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Attitude Control System Design for Return
of the Kistler K1 Orbital Vehicle

David S. Rubenstein¤ and David W. Carter†

Charles Stark Draper Laboratory, Inc., Cambridge, Massachusetts 02139

An attitude control system design is presented that provides the maneuver capability and aerodynamic angle
maintenancenecessary for the atmospheric reentry and return to launch site of an unmannedreusable launch vehi-
cle. The primary functions are categorized into those that perform bank maneuvers about the air-relative velocity
vector and those that are responsible for the tracking and control of the vehicle aerodynamic trim conditions. The
control system is supported by an onboard aerodynamic estimation function. The estimator uses measurements
of vehicle states from navigation in combination with analytic models in a gain-scheduled � lter environment to
provide control with current trim angle information. The control system uses this information to minimize actual
vehicle deviations from the trim. Also, control is provided with bank commands from a guidance function. As this
paper is concerned only with the control and estimation functions, the guidance strategies are discussed only to the
extent that is necessary to justify/clarify control or estimator designs. The algorithms developed here are applied
to the Kistler K1 Orbital Vehicle and tested in the Kistler Integrated Vehicle Simulation at Draper Laboratory.
Results indicate that the approachto entry/return control is both fuel ef� cient and effective from a landingaccuracy
perspective.

Nomenclature
A = characteristic amplitude of angle-of-attack

oscillations, rad
a I = inertial acceleration of vehicle expressed

in inertial frame, ft/s2

C A, CN = axial and normal aerodynamic force coef� cients
C A, a , CN , a = partial derivatives of axial and normal

aerodynamic force coef� cients with respect
to angle of attack, 1/rad

Faero = estimated aerodynamic force vector in the
inertial frame, lb

FENTRY = axial force threshold for determining if
in atmosphere, lb

Fjets = control jet force vector in body frame, lb
h = altitude above sea-level, ft
Ix x , Iyy , Izz = principal moments of inertia in body frame,

slug-ft2

J = vector of selected attitude control system jets
required to bring about the computed attitude
control

K b , K Çb = gains on sideslip correction vectors
K h = gain used in the determination of acceptable

maximum bank maneuver rate
K u = gain used in computation of attitude error

to prioritize components
K Çu = gain used in computation of attitude rate error

to prioritize components
L = gain vector for trim estimator
M = Mach number
Njets = control jet torque vector in body frame, ft-lb
Q = dynamic pressure ( 1

2
q k vair k 2), lb/ft2

qIB = current inertial-to-bodyattitude quaternion
RCMD = rotation command vector output from control
r I = current inertial position vector in inertial

frame, ft
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B TI = direction cosine matrix transforming from
inertial to body coordinates

vair = current velocity relative to atmosphere in body
frame, ft/s

v I = current inertial velocity vector in inertial
frame, ft/s

vsound = speed of sound, ft/s
vtarg = desired or target rotation axis for bank

maneuvers, ft/s
xcp = longitudinal coordinate of the aerodynamic

center of pressure, ft
xcg, zcg = x and z axes locationof c.g. in body reference, ft
a , a ¤ , b = aerodynamic angle of attack, total angle of

attack, and sideslip from navigation
measurements, rad

a trim , b trim = estimated values of aerodynamic trim angles,
rad

¯, Ç̄ = desired sideslip and sideslip rate correction
vectors, rad, rad/s

D tp = time since last pitch control � ring in bank
coupling control, s

D u = required angular change for bank control, rad
µ = actual amount of rotation remaining in a

maneuver, rad
¨h CC = Euler coupling acceleration vector, rad/s2

h d = target remaining rotation angle for a given
maneuver, rad

¨h man = nominal anticipated control acceleration
vector, rad/s2

Çh V = vector of inertial angular rate of velocity vector
expressed in body frame, rad/s

Çh VCR = vector of inertial angular rate of bank (v I £ r I )
vector expressed in body frame, rad/s

h 1, h 2 , h 3 = target angles of three segments of bank
maneuver, representingboth roll and yaw axes
portions, rad

Çh 1 , Çh 2, Çh 3 = target rate of three segments of bank maneuver,
representingboth roll and yaw axes portions,
rad/s

¨h 1, ¨h 2 , ¨h 3 = target acceleration of three segments of bank
maneuver, representingboth roll and yaw axes
portions, rad/s2

q = atmospheric density, lbm/ft3

Á = desired bank maneuver rotation vector, rad
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u current = current aerodynamic bank angle, rad
u NC = current commanded vehicle bank angle from

guidance function, rad
Çu NC = current commanded vehicle bank angle rate

from guidance function, rad
u OC = previous commanded vehicle bank angle from

guidance function, rad
X = characteristic frequency of angle-of-attack

oscillations, rad/s
x ( x x , x y , x z) = inertial angular rate vector of vehicle expressed

in body � xed frame, rad/s
x old = initial angular rate vector for constructionof a

bank maneuver, rad/s

Introduction

T HE Kistler K1 vehicle is an unmanned reusable launch system
that is intendedto deliverpayloadsto low Earth orbit and return

