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Guidance and Targeting for the Strategic Target System

John E. White*
Sandia National Laboratories, Albuquerque, New Mexico 87185

Guidance algorithms and targeting procedures for the Strategic Target System (STARS) launch vehicle are
described. The STARS vehicle is a three-stage booster, based partly on retired Polaris A3 missile assets, which
is intended to support development and testing of the Strategic Defense Initiative by delivering target payloads
to the vicinity of the Kwajalein Atoll. STARS will be launched from the Kauai Test Facility located on Kauai,
Hawaii. The STARS guidance objective is to deliver payloads to a prescribed target location with intercontinen-
tal ballistic missile re-entry conditions. The guidance problem is complicated by the fact that all three stages lack
thrust termination or other velocity control mechanisms, and by range safety requirements for one or more
out-of-plane turns. Mission objectives are achieved with a combination of guidance algorithms. The original
Polaris guidance is used during the atmospheric ascent phase. The powered explicit guidance used by the Space
Shuttle is later employed to execute an out-of-plane turn and to place the third stage as closely as possible onto
the desired coast trajectory. Third-stage guidance is a modified Lambert procedure formulated to eliminate the
target miss due to off-nominal ascent phase performance.

I. Introduction

T HIS paper describes the guidance algorithms and target-
ing procedures used in conjunction with the Strategic Tar-

get System (STARS). The STARS booster is being developed1

to provide a low-cost launch system for delivering tar-
gets into the area of the U.S. Army Kwajalein Atoll (USAKA)
in support of Strategic Defense Initiative Organization (SDIO)
development activities. The STARS booster, depicted in Fig.
1, is a three-stage system with the first two stages composed
largely of retired Polaris A3 missile assets. The third stage
consists of a newly developed rocket motor and an attitude
control system that has been adapted from salvaged Pershing
II components. The Polaris A3 rocket motors and thrust vec-
tor control (TVC) actuation systems are generally in excess of
20 yrs old, and some refurbishment/retesting has been re-
quired1 to ensure the suitability of this hardware for STARS
purposes. All of the remaining guidance, navigation, and con-
trol components, as well as the supporting electrical/electron-
ics system, have been replaced with state-of-the-art hardware
to accommodate the requirements for mission flexibility, reli-
ability, and low operational cost. The STARS booster is sched-
uled for its first test flight in early 1993. The launch site is
located on the Kauai Test Facility (KTF) on the island of
Kauai, Hawaii. This facility is located on the Pacific Missile
Range Facility (PMRF) and is managed by the Department of
Energy (DOE)XSandia National Laboratories (SNL).

The guidance requirement of the STARS system is to deliver
a payload to a target location in the vicinity of USAKA with
re-entry conditions at or near those of an intercontinental bal-
listic missile. The program objectives of mission versatility
and minimum operational cost have placed additional con-
straints on the choice of guidance hardware and algorithms.

The STARS guidance task can be discussed in terms of three
flight phases. The first phase extends from liftoff until the
dynamic pressure has decreased to a level acceptable for sig-
nificant missile maneuvering. This typically occurs well into
second-stage flight. The second phase begins at this point and
continues until second-stage burnout. The third phase is ini-
tiated after second-stage burnout and is completed with burn-
out of the third stage.
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The first flight phase is typical of most ballistic missiles with
the primary objective of flying a pitch profile consistent with
mission objectives that also minimizes vehicle angle of attack.
A significant turn from the launch plane into the target plane
is required during the second flight phase to avoid overflight
of the populated island of Niihau, Hawaii (see Sec. IV). The
second phase is further complicated by the lack of a thrust
cutoff or other mechanism that would allow control of vehicle
velocity. The resulting coast trajectory is therefore directly
related to the actual performance of the missile relative to the
pre-launch nominal. The third phase typically consists of a
coast phase between second-stage burnout and third-stage ig-
nition, with the third-stage burn occurring after apogee. The
post apogee ignition is used to boost the velocity performance
of the payload, rather than extend range or altitude as would
be the case for a pre-apogee ignition time. A second out-of-
plane turn is generally required for targets close in to USAKA
to ensure that the instantaneous impact point (IIP) does not
cross over any inhabited islands downrange (see Sec. VII). The
third-stage burn must also eliminate the target miss due to
off-nominal boost performance. Overall accuracy is limited by
the lack of a velocity control capability for the third stage.

