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Unpowered Approach and Landing Guidance
Using Trajectory Planning

C. A. Kluever∗

University of Missouri–Columbia, Columbia, Missouri 65211

A guidance scheme that employs a trajectory-planning algorithm has been developed for the approach and
landing phase of an unpowered reusable launch vehicle. The trajectory-planning scheme computes a reference
flight profile by piecing together several flight segments that are defined by a small set of geometric parameters.
A feasible reference profile that brings the vehicle from its current state to a desired landing condition is obtained
by iteration on a single geometric parameter, and the flight-path angle at the start of the flare is selected as the
iteration variable. Open- and closed-loop guidance commands are readily available once the reference trajectory
is obtained. The trajectory-planning algorithm is able to generate new reference profiles quickly for test cases with
large variations in winds, vehicle energy, and vehicle drag. The effectiveness of the trajectory-planning algorithm
is demonstrated by several numerical simulations that show that the guided vehicle is able to land successfully with
an adequate energy margin.

Nomenclature
ai = reference altitude cubic polynomial coefficients,

i = 0, 1, 2, 3
CD = drag coefficient
CD0 = zero-lift drag coefficient
CL = lift coefficient
D = drag force, lb
g = Earth’s gravitational acceleration, = 32.174 ft/s2

h = altitude above runway, ft
K = lift-induced drag coefficient parameter
K D = altitude rate error gain, g · s/ft
K I = altitude error integral gain, g/ft · s
K P = altitude error gain, g/ft
Kq = pitch-rate gain, rad/g · s
L = lift force, lb
M = Mach number
m = vehicle mass, slugs
nX = vehicle acceleration along negative x-body axis, g’s
nZ = vehicle acceleration along negative z-body axis, g’s
q = pitch rate, rad/s
q̄ = dynamic pressure, lb/ft2

R = circular pull-up radius, ft
S = vehicle reference area, ft2

s = ground track distance for cubic altitude reference, ft
t = time, s
tER = energy reserve, s
V = ground-relative velocity magnitude, ft/s
V∞ = freestream velocity magnitude, ft/s
x = downrange position along runway centerline, ft
α = angle of attack, rad
β = inverse scale height, ft−1

γ = flight-path angle, rad
θ = vehicle pitch attitude angle, rad
ρ = atmospheric density, slugs/ft3

Subscripts

ALI = approach and landing interface
C = center of circular pull-up arc
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cmd = command
capt = steep glideslope capture point
flare = start of flare maneuver
PU = start of pull-up maneuver
ref = reference trajectory
SGS = steep glideslope
TD = touchdown
zero = downrange intersection of steep glideslope
0 = sea-level value

Introduction

AMAJOR objective of NASA’s second-generation reusable
launch vehicle (RLV) program includes significant improve-

ments in vehicle safety, reliability, and operation costs. A specific
goal is to reduce the probability of a catastrophic failure from
1 in 500 missions (the current space shuttle goal) to 1 in 10,000
missions.1 Hanson1,2 has argued that advanced guidance and control
(AG&C) technologies will greatly improve the overall safety and re-
liability of future RLV missions. In particular, AG&C methods may
be able to return safely an RLV that is plagued by scenarios such as
vehicle mismodeling that results in control problems, aerosurface
failures, poor vehicle performance, and larger than expected flight
dispersions. Advanced guidance methods have been developed for
the ascent and entry phases of an RLV,3−9 whereas advanced con-
trol methods have been developed for attitude control and control
allocation.10−13

Approach and landing (A&L) is a critical flight phase that brings
the unpowered vehicle from the terminal area energy management
(TAEM) phase to runway touchdown. The space shuttle A&L guid-
ance scheme uses a reference altitude profile that consists of an
initial steep glideslope, followed by a pull-up maneuver to a shal-
low glideslope.14,15 This two-phase flight-path approach has been
proven to be effective for unpowered vehicles (like the shuttle) with
relatively low lift-to-drag ratios (L/D). The shuttle, however, relies
on a small number of fixed reference trajectories, where the nominal
steep glide angle is reduced by 2 deg for heavy vehicles, and the
steep glideslope is moved 1000 ft closer to the runway threshold for
headwinds. Onboard trajectory generation may offer a potentially
advantageous AG&C technique that can safely and reliably deliver
an RLV to its landing site in the presence of extreme conditions.
Schierman et al.16 have developed a trajectory reshaping algorithm
for the A&L phase of an RLV. Their algorithm interrogates a neural
network that stores a database of precomputed optimal trajecto-
ries that span the expected values for the vehicle states and critical
parameters (such as vehicle drag). Barton and Tragesser17 present
an automated trajectory design algorithm for the A&L phase of the
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X-34, and their algorithm computes the angle and location of a steep
glideslope for flight at constant dynamic pressure. Their algorithm
is intended for quick (offline) computation of a new reference pro-
file during the preliminary vehicle design stage, but may also serve
as a starting point for an onboard trajectory generation scheme.