to Earth, landingwithin a designatedtarget radius and in a condition
conduciveto rapid turnaroundfor reuse up to 100 times with a mini-
mum of maintenanceand preparation.A diagramdepictingthe basic
missionpro� le is shown in Fig. 1. The vehicleconsistsof two stages:
the � rst stage is launchassistplatform(LAP), and the secondstage is
orbitalvehicle (OV). The LAP lifts the combined stack to an altitude
from which the OV can achieve the necessaryorbital conditionsand
then returns to the landing site, landingwith parachutesand airbags.
After achievingorbitand deployingthe payload, the OV reenters the
atmosphere and, using active guidance and control, negotiates the
requiredmaneuvers to attain a trajectory that will result in a safe and
accurate return to the landing site, also landing with parachutes and
airbags.The attitudecontrol systemrespondsto commands from the
guidance system by constructing and executing bank maneuvers to
rotate the lift vector strategically. Additionally, the control system
mustmonitor and maintainvariousaerodynamicconditions(such as
a and b ) associated with performing effective and ef� cient banks.
This work presents the approach to bank maneuver construction,
aerodynamic parameter maintenance and estimation philosophies
and design, and application of the phase-plane control concept to
the atmospheric reentry problem. The Kistler � ight software is cat-
egorized into three primary functions: guidance, navigation, and
control. The subject of this work is the design and implementation
of the control system only. The paper is not concerned with the
details of the onboard guidance or navigation functions. They are
discussedonly as needed to depict clearly the functionof the control
system, in terms of inputs, outputs, and responsibilities.

Attitude Control System Design
The K1 OV attitude control system is responsible for controlling

the vehicle from shortly after the de-orbit burn throughatmospheric
reentry and landing under the OV main parachute system. The con-

Fig. 1 K1 OV mission pro� le [source: Kistler Aerospace Corporation
Web site (http://www.kistleraerospace.com/fp/home.html)].

trol system consists of three main modes of operation to accommo-
date the unique requirements for the different mission phases. The
entry control (EC) mode is the primary mode of operationand is ac-
tive from just beyonddeorbit (when hand-overfrom the OV on-orbit
control system occurs) through atmospheric reentry. The EC mode
is terminated upon deployment of the OV stabilization parachute.
This action is triggered by a Mach-number threshold (likely in the
vicinity of 2.6). The primary role of the EC mode is the intelli-
gent constructionand executionof coordinatedbank-about-velocity
commands from the OV entry guidance system required to return
the vehicle safely to the target landing zone.

Additionally, during EC, the control system will monitor and
maintain critical aerodynamic parameters necessary for ef� cient
and effective banks. An aerodynamic estimator, which estimates
the current trim conditions for the OV, provides EC with additional
informationnecessary to maintain precisely the desired lifting char-
acteristics on the vehicle.

The other modes in which the controller operates are the yaw-
to-velocity (YC) mode responsible for reorienting the OV while
under the main parachute system such that the vehicle longitudinal
axis is aligned with the Earth relative velocity direction and the
monitor-for-yaw(MC) mode, which simply monitors vehicle states
to determineif it is time to transition to the YC mode. The MC mode
produces no attitude control commands. The YC mode is intended
to ensure that the OV can land safely on the landing airbag system.

This paper is concernedonly with the EC mode of the controller.
It describes the basic technical approach for the EC maneuver con-
struction and control as well as the approach to aerodynamic esti-
mation. Flow diagrams and � gures are used to clarify design and
implementation. The EC mode constructs and executes the desired
bank-about-velocitymaneuversandmonitorsandmaintainsthenec-
essaryaerodynamicconditions.To accomplish these tasks,EC must
performseveralcriticalactivitiesas followsand as depictedin Fig. 2:

1) Compute current actual aerodynamicbank, sideslip, and angle
of attack ( u , b , a ).

2) Perform aerodynamic estimation to provide information
needed for ef� cient control. These include the current trim angle
of attack a trim , the characteristic frequency of the angle-of-attack
oscillations X , and the amplitude of these oscillations A.

3) Compute the current Euler coupling accelerations ¨h CC.
4) Determine the correct (signed) delta-bank D u maneuver nec-

essary to accomplish the guidance command.
5) Compute the rotational rates of the air-relative velocity vector

and the bank vector.
6) Construct the appropriate rotation vector for the bank maneu-

ver.
7) Determine necessary correction for sideslip maintenance.
8)Compute thecurrentangleand rateerrors(discussedin Compu-

tation of Angle and Rate Errors section) associatedwith the current
vehicle state. (For banks/sideslip control this will include only the
roll and yaw axes.)

9) Determine the appropriate control action for the bank, based
on these errors, using a phase-plane control implementation.

10) Determine the appropriate pitch-axis command based on in-
formation from the estimator and the vehicle state.

11) Generate the necessary attitude control system (ACS) jet se-
lection vector from a simple look-up table, based on the desired
control actions.

The EC controllerrequiresvarious inputs from several sources.In
particular, the OV navigation function provides the controller with
the 1) current position vector in the inertial reference frame r I , 2)
current inertial velocity in the inertial frame v I , 3) current inertial-
to-body attitude quaternion qIB, and 4) current inertial angular rate
in the OV body frame x .

The OV guidance function provides the controller with the 1)
current vehicle commanded aerodynamic bank angle u NC and 2)
the current vehicle commanded bank rate Çu NC.

The OV EC initializationfunctionprovidesthe controllerwith the
1) jet force and torque vector from the previous cycle Fjets , Njets and
2) the current aerodynamic force in the inertial frame (this is esti-
mated usingmeasurementsof integratedspeci� c force compensated
for ACS jet forces) Faero .
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Fig. 2 OV EC logic � ow.

The primary responsibilityof EC is to execute the just-mentioned
bank commands from guidance in an expedient and (fuel) ef� cient
manner,usingthe informationfromnavigation.The primaryEC out-
puts are the vector of selected ACS jets (a function of the computed
RCMD) to bringabout the desiredcontrolactionas well as the current
bankangle.The EC controller,then,canbe categorizedin threemain
functions: 1) computationof aerodynamicangles and aerodynamic
estimation, 2) bank maneuver/side-slip construction and control,
and 3) pitch-axis control (angle-of-attackoscillation maintenance).
These functions are discussed in the following sections.