The guidance philosophy adopted for the STARS program
is based on two underlying principles: 1) adapt proven al-
gorithms to promote software reliability and 2) keep the al-
gorithms as explicit as possible to maximize flexibility for
achieving variable mission objectives and to reduce preflight
engineering costs.

The organization of this paper is as follows: Sec. II dis-
cusses the STARS guidance, navigation, and control hard-
ware. Section III describes the guidance algorithm used for the
first phase, and Sec. IV gives details of the second-phase algo-
rithm. Third-stage targeting and guidance are discussed, re-
spectively, in Sees. V and VI. Section VII describes a typical
STARS trajectory, with six-degree-of-freedom simulation re-
sults used to quantify system accuracy. Guidance system hard-
ware in the loop tests are also discussed in Sec. VII. Conclu-
sions are given in Sec. VIII.

II. Guidance System Hardware
The STARS guidance system hardware1 has been chosen to

provide 1) performance consistent with mission objectives, 2)
flexibility for accommodating a variety of potential mission
objectives, 3) reliability, 4) minimum operational constraints,
and 5) low cost. The original Polaris A3 guidance hardware
did not meet these requirements for several reasons: 1) hard-
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Fig. 1 STARS launch vehicle.

ware was specifically designed for the Polaris mission and did
not allow mission flexibility; 2) hardware was developed in the
1960s and would have been difficult to support; and 3) acqui-
sition and condition of the guidance sets was uncertain. The
Polaris A3 TVC hardware has been retained for use by the
first two stages of STARS, although the servo electronics have
been updated.

The new STARS guidance, navigation, and control compo-
nents are the inertial measurement unit (IMU), the flight com-
puter, and the three-axis rate gyro package. The STARS IMU
is based on an instrument sensor assembly (ISA) that is com-
mon to three military inertial navigation systems in production
by the Honey well Military Avionics Division. The ISA in-
cludes three Honey well model 1342 ring laser gyros, three
Sundstrand QA2000 accelerometers, and the associated sup-
port electronics. This ISA is used with two Air Force inertial
navigation systems for fighter aircraft and the Army Modular
Azimuth Position System (MAPS), which is used for artillery
land navigation. The STARS IMU is procured as a standard
Army MAPS system from Honeywell and is then slightly
modified. The MAPS system was chosen because of its ready
adaptability to the STARS application.

The current STARS design also includes a three-axis rate
gyro package for measuring body rates. The rate gyro package
will be eliminated on future flights, once the suitability of
body rate data extracted from the laser gyros in the IMU is
verified.

The STARS flight computer is a SANDAC V. This flight
computer was developed at SNL to support a variety of re-
search and development programs. Its primary features are
high throughput, light weight, and expandability. Each SAN-
DAC V processor module includes a Motorola MC68020 32-
bit microprocessor, a 68881 floating-point coprocessor, and
128 KB of local RAM memory. The STARS configuration has
four processor modules, although up to 15 modules are possi-
ble. The average computational throughput for each module is
2.5 million instructions per second (MIPS). The STARS flight
computer also has a utility module with read-only memory for
startup and power conditioning, a system input/output (I/O)
module with interfaces for the gateway computer, parallel I/O
that is used for the IMU, and a dual-channel Mil-Std-1553B
bus interface that provides communication with the telemetry
system, other subsystems, and payloads.

The STARS booster is equipped with a TVC capability for
all three stages. The first stage has an electro-hydraulic TVC,
the second stage uses an electro-mechanical fluid inject ant
TVC, and the third stage employs an electro-mechanical TVC.
The TVC systems for the first two stages are essentially those
used by the Polaris A3 missile and provide a three-axis control
capability. The limited quantity of fluid injectant for the
second-stage TVC imposes a significant constraint on the as-
cent trajectory. The third-stage TVC design provides for two-
axis control during the third-stage burn. A cold gas attitude
control system (ACS) is used to maintain roll attitude during
the third-stage burn, and to achieve/maintain desired vehicle
attitudes during the coast phases prior to and after the third-
stage burn.