This paper presents an A&L guidance methodology that employs
a trajectory-planning algorithm. The work presented in this paper
differs from the work found in Refs. 16 and 17 in several ways. First,
the proposed trajectory-planning method computes a feasible path
from the current state to the desired touchdown state, without relying
on a precomputed, stored database of neighboring A&L trajectories.
Second, because the trajectory-planning algorithm computes a ref-
erence profile composed of flight paths connecting the current state
to a desired touchdown state, large transient trajectory errors (such
as at the beginning of A&L) are avoided. In addition, the open-
and closed-loop guidance commands are readily available once the
trajectory flight segments are obtained. Finally, the path-planning
scheme employs approximations of the governing dynamics, and
the guidance determines the entire reference geometry by iteration
on a single parameter. The effectiveness of the proposed guidance
algorithm is demonstrated by the simulation of A&L scenarios with
winds, energy variations, and vehicle drag variations.

System Models
Equations of Motion

The unpowered RLV is considered a point mass, and its gliding
motion in a vertical plane is defined by

V̇ = −D/m − g sin γ (1)

γ̇ = L/mV − (g/V ) cos γ (2)

ḣ = V sin γ (3)

ẋ = V cos γ (4)

where lift and drag forces are defined in the usual manner

L = q̄ SCL (5)

D = q̄ SCD (6)

and dynamic pressure is q̄ = ρV 2/2. The governing equations of
motion (1–4) are with respect to a flat-Earth model, where the
+x axis points along the runway centerline, with the origin at the
runway threshold. Atmospheric density ρ is computed with the Stan-
dard Atmosphere. Figure 1 is a free-body diagram of the point-mass
RLV, and it presents the force vectors and definitions of flight-path
angle, pitch attitude, and angle of attack. (Note that both γ and θ
are negative in Fig. 1.)

Vehicle Models
The X-33 is the test vehicle for guidance algorithm develop-

ment. This vehicle was used because much of the previous work
in the AG&C program (such as entry and ascent guidance) used

Fig. 1 Free-body diagram of the point-mass vehicle.

Table 1 Drag polar parameters for the X-33

Mach CD0 K N

0.3 0.0980 0.1456 2.0
0.4 0.0975 0.1819 2.2
0.5 0.0970 0.2123 2.3
0.6 0.0965 0.2311 2.3

Fig. 2 Drag polar for the X-33.

the X-33, and, therefore, the vehicle parameters and aerodynamic
characteristics were readily available. The true X-33 aerodynamic
coefficients (required for the trajectory simulation) are computed
by a two-dimensional table look-up with angle of attack and Mach
number as the independent variables:

CL = CL(α, M), CD = CD(α, M) (7)

We assume that lift and drag coefficients are the trimmed values. In-
cremental changes in lift and drag coefficients due to ground effects
are also computed by a two-dimensional table look-up with altitude
above the runway and angle of attack as the input variables. Ground
effects are considered to be zero when altitude is greater than 100 ft.

The guidance algorithm requires an approximate model of the
X-33 aerodynamics for onboard trajectory generation. The objective
is to develop approximate aerodynamic models that require little
computational effort and yet provide sufficient accuracy. A standard
drag polar is used to model the X-33 aerodynamics:

CD = CD0 + K C N
L (8)

Zero-lift drag coefficient CD0, lift-induced drag coefficient param-
eter K , and exponent N are obtained by fitting the drag polar (8) to
the true aerodynamic data from the two-dimensional look-up tables.
Table 1 presents discrete values of the drag polar parameters at four
discrete Mach numbers that span the A&L flight regime. The guid-
ance algorithm estimates the drag coefficient by using Eq. (8) with a
known value of CL , and interpolated values of K , CD0, and N , which
are computed by linear interpolation among the data in Table 1 with
Mach number as the independent variable. Figure 2 presents the
drag polar for four Mach numbers. Both Table 1 and Fig. 2 show
that CD0 remains essentially constant for M ≤ 0.6.

A&L Reference Trajectory
Unlike the space shuttle A&L guidance, our proposed guidance

strategy does not rely on precomputed, stored reference profiles.
Instead, our guidance scheme performs onboard computation of a
new reference trajectory based on available vehicle, environmen-
tal, and trajectory data. Once a reference A&L profile is computed,
the guidance algorithm generates both open-loop (feedforward) and
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Fig. 3 Approach and landing reference trajectory geometry.

closed-loop (feedback) commands for tracking the reference trajec-
tory. At this point, it is appropriate to discuss the details of the
proposed reference trajectory geometry before discussing exactly
how the reference is generated.

Figure 3 presents the various flight segments of the reference A&L
trajectory, which are similar to the A&L phases of the shuttle. Sev-
eral altitude profiles are pieced together with downrange position x
as the independent variable. Approach and landing interface (ALI)
is the transition from TAEM to A&L guidance, and this is the point
where the vehicle reaches an altitude of 10,000 ft above the runway.
Steep glideslope capture is the initial phase, and the RLV follows
an altitude profile that eventually transitions and becomes tangent
to the steep glideslope at downrange position xcapt. When x ≥ xcapt,
the steep glideslope (with constant flight-path angle) serves as the
reference altitude. When the vehicle reaches the altitude hPU, the
pull-up guidance phase is initiated, and the RLV’s velocity vector
begins to rotate and the vehicle tracks a circular altitude profile that
is tangent to the steep glideslope. The reference geometry transitions
to the final phase, the flare maneuver, when the vehicle’s downrange
position reaches xflare. The flare phase takes the RLV from the alti-
tude hflare to touchdown at downrange distance xTD. Continuity in
altitude and slope (dh/dx) are preserved between all reference flight
segments.