Aerodynamic Angles and Estimation
Overview

To perform its various functions, reentry control requires current
values of the vehicle angle of attack a , the sideslip angle b , and the
bank angle u . To damp the natural oscillation in angle of attack,
estimates of the trim angle of attack a trim and estimates of the a os-
cillationamplitude and frequencyare also needed.The design of the
reentry controller includes a capability to compute these quantities.
Figure 3 shows the architecture of this capability.

Present Values of Aerodynamic Angles
Angle of attack a , side-slip angle b , and total angle of attack a ¤

are related to vair , the vehiclevelocitywith respectto the atmosphere
expressed in body coordinates, as follows:

vair = k vair k (cos a ¤ , sin b , sin a ) (1)

The design uses this relation to obtain a , b , and a ¤ . A prestored
wind pro� le is used to obtainvelocitywith respect to the atmosphere

from navigatedvelocity with respect to Earth. The determinationof
a , b , and a ¤ thus involves two main sources of error. First, because
the embedded GPS/INS (EGI) instruments are misaligned, there
will be correspondingerrors in the resolution of the velocity vector
in the body frame. Second, winds are only crudely modeled. EGI
alignment to within §1.0 deg is speci� ed. EGI misalignmenterrors
will be essentially constant over the short time (less than 15 min)
that reentry control is active.

To estimate the error introducedby mismodelingwind, 400 reen-
try trajectorieswere simulatedusing Gram-95 atmospherewith ran-
domly selected wind parameters. The wind velocity vector was av-
eraged over each simulated trajectory, and the distribution of the
average wind vectors was examined. By this method it was found
that the average crosswind speed can be expected to be approx-
imately 90 ft/s (1 r ). Keeping in mind that the vehicle speed ex-
ceeds Mach 10 for almost all of the trajectory, the average angu-
lar error that we would incur by neglecting wind will be on the
order of arctangent of 0.01, i.e., on the order of 0.5 deg (1 r ). Us-
ing a wind pro� le, we hope to incur errors that are smaller than
this.

The vehicle bank angle u is, by de� nition, the angle between the
plane spannedby the velocity vector and the inertial position vector
(the vertical plane) and the plane spanned by the velocity vector
and the vehicle longitudinal x axis. We compute the angle between
these planes as the angle between their normal vectors, which are
computed as the cross product of the air velocity vector with the
navigated position vector and the cross product of the air velocity
vector with the vehicle x axis. The dominant source of error in
computed u is EGI misalignment.



276 RUBENSTEIN AND CARTER

Fig. 3 Aerodynamic parameter estimation.

Present Values of Dynamic Pressure and Mach Number
The design uses prestored tables of atmospheric density q and

speed of sound vsound; each is parameterized by altitude h. The two
tables are provided to the � ight system as part of the mission load
database. Vehicle altitude is an input to control from the navigation
subsystem. Atmospheric density q and speed of sound vsound are
then found by linear interpolation in the respective tables.

Dynamic pressure Q and Mach number M are computed from
q , vsound, and k vair k 2 in the obvious way:

Q =
1

2
q k vair k 2, M =

k vair k
vsound

(2)

Error caused by wind mismodeling is insigni�cant when compared
to likely error in predicted atmospheric density.

Mach number is needed only to obtain reference values of ve-
hicle aerodynamic coef� cients, as will be discussed presently. For-
tunately, the aerodynamic coef� cients of the K1 orbital vehicle are
very insensitive to errors in Mach number for M greater than 2 (al-
most all of the controlled reentry because a drogue parachute will
be deployed and control will be inactive below Mach 2). Thus a
rather large error in computing Mach number is acceptable. Dy-
namic pressure is used to compute the a oscillation frequency, as
will be discussed later. Our design performance is shown to be in-
sensitive to errors in Q of 10–20%.

Nominal Aerodynamic Coef� cient Database
Tables of nominal aerodynamic coef� cients, parameterized by

Mach number M and total angle of attack a ¤ , are included in the
mission-loaddatabase.The primary tabulatedquantitiesare the nor-
mal and axial aerodynamic force coef� cients CN and CA and the
longitudinalx coordinateof the aerodynamiccenterof pressure xcp.
Initial data for these tables are from wind-tunnel testing. Nominal
tablesof the partial derivativeswith respect to a of these threequan-
tities are included in the database. Partial derivatives are used only
in the computation of the a oscillation frequency.

Current values of xcp , CN , and CA and of the derivatives xcp, a ,
CN , a , and CA , a are computed using two-dimensional linear inter-
polation in the respective mission-loaded tables. Mach number M
and total angle of attack a ¤ used in this interpolationare the values
already computed.

Modeling the Oscillation in Angle of Attack and Estimation of Trim Alpha
To damp the natural oscillation in angle of attack, the controller

attempts to null the vehicle pitch rate at the instant when angle of
attack is equal to its trim (zero moment) value (see section on Pitch
Axis Control). To implement this strategy, the controller requires an

estimate of a trim . So as not to use fuel damping,an oscillationwhose
amplitude is insigni�cant; an estimate of the oscillation amplitude
is also needed.