III. First-Phase Guidance and Steering
The first-phase guidance requirements for STARS are dom-

inated by structural loading and control limitations. The prin-
cipal guidance objective during this phase is to fly the missile
along a gravity turn trajectory to minimize the angle of attack
and therefore the aerodynamic loading of the missile. The loft
on the trajectory must be consistent with mission range objec-
tives, but should be chosen to minimize the use of second-
stage fluid injectant when possible. First-phase guidance must
also accommodate liftoff and staging.

The first-phase guidance and steering logic has been
adapted directly from the original Polaris A3 missile since it
provides a flight-proven atmospheric ascent procedure. This
algorithm is based on a Q-system guidance2'3 in conjunction
with a Z-dot steering logic4 to fly approximate-gravity turn
ascent trajectories.

The Q -system guidance algorithm is based on a definition
of the velocity-to-go, where the required or correlated veloc-
ity, vc, is defined as the velocity that is required to place the
vehicle on a ballistic trajectory to the target point from the
current position with a fixed time of flight. If the missile
velocity is given by v, the velocity-to-go is given by vGo = VG
- v. A differential equation implicitly describing the velocity-
to-go can be derived2 as

VGO= -aT-Qv('GO (1)
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where Q is a symmetric matrix of partials defined by

'rTGT,/FLT= const (2)

where r is the current missile position, rTGT the target position,
JFLT the time of flight, and aT the thrust acceleration. The
initial conditions in Eq. (1) essentially determine the trajectory
to be flown with the QvGO term serving as a corrective term to
improve accuracy. The differential equation of Eq. (1) is
integrated in real time with missile accelerometer feedbacks to
define VGO, with the usual guidance objective of placing the
missile on a ballistic trajectory to the target by driving vGo to
zero. The Polaris inertial guidance frame is shown in Fig. 2.
The initial condition on the jc-axis velocity-to-go is primarily a
function of the range to the target and is used only to deter-
mine the time for payload release. The initial condition on the
>>-axis velocity-to-go is zero for planar ascent trajectories. The
initial condition on the z-axis velocity-to-go is used to deter-
mine the loft on the ascent trajectory.

The Z-dot steering law used to drive vGo to zero is based on
an exponential approximation of a gravity turn ascent trajec-
tory.4 Liftoff is accomplished by ignoring steering commands
for a short time after launch and commanding a vertical at-
titude. A near-zero angle of attack can be maintained during
the staging maneuver by biasing the z component of the veloc-
ity-to-go at a preset time after liftoff.

For planar trajectories the steering is implemented with nul-
ling yaw rate commands proportional to

- vGOy] (3)

where aTy is the.y-axis accelerometer output, TY is the yaw axis
time constant, and vGOy is the>> component of the velocity-to-
go. The pitch rate steering loop is implemented so as to emu-
late a gravity turn trajectory with a missile pitch rate com-
mand proportional to

[TPaTs - vGOz] (4)

where aTs = aTz + (KL)aTx, rp is the pitch axis time constant,
and VQQZ is the z component of the velocity-to-go. The initial
condition on vGOz can be expressed as a linear function of KL.
The parameter KL adjusts the loft of the ascent trajectory. The
adjustment of KL essentially controls the final attitude of the
missile (e.g., the missile will have a final attitude of 45 deg
relative to launch local level for KL = 0).

YB'YG ZG

Fig. 2 Axes definitions at launch.

Fig. 3 Launch azimuth geometry.

The implementation of the Polaris guidance has been modi-
fied for the STARS application. Since the first-phase guidance
does not extend to payload release, vGOx does not need to be
calculated. Since targeting accuracy is not critical during this
phase, the Q-corrective term in Eq. (1) can be set to zero.
Finally, an open-loop guidance strategy has been adopted dur-
ing the staging event to improve autopilot margins. During
this critical time guidance/steering commands are ignored,
and vehicle attitude is controlled by an inertial angle-of-attack
autopilot logic that is structured to minimize control effort.
Overall guidance objectives are minimally affected by this ap-
proach, since first-phase objectives are achieved well before
staging and second-phase guidance can correct for any result-
ing trajectory dispersions.