Steep Glideslope Capture Phase
A cubic polynomial altitude profile defines the steep glideslope

capture

href = a0 + a1s + a2s2 + a3s3 (9)

where s is the ground track distance relative to ALI, that is, s = 0
at the initiation of A&L. The derivative of altitude with respect to
ground track is the tangent of the flight-path angle:

dhref

ds
= tan γref = a1 + 2a2s + 3a3s2 (10)

Cubic polynomial coefficients a0 and a1 are computed from Eqs. (9)
and (10) and the RLV’s altitude and flight-path angle at ALI,
where s = 0. (Note that, by definition, hALI = 10,000 ft, but γALI

may not necessarily match the steep glideslope flight-path angle.)
The second- and third-order polynomial coefficients, a2 and a3, are
also computed from Eqs. (9) and (10) with ground track distance
s = xcapt − xALI and altitude hcapt and flight-path angle γSGS on the
steep glideslope reference (Fig. 3). Note that the shuttle A&L guid-
ance does not utilize a separate altitude profile for transition into
the steep glideslope. (The shuttle guidance immediately attempts to
track the steep glideslope at initiation of the A&L phase.) There-
fore, the glideslope capture phase will provide smooth transition to
the steep glideslope without incurring initial transient errors. The
capture altitude hcapt is set at a nominal value of 5000 ft, which is
one-half of the altitude at ALI.

An open-loop or reference lift coefficient command can be com-
puted directly from the reference altitude and flight-path angle pro-
files. To derive the required lift, we take the time derivative of
tan γref to obtain

d

dt
(tan γref) = (

1 + tan2 γref

)dγ

dt
(11)

The use of the chain rule to take the time derivative of Eq. (10) yields

d

dt
(tan γref) = d

ds
(tan γref)

ds

dt
= (2a2 + 6a3s)

ds

dt
(12)

Substitution of the dynamic equation for flight-path angle [Eq. (2)]
and the kinematic relation for ground speed [Eq. (4)] into Eqs. (11)
and (12), and setting Eq. (11) equal to Eq. (12), yields, after some
algebra, the required reference lift coefficient:

C∗
L = [cos γref/(q̄ S/m)]

[
V 2(2a2 + 6a3s) cos2 γref + g

]
(13)

The vertical guidance command to the flight-control system is
normal acceleration along the negative z-body axis, or nZ , which is
related to the lift and drag accelerations

nZ = (L cos α + D sin α)

mg
(14)

Therefore, the open-loop (reference) command n∗
Z is obtained from

Eq. (14), with the required lift coefficient from Eq. (13) and the
corresponding drag coefficient from the drag polar (8).

Steep Glideslope Phase
The RLV maintains the constant flight-path angle (γSGS) and fol-

lows the linear altitude profile during the steep glideslope phase.
Therefore, the altitude reference is simply

href = tan γSGS(x − xzero) (15)

where xzero is the downrange location of the intersection of the steep
glideslope and the ground (Fig. 3). The required lift coefficient is
computed from Eq. (2) with γ̇ = 0:

C∗
L = g cos γSGS

q̄ S/m
(16)

which is the same result as Eq. (13) for a linear altitude reference
(a2 = a3 = 0). Open-loop reference normal acceleration is computed
with Eq. (14).

Circular Pull-Up Phase
When the RLV reaches altitude hPU, a circular pull-up maneuver

is initiated to rotate the flight-path angle from γSGS to γflare (Fig. 3).
The reference circular altitude profile is

href = hC −
√

R2 − (x − xC )2 (17)

where hC and xC are the altitude and downrange distance to the
origin of the circular pull-up arc, respectively. The required lift co-
efficient for the pull-up maneuver can be determined from Eq. (2)
with centripetal acceleration V γ̇ = V 2/R

C∗
L = V 2/R + g cos γref

q̄ S/m
(18)

where the reference flight-path angle can be computed from the
tangent line with respect to the circular arc. The reference normal
acceleration command is computed with Eq. (14).

Flare Maneuver Phase
The RLV transitions to the flare maneuver when downrange

x ≥ xflare. A cubic polynomial altitude profile identical to Eq. (9)
defines the flare maneuver phase, and ground track distance s is
measured with respect to the fixed downrange point xflare, that is,
s = 0 when x = xflare. The four cubic polynomial coefficients are de-
termined by specification of altitude and flight-path angle at the start
of the flare, altitude and flight-path angle at touchdown (hTD = 0),
and the ground track distance of the flare maneuver, s = xTD − xflare.
Equations (13) and (14) are used to compute the reference lift coef-
ficient and reference normal acceleration, respectively, required to
follow the cubic altitude profile.
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Note that the shuttle A&L guidance breaks the final flight phase
after the pull-up maneuver into two segments: 1) exponential decay
into a shallow (constant) glideslope and 2) a final flare maneuver.
Our cubic altitude flare maneuver replaces both of these segments
and provides a smooth transition from the circular pull-up to desired
touchdown conditions.