For each Mach number M the nominal value of trim angle of
attack a trim can be obtained by solving for a in the pitch torque
balance equation

CN (M , a )[xcp(M , a ) ¡ xcg] + C A(M , a )zcg = 0 (3)

Here xcg and zcg denote the position coordinates of the vehicle cen-
ter of mass. We hold M � xed and vary a , using interpolation in
tables of xcp , CN , and CA to determine their corresponding values
at a .

Although this method allows us to tabulate a trim vs M in advance,
there are several reasons that we prefer to estimate a trim in � ight
for use by control. First, the solution to the torque balance equation
is rather sensitive to errors in the aerodynamic coef� cients. Values
of these coef� cients available from wind-tunnel testing can differ
signi� cantly from values experienced in � ight. Nominal a trim can
therefore be seriously in error. Second, the current angle of attack
a we compute from vehicle air velocity is incorrect because of EGI
misalignment and because of wind errors. If the controller is to act
when a = a trim , it would be best if the a trim we compare contained
similar errors (i.e., onboardestimationof a trim will serve to compen-
sate the effect of errors in a ). Third, knowledge of the a oscillation
amplitude is needed by control.

For estimation we model the a oscillation as simple harmonic
motion of angular frequency X about an equilibrium point. This
idea leads to a (slowly time-varying) three-state linear � lter. A nat-
ural set of state variables is the following: x1 =equilibriumposition
(estimated deviationfrom nominal a trim ), x2 =currentdisplacement
from equilibrium(estimated a ¡ a trim ), and x3 =derivativewith re-
spect to time of x2 (scaled to nondimensionalize).

The state dynamics has the form

Çx = Ax + bu, y = c 0 x (4)

where u is external forcing (pitch torque Njets caused by jet � rings
plus pitch componentof the ¡ x £ I x Euler couplingfrom the body
rate vector x ).

With appropriate scaling of x3, the 3 £ 3 matrix A is given by

A =

2

4
0 0 0

0 0 ¡ X

0 X 0

3

5 (5)
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and b is of the form

b =

2

4
0

0

b3

3

5 (6)

where b3 = ¡ 1/ X IY Y .
The oscillation angular frequency X is computed using dynamic

pressure Q and nominal aerodynamicscoef� cients and their deriva-
tives; thus

Cm , a =CN , a (xcp ¡ xcg) + CN xcp, a + CA, a zcg, X 2 = ¡
QSCm , a

IY Y

(7)

The estimator’s observable is the difference between the sensed
value of a [from Eq. (1)] and the nominal trim value of a (tabu-
lated). With the speci� ed estimator state variables it follows that the
observation matrix is given by

c 0 = [ 1 1 0 ] (8)

The stateequationsfor the trim estimatorare formedfromthismodel
in the usual way:

Çx = Ax + bu + L(y ¡ c 0 x) (9)

With this implementationthe requiredestimateof a trim is obtainedby
adding the state variable x1 (a correction) to the nominal (tabulated)
value of a trim .

The a oscillation amplitude M is readily obtained from the esti-
mator state variables:

M2 = x2
2 + x2

3 (10)

The 3 £ 1 gain vector L can be chosen using any of various well-
known methods. For simplicity and robustnesswe choose L (which
depends on the frequency X ) using pole placement methods. Be-
cause our choice of state variables is nondimensional,it is appropri-
ate to compute gains L( X ) for oscillation frequency X by rescaling
gains for X =1, i.e.,

L( X ) = X L(1) (11)

Viewedas a black-boxsingle-input/single-outputsystem—(observe
a , output a trim )—the estimator transfer function has the form

H (s) = [1 0 0] ¢ [s1 ¡ (A ¡ Lc 0 )] ¡ 1 ¢ L (12)

It is useful to consider the Bode plot of the design. The frequency
response has the following characteristics:unity gain at s =0 ( a trim

is found by averaging a ) and near zero gain at s = §i X . (We notch
out the anticipated oscillation.) We model the oscillation frequency
X using nominal, imperfectly known aerodynamic coef� cients. To
reduce sensitivity to error in nominal X , we impose on gain set L
the requirement that the estimator gain must be at least ¡ 20 dB
at frequencies within §50% of X . Figure 4 shows the frequency
response of the estimator design (normalized to the case X =1).

Aerodynamic Bank Maneuver Control
The primary function of the EC mode is the accurate implemen-

tation of the bank angle and bank rate commands from the OV
guidance system, received as each guidance cycle (1 Hz). The EC
controller operates at 25 Hz. Guidance provides a target bank angle
u NC and a signed maneuver rate Çu NC to EC. The overall objective is
to construct a maneuver pro� le to accomplish this bank instruction,
while simultaneously maintaining the critical aerodynamic condi-
tions, the angle of attack a and the sideslip (b ).

Figure 5 depicts the bank angle as well as the angle of attack and
sideslip as de� ned in the K1 OV body-� xed reference frame. The
actual angle of attack and the sideslip are measured with respect
to the wind relative velocity direction vair. The total angle of attack
( a ¤ ), which is the angle between the vehicle x (roll) axis and the

Fig. 4 Estimator frequency response: Bode diagrams.

Fig. 5 Aerodynamic angles on the K1 OV.

vair , is also depicted in Fig. 5. The target aerodynamiccon� guration
of the vehicle is such that the angle of attack and sideslip are at the
trim point (a trim and b trim ). Note that a trim is generated by the EC
estimator, and b trim is assumed equal to 0. Hence, the target velocity
vector v targ , is de� ned as the zero sideslip velocity, the relative ve-
locity that would result if the angle of attack were precisely at a trim

and the sideslip were exactly zero. The normalized version of this
target velocity, expressed in the body frame, is computed as

v̂targ = [cos( a trim ), 0, sin( a trim)] (13)

and is used by the EC system as the desired rotation axis for the
bank maneuvers. Hence,

û u = v̂targ (14)

The controlsystemconstructsbankmaneuversby applyingthe com-
manded delta-bank angle about the bank rotation axis û u .