IV. Second-Phase Guidance and Steering
The second-phase guidance requirements are primarily dic-

tated by mission and range safety constraints. The second phase
algorithms must be flexible enough to accommodate a variety
of potential mission objectives and must allow the execution
of a considerable turn out of the launch plane into the target
plane to satisfy range safety requirements. Figure 3 depicts the
azimuth of a great circle path into the USAKA area. A due
west or slightly northwest initial azimuth is required to avoid
overflight of and appropriate separation from Niihau. The
precision with which the second-phase guidance algorithms
can place the third stage on a coast trajectory to the target is
limited by the lack of second-stage velocity control. Limited
thrust vector control fluid injectant availability imposes con-
straints on the amount of steering that is allowed. This limita-
tion on TVC usage and the requirement for maximum velocity
delivered to the target led to the early elimination of the
generalized energy management system (GEMS)5 as a poten-
tial second-phase guidance algorithm. Although GEMS ex-
plicitly constrains the target position as well as the time of
arrival, the velocity control problem for the second stage is not
eliminated, and significant maneuvering is generally a require-
ment. In addition, the GEMS procedure wastes some energy
even for nominal performance to ensure that an under-per-
forming missile can still reach the target. The approach taken
for STARS is to allow a variable time of arrival and to apply
all available energy to vehicle velocity.

The second-phase guidance algorithm selected for STARS is
the ascent powered-explicit-guidance (PEG) used by the Space
Shuttle.6-7 PEG is a predictor-corrector algorithm that uses
velocity-to-go as the independent variable, and determines the
velocity-to-go required to place the vehicle on a coasting tra-
jectory to the target that coincides with the powered trajectory
at cutoff. The explicit nature of PEG makes it adaptable to a
variety of mission objectives with cutoff constraints of alti-
tude, velocity, flight-path angle, and trajectory plane. The
downrange cutoff position is not explicitly constrained, nor is
the time of flight. The PEG targeting for the STARS applica-
tion attempts to fly the missile onto a trajectory that will take
the third stage to its targeted position for third-stage ignition,
based on the expected nominal ascent performance. Off-nom-
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inal ascent performance will produce off-nominal coast trajec-
tories, since there is no mechanism for second-stage velocity
control (i.e., cutoff is not possible). Guidance updates are
terminated for under-performance when the thrust accelera-
tion falls below a specified level and for over-performance
when the guidance time-to-go reaches its minimum specified
level.

The PEG algorithm is discussed in detail in Refs. 6 and 7.
An overview is included here for completeness. The point
mass equation of motion for a missile can be written as

r = g + <*T (5)

where r is the missile position, g is the acceleration due to
gravity, and aT is the thrust acceleration. The integration of
Eq. (5) forward to the predicted time of cutoff, tp, produces

Vp = v

rGRAV + rTHR

(6)

(7)

where rp and vp are the predicted missile position and velocity
at cutoff, respectively; r and v are the missile position and ve-
locity at time t, respectively; rGRAV and VGRAV are the respec-
tive contributions in position and velocity due to gravity be-
tween the states of (r, v) and (/>, vp); and rTHR and VTHR are
similar contributions due to thrust. The velocity-to-go at tp is
defined by

VGOCO = vc -VP = VC -v - - VTHR

and the velocity-to-go at time t can be written as

VGO - VTHR = vc - v - vGRAv

with the position-to-go given by

>GO - >THR = rc - r - vtGO + rGRAV

The time-to-go is determined as

(8)

(9)

(10)

(11)

The missile state vector (r, v) is known from the onboard
navigator, and the thrust integrals can be computed from a
priori knowledge of aT. The gravity integrals in Eqs. (10) and
(11) can be approximated from a coast trajectory that is near
the powered flight trajectory. The predicted burnout state (rp, v/>)
can then be calculated. Targeting logic is used to determine the
rc and vc that will place the payload on the desired coast
trajectory. The updated vGo is then determined6'7 by adding
vc - Vp to the current value.