Trajectory Planning Algorithm
Reference trajectory planning consists of two stages: 1) steep

glideslope computation and 2) backward trajectory propagation. The
initial computation involves determination of the steep glideslope
flight-path angleγSGS, so that the vehicle follows a quasi-equilibrium
glide, where dynamic pressure is approximately constant. The de-
sired glideslope for constant q̄ is a function of L/D, wing loading,
and initial energy. A constant-q̄ glideslope is desirable because the
vehicle can fly at a constant trim angle of attack (because CL varies
only slightly with Mach number during the A&L phase), and the
states along the flight path are predictable. Once γSGS is determined,
the algorithm numerically propagates a trajectory backward from
the desired touchdown conditions to the start of the circular pull-up
maneuver. The algorithm iterates on a single parameter (flight-path
angle γflare) until the dynamic pressure at the end of the backward-
propagated trajectory matches the dynamic pressure on the steep
glideslope. When q̄ matching is achieved, the trajectory-planning
algorithm is finished, and the proper A&L reference profile geom-
etry is determined. Details of the trajectory-planning algorithm are
presented in the following subsections.

Quasi-Equilibrium Glideslope
Barton and Tragesser17 have presented the quasi-equilibrium

glideslope concept and its computation, and, therefore, only a sum-
mary is presented here. The objective is to determine the constant
flight-path angle γSGS such that the dynamic pressure is approx-
imately constant. To begin, take the time derivative of dynamic
pressure:

˙̄q = 1

2

dρ

dh

dh

dt
V 2 + ρV

dV

dt
(19)

After substitution of the kinematic relation (3) for dh/dt , and the
dynamic equation (1) for dV/dt , we obtain

˙̄q = V sin γ [(ρ ′/ρ − ρSCD/m sin γ )q̄ − ρg] (20)

where ρ ′ = dρ/dh, which is computed from an exponential atmo-
spheric density model

dρ

dh
= −βρ0 exp(−βh) (21)

where the inverse scale height is β = 1/30,499 ft−1. Therefore, the
ratio ρ ′/ρ in Eq. (20) is equal to −β.

The basic quasi-equilibrium glide algorithm is as follows:
1) Compute q̄ from the airspeed and altitude at ALI. (Use this value
in all subsequent calculations that involve dynamic pressure.) 2) Se-
lect a representative altitude on the steep glideslope and compute
ρ. 3) Guess a trial steep glideslope angle. 4) Solve the constant
flight-path angle equation [Eq. (2) with γ̇ = 0] for constant CL and
compute CD = f (CL) with the drag polar. 5) Compute ˙̄q by the use
of Eq. (20). 6) Adjust the steep glideslope angle by the use of the
secant method until ˙̄q = 0. The iterative process involves steps 4–6
until convergence is achieved. Note that a constant glideslope will
not produce constant dynamic pressure because ρ changes slightly
with altitude. Hence, we select a representative midpoint altitude
on the steep glideslope (such as 6000 ft) and fix the atmospheric
density in Eq. (20).

Note that a drag device (such as a speedbrake or split-rudder de-
flection) could be used to control dynamic pressure. For example, the
shuttle employs a closed-loop speedbrake control channel to main-
tain constant equivalent airspeed (or constant q̄) during the steep
glideslope phase. However, our goal is to control dynamic pressure

and touchdown for a wide range of flight conditions through trajec-
tory reshaping and L/D modulation without reliance on a speed-
brake device. The availability of a speedbrake would offer an addi-
tional degree of freedom for trajectory control and would certainly
enhance the performance of our guidance design.

Trajectory Propagation and Dynamic Pressure Matching
The second major computation in the trajectory-planning algo-

rithm is the proper selection of the flare and pull-up geometry such
that backward trajectory propagation matches the dynamic pressure
on the steep glideslope. First, the velocity along the flare trajectory
is computed by numerical integration of dV/dx backward from the
known touchdown state to the start of the flare maneuver. The veloc-
ity differential equation dV/dx is obtained by division of Eq. (1) by
Eq. (4), and the cubic altitude profile is determined by the altitude
and flight-path angle at both ends of the flare trajectory, as well as
the total ground track of the flare. Flight-path angle at touchdown
(γTD) can be computed from the desired touchdown speed and sink
rate, and touchdown altitude is obviously zero. Therefore, altitude
and flight-path angle at the start of the flare (hflare and γflare) and total
ground track of the flare (sflare) are three potential free variables for
shaping the flare maneuver, that is, shaping the cubic altitude pro-
file. Because our goal is to design a simple guidance algorithm, we
choose to fix two of these parameters and only iterate on a single
free parameter. Therefore, hflare is fixed at a nominal value, and the
flare ground track is determined by

sflare = 3(hTD − hflare)

2 tan γTD + tan γflare
(22)

Equation (22) is the maximum total ground track for a cubic altitude
profile with a monotonically increasing flight-path angle, and this
expression can be derived from Eqs. (9) and (10). If the flare ground
track is greater than sflare in Eq. (22), the flight-path angle during
the flare will reach a value greater than γTD, which will result in an
unnecessary flight-path modulation and excessive speed loss during
the flare. Velocity during the flare is controlled by proper selection
of the single free parameter, γflare; this parameter determines the
initial slope of the cubic altitude profile and the total ground track
via Eq. (22). Drag coefficient is required for numerical integration
of dV/dx , and CD is computed from the drag polar (8) with the lift
coefficient required to follow the cubic reference [see Eq. (13)]. A
low-order (second/third) Runge–Kutta method is used to integrate
the single differential equation numerically to reduce the computa-
tional load of the guidance algorithm.