Determination of Signed Delta-Bank Angle
The determination of the correct signed delta-bank angle is a

critical component of the entry controller’s ability to achieve the
desired effect on the vehicle’s return trajectory.The algorithmmust
correctly evaluate not only the target bank angle but also the tar-
get maneuver direction. Because the guidance bank and bank rate
commands are based only on the preceding and current bank angle
commands and because it is, in general, unrealistic to presume that
the controller will exactly attain the desired bank angles, there is
a risk of EC misinterpreting the intended direction for the maneu-
ver. Such a scenario is depicted in Fig. 6. Suppose the commanded
and actual bank state are as shown in the � gure. Guidance provides
a desired bank rate based on the current and earlier bank angle
commands.

Hence, if the guidance objective is simply to go from u OC to u NC

the short way, then the sign of the Çu NC will be positive. Given the
location of the actual bank angle u current , however, this commanded
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Fig. 6 Bank angle direction ambiguity.

rate would result in the controller constructing a very large bank
maneuver. The integrated effect of such an erroneous maneuver, in
terms of the time pro� le of the vehicle lift vector, must be avoided.
Hence, under certain conditions the controller must be intelligent
enough to defy the direction commanded by the guidance bank
maneuver rate and ascertain what the true objective of the current
commands are, based on the current and earlier commands as well
as the actual bank angle.

Computation of Target Rotation Vectors
Once the correct delta-bank D u angle is computed, the current

rotation vector for the desired bank maneuver may be constructed.
As just described, the rotation axis for the bank maneuver is given
by Eq. (14). Therefore, the rotation vector for the bank is simply

Á = D u û u (15)

This will produce roll and yaw maneuvers only because, as shown
in Fig. 5, the target bank maneuver is about an axis in the body x –z
plane.The currentvehiclesideslip b is computedin the aerodynamic
angle computations within EC. The desired sideslip is b trim =0.
There are several reasons for this trim value. First, the baselinecon-
� guration for the K1 OV provides a center-of-mass (COM) offset,
which is along only the body z axis. (This offset is largely respon-
sible for the OV having a nonzero trim angle of attack, resulting
in controllability.) Because the vehicle stability characteristics are
such that the COM tends to remain on the side of the vehicle fac-
ing the relative velocity vector, it would be inef� cient from a fuel
perspective to attempt to hold a different b trim . Additionally, the K1
OV is thermally enhanced on the side of the vehicle corresponding
to b =0. Holding a different side of the vehicle into the wind would
risk damage from heat exposure.

To control the sideslip condition in EC, it is shown in Fig. 5 that
b , like u , is a roll/yaw rotation.Corrections to accountfor a nonzero
sideslip error, described in Ref. 1, are computed as follows:

¯ = b K b [ ¡ sin( a ), 0, cos( a )], Ç̄ = b K Çb [ ¡ sin( a ), 0, cos( a )]
(16)

Note, the actual (measured) angle of attack is used in these compu-
tations. Equations (15) and (16) provide the extent of the attitude
corrections required for roll and yaw maneuvers. The sideslip cor-
rections,given by Eq. (16), are complete in that they are provided in
this form to the calculation of total roll/yaw attitude and rate errors
(a sum of sideslip and bank errors) for the phase-plane logic. The
bank vector given by Eq. (15), however, is most ef� ciently executed
by � rst resolving the total maneuver into individual segments.

Fig. 7 Maneuver control segments.

Construction of Bank Maneuver Segments
If the total angular error associated with the target bank angle

is greater than a database threshold, a bank maneuver will be con-
structed that results in the classic three-segment ramp-up, coast,
ramp-downsequence.Figure 7 depictsa typicalmaneuverstructure,
listing the critical angles and rates associated with each segment.

The commanded bank angle and rate from guidance are � rst val-
idated to ensure that the rate is achievable for the proposed angular
changes in roll and yaw. The minimum required travel for the com-
manded rate is given by

D h req =
ê
ê
ê
ê

Çh 2
coast

¨h man

ê
ê
ê
ê

(17)

where the ¨h man is the nominal expected accelerationcapability from
the jets. If the desired D h is smaller than this minimum, a new
maneuver rate is computed as

Çh coast =

»
ê
ê
ê
ê

( D h )( ¨h man)

(1 + K Çh )

ê
ê
ê
ê

¼ 1
2

(18)

Note that this logic is applied both to the roll portion and to the yaw
portion of the maneuver. The rotation vector of Eq. (15) is simply
resolved into roll and yaw parts, and the axes are processed individ-
ually. Here K h is a database gain that represents the ratio of coast
(segment 2) duration ( D t2 ) to acceleration (segment 1) duration
( D t1 ). Then, nominal maneuver segments can be constructedusing
the adjusted maneuver rate, just shown, the nominal control accel-
eration, and the desired angular change. For example, the nominal
� rst (acceleration) segment of the maneuver is described in Eq. (19)
using a simple quadratic model. Here, h 1 is the total angle change
from maneuver start to t1 at the end of segment1. Also, Çh 1 is the rate
at the end of segment 1, and ¨h 1 is the accelerationduring segment 1.
The initial angular rate is given by Çh 0:

Çh 1 = j Çh coast j sign( D h ), ¨h 1 = j ¨h man j sign( Çh 1 ¡ Çh 0)

D t1 = j ( Çh 1 ¡ Çh 0) / ¨h 1 j , h 1 = Çh 0 D t1 + 1
2

¨h 1 D t 2
1 (19)

Similar computations can be accomplished for the coast segment
(2) and the deceleration segment (3).