The objective of the STARS second-phase targeting is to
determine an appropriate cutoff state vector (rc, vc) so that
the turn out of the launch plane and into the target plane is
accomplished, and second-stage burnout occurs with the third
stage on the required trajectory to the third-stage ignition
position. The latter requirement is accomplished with an ini-
tial target set that describes the desired state at third-stage
ignition with a target altitude, velocity magnitude, and inertial
flight-path angle. These quantities are used to define the semi-
major axis, the angular momentum magnitude, and the eccen-
tricity of the transfer ellipse. The true anomaly at the targeted
position can also be calculated. The desired target plane is
defined by a unit vector, ?TGT> that is normal to the target
plane containing the inertial third-stage ignition position vec-
tor, rTIG, and a vector that lies at the intersection of the launch
target planes, rINT, from

JTGT = ''TIG X (12)

The determination of rINT is based on simulation data and is a
function of the time at which the turn is initiated and the rate

at which the vehicle is allowed to turn into the new plane. The
predicted plane of motion is determined by the cross product

IP = vp x rp (13)

where a circumflex denotes a unit vector. The predicted out-
of-plane position component is computed from

rop = rp • IP

and then rc is approximated by

rc — rp ~

(14)

(15)

The true anomaly at rc, the magnitude of vc, and the flight-
path angle for the desired transfer trajectory can now be
calculated from the conic section orbit equations. The re-
quired cutoff velocity vector is then determined as

cosOy)H>] (16)

where rc is the unit vector along rc, H> is the unit vector de-
termined from the cross product of rc and ]P, y is the required
cutoff flight-path angle, and vc is the magnitude of the re-
quired velocity. Despite the plane control feature of this
targeting, off-nominal ascent performance will result in some
out-of-plane insertion error due to burnout state vector pre-
diction inaccuracies. The out-of-plane errors are small for the
expected three-sigma performance uncertainty and are not
expected to pose any problems in achieving STARS mission
objectives.

The second-phase guidance solution is updated at a 2-Hz
rate for the STARS application. A cross-product steering law
of the form (aT x vGo) is used to provide body rate commands
that are input to the autopilot command calculation algorithm
at 50 Hz. A wings-level roll command logic is similarly defined
from the cross product of the commanded body y axis and the
projection of the commanded body y axis onto the local level
plane. This logic ensures proper antenna link margins during
the out-of-plane turns. Identical steering logic is used during
the third-stage burn.

V. Third-Stage Targeting
A targeting procedure based on the solution of Lambert's

problem has been developed8 for the STARS booster. This
procedure is specifically designed to eliminate the target miss
that results from the lack of velocity control in the first two
stages. The procedure has been formulated to be as consistent
as possible with the proven methods for solving the usual
Lambert targeting problem. The core element in the STARS
targeting algorithm is a solution routine for Lambert's prob-
lem that has been reproduced from Refs. 9 and 10. This code
is valid for elliptical transfer trajectories with few restrictions.

Lambert's problem is that of determining the magnitude
and direction of an impulsive delta-velocity maneuver that will
place a spacecraft on a ballistic intercept trajectory between
two inertial positions with a specified time of transfer:

Input: rTio, ^TGT, ^TRF
Output: vc where vGo = vc - VTIG

The desired target position is represented here by rTGT, the
third-stage ignition position and velocity by (rTIG, vTiG), and
the time-of-transfer by ^TRF. Lambert's problem2 is formu-
lated in terms of Keplerian trajectories, but a closed-form
solution is not possible. The practical implementation of the
Lambert solution typically requires adjustments to compen-
sate for the idealized assumptions of the problem formulation.
The two primary limitations on the accuracy of the solution
result from the assumptions of an impulsive motor burn and a
Keplerian gravity field. The accuracy of the solution can be
greatly improved by using the position offset techniques de-
scribed in Ref. 11. These corrective techniques compensate for
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Fig. 4 Targeting plane control logic.

the finite motor burn with an ignition position offset, ArTIG,
and for the nonspherical Earth gravity field with a target position
offset, ArTGT. These offset positions are then used as inputs to
the Lambert routine to produce an improved solution:

TnrMif. «OFF «OFF ,input. rTIG , rTGT, rTRF
Output: vc

where

ArTIG

rTGT = rTGT + ArTGT

ArTIG = - ( \\vGO\\/2aT)vGo

ArTGT = rIMP - rTGT

(17)

(18)

(19)

(20)

The ignition position offset [Eq. (19)] is computed from terms
related to the performance of the rocket motor, and the target
offset [Eq. (20)] is the difference between the predicted impul-
sive impact position rIMP, and the desired target position.