Backward integration of the circular pull-up maneuver is com-
puted via the end state from backward integration of the flare. Veloc-
ity information is obtained by integration of dV/dγ backward from
γflare to γSGS. The velocity differential equation is obtained by divi-
sion of Eq. (1) by Eq. (2). Numerical integration of dV/dγ requires
both lift and drag coefficients, and CL is computed from Eq. (18) and
CD from the drag polar (8). The low-order Runge–Kutta method is
used to perform the numerical integration. The appropriate pull-up
radius R is determined from Eq. (18) with the velocity, flight-path
angle, lift coefficient, and dynamic pressure from the start of flare
maneuver, that is, the transitional point between pull-up and flare.
The solution of the appropriate radius ensures continuity in normal
acceleration (and, hence, angle of attack) as the RLV transitions
from pull-up to flare maneuver. The dynamic pressure is computed
from the end state from the backward pull-up integration, that is,
the end of the steep glideslope, and this value is compared with q̄
from the quasi-equilibrium steep glideslope. The two-segment back-
ward propagation process is repeated by iteration on γflare until the
propagated dynamic pressure matches the steep glideslope dynamic
pressure. (The secant method is used for the iteration process.)

Our subsequent numerical simulations demonstrate that the two-
segment iteration scheme is able to converge to the appropriate value
for γflare in all test cases. However, an operational algorithm will
require a safeguard against a divergent search process that has not
converged in a timely manner. One possible backup method is to
switch from the secant search to a scheme that simply propagates



KLUEVER 971

N additional backward trajectories for a fixed range of γflare values
and then selects the flight-path angle that results in the minimum
absolute error in dynamic pressure.

Note that the flare geometry (hflare, γflare, sflare, and xTD), pull-up
radius R, and steep glideslope γSGS completely define the remaining
reference profile parameters, such as pull-up altitude and downrange
distance (hPU and xPU), circular arc center coordinates (hC and xC ),
and steep glideslope intersection point (xzero). Furthermore, dra-
matic changes in aerodynamic properties, wing loading, wind con-
ditions, or initial energy will cause the trajectory-planning algorithm
to alter the reference profile, which will include shifting the steep
glideslope either closer to or farther from the runway. Hence, the
steep glideslope capture phase provides a smooth transition without
incurring large altitude errors at the initiation of A&L.

A&L Simulation
Normal Acceleration Command from Guidance

The total normal acceleration command n̄ Z is the sum of open-
loop and closed-loop normal acceleration commands:

n̄ Z = n∗
Z + �nZ (23)

The open-loop or reference command (n∗
Z ) is computed via Eq. (14)

and the lift coefficient required to follow the respective reference
trajectory segment [Eqs. (13), (16), or (18)]. A simple proportional–
integral–derivative (PID) scheme is used for closed-loop control:

�nZ = K P�h + K I

∫
�h dt + K D�ḣ (24)

where �h = href − h and �ḣ = ḣref − ḣ. A constant set of PID gains
is used throughout A&L, with the exception that integral control is
used only during the steep glideslope and circular pull-up phases.
The PID gains used here are K P = 0.003 g/ft, K I = 0.00016 g/ft · s,
and K D = 0.015 g · s/ft. These values are similar to the shuttle gains,
which also use a 5:1 ratio between the rate and proportional gains.14

Numerical Simulation
Simulink® is used to assess the proposed guidance scheme, and

Fig. 4 presents a simplified block diagram of the closed-loop simula-
tion. Because the truth aerodynamic two-dimensional tables require
angle-of-attack as an input, the longitudinal pitching motion must
be modeled in some fashion. The guidance algorithm generates the
total normal acceleration command every 0.1 s (10 Hz), which is
differenced with the actual normal acceleration of the RLV, and
the error is sent to the flight-control system. A pitch-rate command
proportional to normal acceleration error is generated

qcmd = Kq(n̄ Z − nZ ) (25)

where Kq = 0.7 rad/g · s is the pitch-rate gain. A simple unity-gain,
first-order lag model approximates pitch-rate response:

q̇ + 2q = 2qcmd (26)

Equation (26) approximates the coupling of the pitch dynamics and
the closed-loop flight-control system, and it assumes that the inner-
loop pitch channel is fast, well damped, and accurate with zero
steady-state error. Pitch rate is then integrated, and angle-of-attack
is determined from the difference between pitch attitude and flight-
path angles (α = θ − γ ). Numerical integration of the point-mass

Fig. 4 Simplified approach and landing block diagram.

dynamics [Eqs. (1–4)] is performed by a Runge–Kutta method with
a fixed time step of 0.1 s.