Using the anticipateddurations for the three segments in both roll
and yaw, computed as in Eq. (19), the coast rates and acceleration
magnitudesare adjustedagain so that a maneuvercoordinatedin roll
and yaw is designed.This is accomplishedby ensuring that the start
and end times of each of the maneuver segments are the same for
both axes. This feature is necessary to minimize the perturbations
to the trim condition, which result from performing a bank maneu-
ver. In particular, an uncoordinated bank would result in a tempo-
rary increase in the sideslip error. The resulting coast segment rates
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Çh 1 and segment 1 and 3 acceleration values ¨h 1 and ¨h 3 are now used
to propagate the target attitudes and rates for the maneuver.

Computation of Velocity Tracking Rates
The velocity tracking rate (VTR) routine computes the effective

angular rate of the bank vector Çh VCR and the angular rate of the
air-relative velocity vector Çh V . These vectors are computed in the
inertial frame and then transformedto the body-�xed frame. The re-
sulting rotational rate vectors are then used in the maneuver de-
sign and phase-plane error computations to cause the vehicle to
track the inertial motions of the bank and velocity vectors. This
approach provides improved controller performance during � ight
phases where vehicle accelerations are high, rendering the nom-
inal bank maneuver design approach insuf� cient for tracking the
required state. The velocityvector rate is simply the angularmotion
of the velocity vector, resulting from inertial forces acting on the
velocity vector, as seen in the vehicle frame. The bank vector rate
is the angular motion of the vector formed by the cross product of
inertial velocity and position (i.e., the bank vector), resulting from
inertial forces acting on this vector, as seen in the vehicle frame. As
this vector is exposed to inertial forces on the vehicle, the resulting
motions cause undesired bank angle rates.

The procedure is to compute the tangential portion of the accel-
eration vector that directly in� uences the effective rotational rate of
the air-relativevelocityvector.Similarly, we compute the tangential
component of the vector representing the time rate of change of the
bank vector vcrI . In this way, we attempt to account proactively for
rates of the aerodynamic angles caused by inertial accelerationson
the vehicle.

First, compute the cross product of velocity and acceleration in
the inertial frame and its magnitude:

vmag = k v I k 2 , vcaI =v I £ aI , vcamag = k vcaI k 2 (20)

Now, compute the tangential portion of the acceleration vector and
its magnitude:

a I t = vcaI / vmag , at mag = k a I t k 2 (21)

The bank vector in inertial space vcrI and its time derivative are
given by

vcrI = v I £ r I , vcrmag = k vcrI k 2

acrI =
d

dt
(vcrI ) = aI £ r I (22)

The tangential portion of the acr vector and its magnitude is

vcrcacrI = vcrI £ acrI , vcrcacrmag = k vcrcacrI k 2

acrI t =
vcrcacrI

vcrmag
, acrt mag = k acrI t k 2 (23)

Using the components of the time derivatives tangential to the ve-
locity and bank vectors, we can write the effective angular rates of
the velocity and bank vectors and construct the corresponding rate
vectors in inertial and then body frame.

Here the magnitudeof the velocityvector rate and the bank vector
rate is

Çh V mag =
at mag

Vmag
, Çh VCR mag =

acrt mag

vcrmag

(24)

Constructing the correspondingrate vectors in the inertial frame,

Çh V I = Çh V mag

³
vcaI

vcamag

´
, Çh VCR I = Çh VCR mag

³
vcrcacrI

vcrcacrmag

´

(25)

Finally, transform the velocity and bank rate vectors from the iner-
tial frame to the body frame so that they may be incorporated into
the controllerphase-planerate error computations.Here, B TI repre-
sents the direction cosine matrix that transforms a vector expressed

in inertial space to the equivalent one expressed in body-� xed
space:

Çh V = Çh V B = [B TI ][ Çh V I ], Çh VCR = Çh VCR B = [B TI ][ Çh VCR I ]
(26)

Computation of Angle and Rate Errors
The angle and rate errors associatedwith the bank maneuvers as

well as the sideslip maintenance are computed by simply differenc-
ing the target angles and rates and the actual angles and rates. In the
case of the bank maneuvers, the target angles represent the amount
of rotation remaining in the current maneuver. This is quanti� ed
by propagating a target rotation angle h d representing the desired
amount of remaining rotation (in the particular axis) at the current
time into the maneuver tman , using the nominal control acceleration
¨h man and any initial rate x old. Similarly, the target angular rate Çh d

is propagated using the ¨h man and tman. Once the current maneuver
segment is identi� ed, the target angles and rates may be computed.
The segment 1 targets are

h d (i ) = µold(i ) ¡ tman(i )[x old(i )] ¡ t2
man(i )

£
1
2

¨h 1(i )
¤

Çh d (i ) = x old(i ) + tman(i )[ ¨h 1(i )] (27)

A similar calculation is done for segment 2 (coast) in Eq. (28).
The bank rate component Çh VCR is included in the target rates for this
segmentas it is desired that the commandedrate for the maneuverbe
supplementedby the residualrate of the bankvector. In otherwords,
it is desired that the vehicle always track the Çh VCR rate, whether in
a maneuver or not. If in a maneuver, this rate is in addition to the
target maneuver rate. It is not included in the target angle pro� le,
however, because the actual rotation rate of the bank vector should
completely compensate for the rate supplement resulting in 0 net
angular effect on the rotation vector:

h d (i ) = h 1(i ) ¡ b Çh 2(i ) c [tman(i ) ¡ t1(i )]