The usual Lambert case assumes that the performance capa-
bility of the individual stages can be varied to account for
off-nominal situations, such that a fixed total time of flight is
maintained. The performance of the individual STARS mo-
tors cannot be controlled, and the third-stage burn must elim-
inate target miss due to off-nominal ascent performance. The
STARS targeting solution must also be consistent with the
nominally fixed delta-velocity performance available from the
third stage. The STARS modified Lambert targeting approach
holds the time of ignition fixed and allows the total time of flight
to vary for off-nominal ascent trajectories, while an outer-
loop iterative algorithm ensures that the delta velocity, ||VGO ||,
required to intercept the target is identical with the nominal
delta-velocity capability, AVCAP- This procedure produces a
burn attitude that will eliminate the target miss due to off-
nominal ascent performance. The solution obtained by this
algorithm is not guaranteed to be unique. However, the flight
time is smooth and monotonically increasing with the flight-

path angle5; and this lack of uniqueness does not create op-
erational difficulties given a reasonable initial guess of the
time of transfer. This modified Lambert targeting procedure
was motivated by a linearized targeting algorithm used suc-
cessfully by the SNL sounding rocket program.

The Lambert solution also assumes that the transfer occurs
in the original plane of motion. The STARS targeting problem
requires the addition of a plane control logic. The launch
plane and the target plane will not coincide, except for the
nominal, because the targeting algorithm does not constrain
the total time of flight. The plane control procedure assumes
that the plane control delta velocity and the transfer delta
velocity occur in separate components. The out-of-plane
delta-velocity magnitude is determined as if the plane change
occurs at an orbital node, and the direction is taken as the
average of the unit vectors normal to the ascent and target
planes. This plane control logic is depicted in Fig. 4. The
delta-velocity capability of the third stage is reduced by the
out-of-plane component, and the ignition velocity vector is
rotated into the target plane prior to its use by the Lambert
algorithm. A scale factor on the plane change angle is used to
correct for the approximate nature of this logic.

Targeting computations must be completed prior to the time
of ignition (TIG) of the third stage, so that the attitude control
system will have time to orient the vehicle to the desired burn
attitude. The inertial position vector of the third stage at
ignition is required by the Lambert algorithm, and a post-sec-
ond-stage state vector must be provided by the navigator and
numerically integrated forward to TIG. The propagation rou-
tine for STARS has been reproduced from Ref. 12.

The inertial target position vector must be also determined
as an input to the Lambert algorithm. The STARS target point
can be defined by a fixed latitude, longitude, and altitude. For
a known time of intercept, an inertial target position vector
can be computed that compensates for the rotation of the
Earth.

The STARS targeting algorithm initially uses the predicted
TIG position vector, the target position vector, and the nomi-
nal time of transfer with the Lambert solution routine. The

Begin Target Offset Iteration

Begin Delta-Velocity Iteration

Call Lambert Core Routine
(Inputs: rTIG , rTGT , tTRANSF£R)

Calculate Ignition Position_0ffset, Ar , And_
Offset Ignition Position, r - r + Ar

Call Lambert Cc>re Routine
(Inputs:

r———| If AVLAMBERT ' ^CAPABILITY • Then St°P '

1
Otherwise, Change • AdJust ^TGT , And RepeatL

Propagate State Vector Forward To tjG +

_ „, — —Predicted —DesiredCalculate Target Miss: rMJSS - rTGT - rTGT

If rMISS Within Tolerances, Then Stop

Otherwise, Offset rTGT By rMIgs And Repeat Process

Fig. 5 Modified Lambert targeting.
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initial position offset is then determined from this impulsive
solution, and an improved solution is obtained with a second
call to the Lambert core element. The second call to the
Lambert solution routine produces a valid solution for the in-
put problem, but the result is not generally useful for the case
of a fixed delta-velocity capability. The useful solution must
ensure that the required and available delta velocities are
identical. This is accomplished with an outer-loop iteration
that uses time of transfer /TRF as the independent variable and
the difference between the required and available delta veloci-
ties as the dependent variable, ||vGo||- AVCAP- A simple New-
ton-Raphson iterative algorithm, similar to that used by the
Lambert core routine,9'10 is used to achieve outer-loop conver-
gence. Each iteration on the time of transfer requires two or
more calls to the Lambert core routine: one with no offset on
the TIG position vector and one or more with a TIG position
offset applied. Numerical experience with the STARS trajec-
tories suggest that two or three calls with an ignition position
offset are required per iteration for maximum accuracy. The
inertial target position vector is recalculated as the time of
transfer is varied. Once a converged solution has been deter-
mined, the target position offset is calculated by numerically
propagating the state vector forward to the latest time of inter-

Table 1 Typical mission timeline

417 nm APOGEE
645 sec TIG3

0.0 0.21 0 . 4 2
T *i

0 .64
( S E C )

0.85

Fig. 6 Altitude vs time.