Numerical Results
Nominal Approach and Landing Trajectory

A baseline approach and landing trajectory is obtained by
execution of the simulation with the nominal ALI state, no
winds, and nominal RLV aerodynamics. The nominal ALI state
is hALI = 10,000 ft (by definition) and VALI = 570 ft/s (Mach 0.54).
Michaels Army Air Field is the landing site (altitude above sea
level is 4340 ft), and, therefore, the initial dynamic pressure is
248.2 psf. The desired touchdown conditions are VTD = 306 ft/s,
ḣTD = −3 ft/s, and xTD = 1400 ft. The path-planning algorithm was
executed offline before running the simulation, and both the quasi-
equilibrium glideslope computation and the backward trajectory
propagation converged in seven iterations. Flight-path angle and
downrange distance at ALI for the nominal A&L profile were de-
termined to be γALI = −25.24 deg and xALI = −26,316 ft, respec-
tively. Table 2 lists the reference trajectory parameters as computed
by the planning algorithm for nominal flight conditions. Note that
for nominal conditions, the steep glideslope capture phase is essen-
tially reduced to the steep glideslope profile because the nominal
ALI point begins on the steep glideslope with the proper flight-path
angle.

Figures 5 and 6 present the nominal A&L trajectory obtained
from execution of the Simulink model. Figure 5 shows that equiva-
lent airspeed (or q̄) is essentially constant during the steep glideslope
(t < 34 s), as predicted by the quasi-equilibrium glide condition. The
guidance algorithm demonstrates good tracking performance; alti-
tude error never exceeds 5 ft and flight-path angle error remains less
than 0.3 deg. The largest transient errors occur when the circular

Table 2 Reference path parameters for nominal conditions

Parameter Nominal value

γSGS −25.24 deg
γflare −5.78 deg
xALI −26,316 ft
xzero −5,100 ft
xPU −9,847 ft
xflare −2,324 ft
xC 4.2 ft
xTD 1,400 ft
hALI 10,000 ft
hPU 2,238 ft
hC 23,141 ft
hflare 150 ft
R 23,108 ft

Fig. 5 True airspeed and equivalent airspeed for a nominal approach
and landing.
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Table 3 Trials with winds and energy variations

Wind conditions γSGS, deg xzero, ft R, ft V∞(TD), ft/s ḣTD, ft/s q̄TD, psf xTD, ft θTD, deg tER, s

No winds −25.2 −5100 23,108 287.3 −2.8 86.3 1,671 7.7 8.3
28-kn headwinda −25.2 −5100 23,108 222.4 −2.4 51.7 1,776 14.2 0.0
28-kn tailwinda −25.2 −5100 23,108 328.0 −3.7 112.4 1,586 5.6 11.5
28-kn headwindb −23.2 −1577 9,709 305.7 −1.7 97.6 1,475 6.9 9.9
28-kn tailwindb −27.4 −9717 39,558 274.8 −3.2 78.9 1,638 8.3 7.1

aPath-planning algorithm is not used (use nominal reference trajectory). bPath-planning algorithm is executed at ALI (compute new reference trajectory).

Fig. 6 Normal acceleration for a nominal approach and landing.

pull-up is initiated (t = 34 s), but these errors are quickly damped
out. Figure 6 presents normal acceleration along with the guidance
command. Load factor is constant during the steep glideslope, and
the step command at 34 s initiates the circular pull-up. Note that the
normal acceleration command is continuous as the circular pull-up
transitions to the flare maneuver (t = 52 s) due to the proper compu-
tation of the pull-up radius. The touchdown speed from the nominal
simulation is 287 ft/s, and the touchdown sink rate is 2.8 ft/s. The
RLV lands at a downrange distance of 1671 ft, which is 271 ft
beyond the desired touchdown location. Consequently, the touch-
down speed is slightly lower than the nominal value due to an extra
second in flight.

Trials with Winds and Energy Variation
The first test cases involve landing in high winds with high- and

low-energy conditions. It is assumed that estimates of the wind speed
components are available to the path-planning algorithm. There-
fore, the path-planning scheme estimates the true airspeed (V∞)
by subtracting the wind speed component from the known ground
speed and uses V∞ to compute the dynamic pressure for the quasi-
equilibrium glide and backward trajectory propagation. In the best-
case scenario, the path-planning scheme will receive low-altitude
wind information during the TAEM phase and recompute a new
A&L reference trajectory and corresponding ALI target. Therefore,
a closed-loop TAEM guidance scheme could conceivably deliver the
RLV to this updated ALI point, and the A&L phase would proceed
with little deviation from the updated reference path that has ac-
counted for winds. In the worst-case scenario, TAEM would deliver
the RLV to the nominal ALI point, and the vehicle would initially
acquire wind information as the A&L phase begins. (This extreme
scenario pertains to either sudden winds at 10,000 ft, or a complete
lack of low-altitude wind information during the TAEM phase.) We
will test the path-planning algorithm under the worst-case scenario
with a constant downrange wind speed of 50 ft/s (28.4 kn). We also
assume that V∞ at ALI is off the nominal value by 30 ft/s in the
worst direction; therefore, true airspeed is 540 ft/s (low energy) for
a headwind, and true airspeed is 600 ft/s (high energy) for a tailwind.

Fig. 7 Altitude profiles for headwind and tailwind cases: ——, RLV
altitude and - - - - -, steep glideslope.