Çh d (i ) = [ Çh 2(i )] + Çh VCR(i ) (28)

The segment 3 targetsare similar and include the Çh VCR rates as well.
Once the segment number and target angles and rates are known,

the errors may be calculated. The angle errors are computed as
follows:

h 0
e (i ) = h d (i ) ¡ µ(i ), h e (i ) = K u (i ){W h (i )[h 0

e (i )]} ¡ ¯(i )
(29)

and the rate errors are computed as

Çh e (i ) = K Çu (i )[x (i ) ¡ Çh d (i )] ¡ Ç̄ (i ) ¡ Çh V (i ) (30)

The angle errors are computed as the differencebetween the desired
amount of remaining rotation for a particular point in the maneuver
h d less the actual amount of rotation remaining for that point in
the maneuver µ supplemented with appropriate sideslip errors ¯.
The rate error is computed as the differencebetween the actual rate
and the target rate Çh d supplementedwith the correspondingsideslip
error rates Ç̄ . Additionally, the rate of the velocity vector Çh V is
incorporatedinto the overall rate error to aid in anticipatingsideslip
motion. The gains K u and K Çu and the weighting factor W h are used
to prioritize the individual components of the errors.

Phase-Plane Processing
The attitude and rate errors are computed using the preceding

methods and are then sent to the phase-plane logic to generate the
appropriaterotationcommandvector RCMD. The detailedprocessing
of the phase-planelogic employed in the K1 system can be found in
Ref. 2. A similar implementation, used for the Apollo Program, is
described in Ref. 3. Additional theoretical background is provided
in Refs. 4 and 5. Figure 8 depicts the basic structure of the upper
half of the phase plane.

The x axis of the phase plane is the attitude angle error, and
the y axis is the attitude rate error. The S1, S2, S3, S4, and S5
are switch curves that dictate the control action. The S1 and S2
curvesare derivedfromoptimal control theoryas discussedin Ref. 4
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Fig. 8 Basic phase-plane structure (upper half).

Fig. 9 Pitch control high-level logic � ow.

supplemented with attitude deadbands. They are a function of the
estimated control accelerationcapability for the particularaxis. The
S3 curve representsthe rate error limits, and the S4 curvede� nes the
drift channel. The drift channel, as well as S5 de� ning region 5, is
used to minimizepropellantusage.No � ringsoccurwhile in region5
or in the drift channel. Generally, appropriate jet � rings will occur
while the phase point is in regions 1 and 3, and � rings can occur
while in region 2. The primary objective is to drive the rate errors
Çh e in a direction of opposite polarity of the angle errors h e . The
magnitude of the target rate error depends on the magnitude of the
angleerror.The lowerhalfof thephaseplane is essentiallythemirror
image of the upper half, offset along the x axis to allow access to
region 5 from outside the hysteresis region. The output of the phase
plane is the rotation command vector RCMD, which describes the
polarity (+1, ¡ 1, or 0) of the required angular impulse.

Pitch-Axis Control
The nature of the entry aerodynamics is such that control of the

pitch axis requires different considerations than those of the roll
and yaw axes. The pitch control routine is responsible for control
decisions for the vehicle pitch axis only. The module generatesnear
optimalpitch-axiscommandsintendedto dissipateundesiredkinetic
energy. The objective is to minimize angle-of-attack a deviations
from the trim condition a trim while tracking the vehicle’s trajectory
curvature. Depending on current � ight conditions, the algorithm
takes one of four different approaches,as shown in Fig. 9. The four
differentcontrolstrategiesare 1) phase-planecontrol (PPC), 2) bank

coupling control, 3) kinetic energy control (KEC), and 4) idle pitch
control (IPC).

The � rst step in the routine is to determine if PPC is appropriate.
In the early stages of reentry, the pitch rate and attitude may be
controlled by simple phase planes, as described in the preceding
section.PPC is used whenever the aerodynamicaxial force FAERO X

is determined to be less than a predetermined threshold FENTRY . A
low aerodynamicaxial force indicates that the current aerodynamic
forcesdo nothave a signi� canteffect on the dynamicsof the vehicle,
thereby allowing the vehicle suf� cient control authority to attain
an arbitrary pitch rate or angle. The desired attitude is the current
a trim , and the desired rate is that necessary to maintain the trajectory
curvature. Hence, the attitude and rate errors for the phase planes
are computed as

h e = ( a ¡ a trim), Çh e = x y ¡ Çh V y (31)

Note the inclusion of the Çh V (y axis) term, from the VTR computa-
tion, to track the rotatingvelocityvector.In Eq. (31) x y is the current
actual pitch rate. If it has been determined that the vehicle is cur-
rently in a regime of signi� cant aerodynamic axial force, the next
check is to evaluate if the aerodynamic oscillations have attained
the convergedcondition. If they have converged, then no pitch-axis
control action is taken (RCMD y =0); also, status is set to IPC. Oth-
erwise, the algorithm must determine the particular control phase
necessary to best damp the pitch-axis rotational kinetic energy of
the system.