TARGET:
LTG 9.78024
LNG -192.40403

-1 93. -1 86. -1 79. -1 72.
LNG (DEC)

Fig. 7 Latitude vs longitude.

Time Event description

- 165.0 Begin IMU alignment
-45.0 Begin geographic navigation
-28.0 Begin 1st stage TVC test
- 2.0 Begin inertial navigation, Ist-phase guidance
0.0 Ignition signal sent
0.067 Lift-off (1st motion)
2.18 Begin pitch program
40.18 Maximum dynamic pressure
60.90 Arm: 1st separation, 2nd-stage ignition

(1.3 g's and decreasing)
61.20 1st Separation initiation, 2nd-stage ignition
61.229 Separation first relative motion
61.24 2nd-Stage autopilot on
61.264 2nd-Stage full thrust
71.30 Begin 2nd-phase guidance (begin Niihau turn)
140.18 2nd Separation initiation, 2nd retro ignition

(0.1 g's and decreasing)
140.18 ACS (all thrusters) on
160.0 Ascent shroud jettison
170.0 Begin 3rd-stage targeting task
180.0 Begin ACS maneuver to orient 3rd stage
645.0 Pitch and yaw ACS thrusters off
645.0 3rd-Stage ignition; autopilot, guidance on
685.0 3rd-Stage burnout; pitch and yaw ACS on
690.0 Begin re-entry prediction task
700.0 Begin reorientation for payload release
750.0 Payload release
760.0 Begin reorientation for retro burn
800.0 3rd-Stage retro ignition
1027.9 Payload entry interface (300 kft)
1075.4 Payload impact

cept. A ballistic propagation of the Lambert solution produces
a target offset that accounts for the non-Keplerian nature of
the gravity field. The target miss vector is then used as a target
offset on the original target vector to produce a pseudo-target
position. This pseudo-target can be used as the next input
target position, and the procedure can be repeated. This itera-
tion can continue until adequate accuracy is achieved. Given a
reasonable estimate of the time of transfer, this modified Lambert
procedure provides a reliable, near-explicit targeting algo-
rithm for the STARS third stage. The general targeting proce-
dure is shown in Fig. 5.

The overall targeting computation requirement on the SAN-
DAC V is ~ 10 s with a 0.1-s integration step size. This time
requirement can be reduced to < 1 s without serious degrada-
tion of delivery accuracy, if the STARS six-degree-of-freedom
simulation is used to determine the target offset data a priori.

VI. Third-Stage Guidance
The third-stage targeting algorithm has been formulated to

generate a burn direction that will eliminate the target miss
due to off-nominal ascent trajectories. However, the third
stage also lacks velocity control, and a significant target miss
can result from third-stage performance perturbations. The
objective of third stage guidance is to reduce this target miss.

Several third-stage guidance strategies have been consid-
ered. The first approach is that of a Lambert guidance update
that uses the time of transfer from the targeting solution as the
fixed time of intercept. This approach is effective in eliminat-
ing boost phase target miss, but does not reduce the target
miss due to off-nominal third-stage performance. The second
approach employs the modified Lambert procedure used for
targeting in an active guidance mode. This procedure produces
a nearly constant attitude burn and does not waste energy. The
delta-velocity loop in this algorithm, when used with inte-
grated accelerometer feedback, forces the guidance solution to
be consistent with the third-stage nominal delta-velocity capa-
bility. This eliminates target miss due to thrust perturbations
(constant total impulse and variable burn time). Miss due to
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Table 2 Accuracy data

Boost perturbation
(3-sigma errors)
Ist-Stage impulse
Ist-Stage mass
Ist-Stage thrust
2nd-Stage impulse
2nd-Stage mass
2nd-Stage thrust
Total miss (rss)