Table 3 presents the touchdown conditions from simulations with
winds and initial energy variation (the no-wind nominal case is
shown for comparison). For the first two cases with winds, the path-
planning algorithm is not engaged, and the RLV uses the fixed ref-
erence profile from the nominal (no-wind) scenario. (Note that the
reference path parameters are static.) The RLV is initially on the
nominal profile at ALI, and, therefore, zero trajectory errors exist
at the start of A&L for these two cases. Energy reserve tER (final
column in Table 3) is defined in Ref. 14 as the time required for
deceleration from touchdown airspeed to stall speed, given constant
drag deceleration. The minimum energy reserve design requirement
is 5 s for the space shuttle.14 Stall speed of the X-33, which is com-
puted under the assumption of a 15-deg maximum angle of attack
at landing, is 222.1 ft/s. The two cases without the path-planning al-
gorithm track the static reference profile very well, but the airspeed
at touchdown is either quite small (headwind) or large (tailwind).
For the headwind case, the RLV essentially lands at the stall speed,
and, hence, the energy reserve is zero. In addition, pitch attitude is
large for the headwind case, and the RLV may be close to tailscrape
at landing.

The same two headwind and tailwind cases were rerun with the
trajectory-planning algorithm engaged, and the results are shown
in the last two rows of Table 3. Note that the location of the steep
glideslope changes significantly with the wind direction and that
glideslope angle is only slightly adjusted. Furthermore, the pull-up
radius is significantly reduced for the headwind (low-energy) case
and significantly increased for the tailwind (high-energy) case. The
RLV’s initial altitude and flight-path angle are different from the
corresponding reference values at the same downrange location.
(Recall that we have fixed the initial states to the nominal ALI val-
ues: γALI = −25.2 deg; hALI = 10,000 ft; and xALI = −26,316 ft.)
Hence, the steep glideslope capture phase plays an important role.
Figure 7 presents the altitude profiles for both the headwind and tail-
wind cases, and the significant changes in the reference profiles are
evident. Both cases with the trajectory-planning algorithm resulted
in successful landings, with touchdown airspeeds near the nominal
value and sufficient energy reserve.
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Trials with Drag Variation
Next, a series of simulations with vehicle drag variations was

obtained. Drag variations may be due to mismodeled aerodynam-
ics (relatively small variations) and control surface failures (large
variations). For example, a failed or damaged control surface might
result in excessive trim drag, which is caused by a reconfigurable
inner-loop control law that is required to maintain rotational equilib-
rium. Recall that the trajectory-planning algorithm and open-loop
guidance command rely on an approximate aerodynamic model (the
drag polar). We assume that the vehicle is able to estimate its aero-
dynamic performance based on accelerometer measurements along
the negative x and z body axes:

1

mg

[
L

D

]
=

[
cos α − sin α

sin α cos α

][
nZ

nX

]
(27)

Estimation of lift and drag forces in real time is complicated by noisy
accelerometer measurements, difficulty in measurement of dynamic
pressure, and time-varying control deflections. In this study, we as-
sume that perfect knowledge of vehicle lift and drag is available.
Hence, the proposed guidance algorithm could periodically compare
the lift and drag estimates with the drag polar model and recompute
the reference A&L trajectory if the deviations become large. If aero-
dynamic variations are observed early in the TAEM phase, then the
trajectory-planning algorithm can recompute the ALI target, and the
closed-loop TAEM guidance will attempt to deliver the RLV to this
new target point. A far worse situation involves a sudden change
in vehicle drag at the start of A&L, when the RLV is assumed to
be on (or near) the nominal ALI point. In this scenario, the vehicle
may not be able to land successfully by using a fixed A&L reference
profile that was computed with the nominal aerodynamic model.

Table 4 presents the touchdown conditions from six simulations
with drag variation. (The nominal drag case is shown for compar-
ison.) In all cases, the reference profile is fixed via the parameters
summarized in Table 2 (the reference trajectory with nominal aero-
dynamics). The RLV is initially on the nominal profile at ALI, and,
therefore, zero trajectory errors exist at the start of A&L. For each
trial, vehicle drag coefficient is increased or decreased in increments
of 10% of its nominal value throughout the trajectory. Table 4 shows
that following a static reference path with reduced drag results in
acceptable sink rates at touchdown; however, the touchdown speed
becomes quite large as drag decreases. Increasing drag causes low-
energy conditions when the RLV is forced to follow the static refer-
ence path, and, subsequently, the touchdown speed decreases as drag
increases. Energy reserve is less than the 5-s shuttle requirement for
all cases with increased drag, and the 20 and 30% drag cases re-
sult in touchdown speeds less than stall speed. A 20% increase in

Table 4 Drag variation trials with a fixed reference trajectory

VTD, ḣTD, q̄TD, xTD, θTD, tER,
�CD , % ft/s ft/s psf ft deg s

0 (nominal) 287.3 −2.8 86.3 1671 7.7 8.3
−10 321.9 −3.1 108.2 1752 6.1 12.1
−20 352.5 −3.2 129.8 1792 5.1 15.0
−30 380.2 −3.4 151.0 1828 4.4 17.4
+10 246.5 −2.6 63.5 1522 10.5 3.1
+20 205.9 −5.8 44.3 854 18.7 −1.6
+30 193.9 −46.2 39.3 −1137 56.2 −1.0

