45-deg reference trajectory also do well
on trajectories with constant 30- and 60-deg bank angles.

Figures 13, 14, and 17 show the time histories of altitude,
velocity, and the bank angle input due to a 10% larger deorbit
impulse on a 30-deg reference trajectory. The vehicle ap-
proaches the desired trajectory eventually, but slower and
later than on the 45-deg reference (Figs. 8 and 9). On a 60-deg
reference with a 10% smaller deorbit impulse (Figs. 15-17),
the performance of the controller compares with the results
from the 45-deg reference (Figs. 4 and 5).

These results demonstrate that the proposed state feedback
law, which is designed for one particular reference trajectory,
controls the vehicle to several reference trajectories. For prac-
tical applications, this implies that the number of gain sched-
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Fig. 15 Altitude time history of the feedback regulator sytem to
entry conditions resulting from a 10% smaller deorbit impulse. The
reference trajectory is computed with constant 60-deg bank angle,
whereas the controller gains are designed for a 45-deg reference trajec-
tory.
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Fig. 13 Altitude time history of the feedback regulator system to
entry conditions resulting from a 10% larger deorbit impulse. The
reference trajectory is computed with constant 30-deg bank angle,
whereas the controller gains are designed for a 45-deg reference trajec-
tory.
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Fig. 16 Velocity time history of the feedback regulator system to
entry conditions resulting from a 10% smaller deorbit impulse. The
reference trajectory is computed with constant 60-deg bank angle,
whereas the controller gains are designed for a 45-deg reference trajec-
tory.
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Fig. 14 Velocity time history of the feedback regulator system to
entry conditions resulting from a 10% larger deorbit impulse. The
reference trajectory is computed with constant 30-deg bank angle,
whereas the controller gains are designed for a 45-deg reference trajec-
tory.
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Fig. 17 Bank angle input time history as commanded by the con-
troller for 30- and 60-deg reference trajectories. The system responds
to 10% deorbit impulse perturbations. The controller gains are de-
signed for a 45-deg reference trajectory.
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ules stored aboard the spacecraft may be limited without
sacrificing performance. This, combined with the simplicity of
the design, also makes the described trajectory control system
attractive for implementation in onboard prediction methods.

Summary and Conclusions
This paper presents re-entry trajectory control for a small

re-entry vehicle by path following. A tracking controller re-
stricts the vehicle to a multivariable reference trajectory de-
fined by altitude, velocity, and flight-path angle. The con-
troller design is based on a system model obtained by
successively linearizing the equations of motion along a de-
sired reference trajectory. The linear control law is designed to
minimize a quadratic performance index at discrete points on
the reference.

The results in this paper show that the proposed controller
responds effectively to several parameter changes applied si-
multaneously: entry condition offsets resulting from deorbit
impulse perturbations of ± 10%, changes in the lift-to-drag
ratio of ± 4%, and atmospheric density variations of up to
50%. The commanded variation of the velocity bank angle is
smooth and does not require roll rates of more than 1 deg/s.
The presented results show that the performance of the con-
troller is also satisfactory on reference trajectories that are
different from the design trajectory.

We plan to apply the path control system presented here to
advanced guidance laws, including terminal control. A path
controller is used to improve the accuracy of the pursued
trajectory and to reduce landing site dispersions.
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