If the vehicle is in signi� cant atmosphere but the oscillations
have not converged, the algorithmdetermines if a coordinatedbank
maneuver is currentlybeing accomplished.When the vehicle enters
a coordinated bank, Euler coupling effects from the roll and yaw
axes can have a signi� cant effect on the angle-of-attack motion.
To prevent these coupling effects from accumulating, the algorithm
applies a simple approach to offsetting the kinetic energy imparted
on the pitch axis by this cross coupling. The coupling results in a
pitch acceleration that could increase the angle of attack and excite
a larger aerodynamic oscillation. This effect is countered by � rst
integrating the estimated energy transferred into pitch by the Euler
coupling:

D ECC =

Z
¨h CC IY Y x Y dt (32)

where the coupling acceleration is

¨h CC = ¡
1

IY Y

"
¡ IY Z x X x Y + IY Y x Y x Z + (IX X ¡ IZ Z ) x X x Z

+ IX Z

¡
x 2

Z ¡ x 2
X

¢
#

(33)

This is then compared with the amount of energy that could poten-
tially be removed by a control � ring:

D EC = ¨h C IY Y x Y D tp (34)

In theprecedingequations IY Y is the (2,2) componentof the inertia
tensor; x X , x Y , x Z , are the current roll, pitch, and yaw body rates;
and ¨h C is the nominal expected control acceleration, in this case for
the pitch axis. When the accumulated energy change from Eq. (32)
exceedsthat fromEq. (34), a jet � ring is commanded,whichopposes
the existing pitch rate. In this manner the effects of Euler coupling
on the angle-of-attackoscillation are essentially canceled.

Simulation Results
The attitude control system design described in the preceding

text was implemented in a high-� delity simulation, the K1 Inte-
grated Vehicle Simulation, at Draper Laboratory. The simulation
uses aerodynamic models and vehicle con� guration characteristics
obtained from Kistler Aerospace. The results presented here are
from a nominal simulation run. In particular, the environment in-
cluded no unknown wind conditions,resulting in perfectknowledge
of the air-relative velocity vector, perfectly known mass properties



RUBENSTEIN AND CARTER 281

Fig. 10 Commanded bank and actual bank.

Fig. 11 Vehicle angular body rates.

and a perfect aerodynamicsmodel. That is, the � ight software mod-
els matched the simulation environmentfor these parameters. Inter-
estingly, the control system is somewhat insensitiveto aerodynamic
related errors, including modeling errors and measurement errors
primarily because of the manner in which the aerodynamic condi-
tions are controlled.Errors in the mass propertiesof the vehiclewill
result in added propellant consumption but are not included here.

Figure 10 shows the commanded bank angle u NC vs actual (ide-
alized) bank angle u current . The commanded angle is generated by
the OV guidance and is represented by the straight, steady lines in
the plot. The actual bank plot generally oscillates about the com-
mandedangle, primarily becauseof limit cycling in the phaseplane.
Some of this chatter can be eliminated by further re� nement of
the gains and phase-plane limit parameters, although limitations
resulting from jet modeling errors and minimum impulse bits dic-
tate that some deadbanding will persist. The actual bank tracks the
command to within the 1-deg deadband, which results in the ve-
hicle hitting the target landing zone. Figure 11 shows the vehicle
angular rate pro� les. The top plot in Fig. 11 is the roll/yaw rate
plots. These are overplotted to highlight the nature of the coordi-
nated bank maneuver accomplished. The roll rates attain the no-
ticeably higher rates during the large maneuvers, approximately 7
and 10 deg/s, respectively, whereas the yaw rates, seen inside the
roll pro� les, attain roughly 2 deg/s only. This result is because at
a trim angle of attack of roughly 11 deg the bank rotation axis is
predominantly roll. Also, from these plots it is clear that nearly co-
ordinated maneuvers are accomplished.The bottom plot of Fig. 11
shows the pitch-axis rates. The top plot of Fig. 12 is the actual
angle of attack a overplotted with the estimated trim angle of at-
tack a trim . During nominal pitch control operation (KEC), the jets
will � re only when a is near a trim , and the pitch rate (Fig. 11) ex-
ceedsa speci� ed limit (0.2 deg/s). Hence, in this scenario,very little

Fig. 12 Trim and actual angle of attack and sideslip.

Fig. 13 Propellant usage.

pitch control is requiredduring much of the run. The bottom plot of
Fig. 12 is the actual sideslip b angle. The sideslip is controlled to
within the 1-deg deadband, with the only substantial disturbances
occurring during the large bank maneuvers (about 300 s and again
near 700 s). This is primarily because of Euler coupling effects
into the yaw axis. Finally, the total propellant usage is shown in
Fig. 13. The substantialjumps in fuel occur also during the two large
bank maneuvers. Smaller increases are attributable to phase-plane
limit cycling and any pitch and sideslip control actions that have
occurred.

Conclusions
The design of a system that can successfully control the Kistler

K1 Orbital Vehicle from shortly after the completion of a deorbit
burn through atmospheric reentry and until stabilization parachute
deployment has been described. This � ight phase lasts less than
15 min, but � ight conditions change drastically in this period: alti-
tude goes from greater than 400,000 ft to less than 100,000 ft; Mach
number reaches a maximum of greater than 25 and then diminishes
until it is less than 2.6; dynamic pressure attains a maximum value
greater than 1000 lb/ft2. Vehicle angle of attack is controlled to
within a fraction of a degree of its trim value for the majority of the
reentry trajectory. The vehicle travels more than 4000 miles, while
achievinga positionerror at stabilizationparachutedeploymenttyp-
ically under 5000 ft. This is largely because of jet commands that
control the bank-about-velocitymaneuvers and maintain the aero-
dynamic conditions. This performance is achieved using typically
less than 150 lb of propellant.
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