Table 5 Drag variation trials with trajectory-planning algorithm

�CD , % γSGS, deg xzero, ft R, ft VTD, ft/s ḣTD, ft/s q̄TD, psf xTD, ft θTD, deg tER, s

0 (nominal) −25.2 −5,100 23,108 287.3 −2.8 86.3 1,671 7.7 8.3
−10 −22.9 −5,756 28,560 301.6 −2.9 95.0 1,801 7.0 10.5
−20 −20.9 −6,431 34,773 314.6 −3.0 103.4 1,918 6.4 12.7
−30 −19.2 −7,389 43,335 322.0 −3.0 108.3 2,031 6.1 14.3
+10 −28.2 −4,227 17,486 281.6 −2.8 82.9 1,496 8.0 7.0
+20 −32.0 −3,573 13,376 273.7 −2.8 78.3 1,278 8.5 5.5
+30 −37.0 −2,579 8,942 283.3 −4.8 83.9 833 8.2 5.3

drag results in an acceptable sink rate (5.8 ft/s), but the pitch angle
at touchdown (18.7 deg) would probably result in tail-scrape. The
case with 30% increase in drag does not land successfully.

Next, the six cases with drag variations were rerun with the
trajectory-planning algorithm enabled. It is assumed that the
trajectory-planning scheme has perfect knowledge of the drag vari-
ations, and adjusts CD computed from the drag polar model. (Op-
erationally, we envision engaging the trajectory-planning algorithm
when the estimated drag shows a large mismatch with the nominal
drag polar model, and in this paper we only consider the case where
the drag dispersion occurs at the start of A&L.) Table 5 summarizes
the six drag-variation trials with trajectory planning. (The nominal
drag case is again shown for comparison.) The important reference
trajectory parameters (such as steep glideslope) are also presented
in Table 5. Note that the angle and location of the steep glideslope
changes significantly with the drag variation: decreased drag (in-
creased L/D) results in a shallower initial glideslope that is farther
from the runway, and increased drag has the opposite effect. There-
fore, the RLV’s altitude and flight-path angle at ALI are quite differ-
ent from the corresponding reference values at the same downrange
location. (Recall that we have fixed the initial states to the nominal
ALI values: VALI = 570 ft/s; γALI = −25.2 deg; hALI = 10,000 ft; and
xALI = −26,316 ft.) Hence the steep glideslope capture phase plays
an important role. All drag variation trials shown in Table 5 result in
successful landings with touchdown speeds, sink-rates, and touch-
down locations near their respective nominal values. Tailscrape does
not occur, and all cases meet the 5-s energy reserve criteria.

Figures 8 and 9 present the altitude and flight-path angle profiles
for the extreme case where drag is increased by 30%. The glideslope
capture phase plays the crucial role of smooth transition to a steeper
glideslope (γSGS = −37 deg) that has been shifted closer to the run-
way. Figures 8 and 9 demonstrate how the RLV must initially pull
up to close in on the retargeted steep glideslope, and then pull down
to acquire the glideslope and maintain airspeed. The RLV cannot
simply follow the initial (nominal) flight path of −25 deg because of
the increased drag and subsequent loss of airspeed. Therefore, the
glideslope capture phase is needed to ensure proper touchdown con-
ditions. Figure 10 presents the normal acceleration profile for this
extreme case, and several step commands and subsequent transient
responses are apparent. The largest load factors are experienced
during the initial 2-g pull-up for glideslope capture and the 1.8-g
circular pull-up maneuver.

Fig. 8 Altitude profile for case with 30% increase in drag.
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Fig. 9 Flight-path angle profile for case with 30% increase in drag.

Fig. 10 Normal acceleration for case with 30% increase in drag.

Conclusions
A new guidance scheme has been developed for the approach and

landing phase of an unpowered RLV. The guidance method employs
a trajectory-planning algorithm that generates the reference path
based on wind conditions, the energy state, and the vehicle’s aerody-
namic performance. The path-planning algorithm consists of a two-
stage process: an iterative scheme determines the quasi-equilibrium
glideslope for constant dynamic pressure and a backward trajectory-
propagation scheme adjusts the flare geometry such that dynamic
pressure matching at the pull-up altitude is achieved. Both subphases
involve adjustment of a single free parameter, and the subsequent
algorithm is robust and achieves convergence in fewer than eight
iterations for all test cases.

Several closed-loop simulations were conducted to demonstrate
the proposed guidance algorithm. Worst-case scenarios involving
severe winds, energy variations, and vehicle drag variations were
simulated, and the results show that the trajectory-planning guid-
ance method achieved successful landings with adequate energy

margins at touchdown for all cases. Furthermore, many of the ex-
treme cases required drastic changes in the reference profile (such
as large changes in the steep glide path’s angle and downrange posi-
tion and large changes in the circular pull-up radius); however, these
dramatic changes seem to be necessary to accomplish satisfactory
touchdown conditions. Touchdown conditions either deteriorated
or severely violated constraints when the worst-case scenarios were
simulated without the trajectory-planning algorithm and the guid-
ance tracked a fixed (nominal) reference profile. Based on these
analyses, the trajectory-planning guidance algorithm is a viable can-
didate for onboard implementation to improve safety and reliability
of future RLVs.
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