Lat.
631
750
556

1306
987
759

2127

Miss distance,
Long.
460
246
445

1133
871
69

1587

ft
Total

781
789
712

1729
1316
762

2654

3rd-Stage perturbation
(3-sigma errors)
3rd-Stage impulse
3rd-Stage mass
3rd-Stage thrust
Total miss (rss)

Miss distance,
Lat Long.
4.10 3.23
2.83 2.19
0.13 0.20
4.98 3.91

nm
Total

5.22
3.58
0.24
6.33

G

lO'E 168° C 168°JO'C 169° E 1S9°JO'E 170° E 170°30'E 171° E 171°30'E 172* E 172°30'E 173° E

Longitude - Deg

Fig. 8 Third-stage ground track and IIP.

mass and total impulse uncertainties remains unchanged. The
third guidance method considered was GEMS. This algorithm
has accuracy properties similar to the modified Lambert ap-
proach, but constrains time of flight by wasting energy in a
manner that generally requires significant vehicle maneuver-
ing. A fourth guidance approach (which is similar to GEMS)
is based upon Ref. 13, where the objective is to guide the
vehicle so that the Lambert velocity-to-go is nulled with the
final thrust direction along a range insensitive direction. This
technique has the potential to significantly reduce the target
miss due to all performance variations. Simulation results
indicate, however, that the achieved accuracy is dependent on
guidance updates late in the burn.

The modified Lambert procedure has been adopted as the
baseline third-stage guidance algorithm. Timing studies8 on
the SANDAC V have indicated that an update rate of at least
1 Hz is possible.

VII. Simulation Results
The STARS guidance algorithms have been tested on sev-

eral proposed trajectories with a six-degree-of-freedom simu-
lation. Three early trajectories are discussed in Ref. 8. A
typical recent trajectory is depicted in Figs. 6 and 7. A typical
timeline is shown in Table 1. Accuracy data for this trajectory
are given in Table 2.

The trajectory shown in Figs. 6 and 7 is targeted to a point
just north of the Kwajalein Atoll and includes an out-of-plane
turn during the third-stage burn to ensure that the IIP does not
traverse any populated area. This portion of the trajectory is
depicted in Fig. 8. A simple IIP predictor is included in the
flight software to adjust the time at which this turn is initiated,
so that the IIP is safe for off-nominal situations. This simula-
tion included a 500-lb payload and achieved a re-entry velocity
of -20,000 ft/s. The three-sigma target miss for this trajec-
tory includes about ±5.74 nm along track, with about ±2.68
nm of cross-track error. Additionally, there are cross-track
errors of approximately ±3.0 nm due to navigation errors.
The total cross-track error will increase to about ±4.0 nm.

This trajectory has been generated with flight software that
has been interfaced with a STARS six-degree-of-freedom sim-
ulation running on a mainframe computer. The flight code has

also been integrated into the STARS SANDAC V flight com-
puter. Extensive testing for the first flight test has been com-
pleted with the SANDAC interfaced to a STARS six-degree-
of-freedom simulator that is capable of running in a real-time
environment with hard war e-in-the-loop.

VIII. Conclusions
The STARS guidance objectives have been achieved with

the use of three flight-proven algorithms. The atmospheric
first phase is flown with a Q -system guidance and Z-dot
steering. The second phase uses the Space Shuttle ascent PEG
algorithm to place the vehicle on a desired coast trajectory with an
out-of-plane turn. Since the second stage lacks a velocity
control capability, the coast trajectory will vary with off-
nominal performance. A modified Lambert procedure is used
for third-stage guidance to eliminate the boost phase and one
source of the third stage contribution to target miss. The
third-stage guidance is also capable of executing a second out-
of-plane turn. Since the third stage also lacks velocity control,
the target miss is a function of the remaining sources of
third-stage performance uncertainty.

References
I Watts, A., Eno, R., Wente, H., and Curtis, C., "Strategic Target

System (STARS) Launch Vehicle," Strategic Systems Conference
(Monterey, CA), Nov. 1988.

2Battin, R. H.,An Introduction to the Mathematics and Methods of
Astrodynamics, Education Series, AIAA, New York, 1987.

3Battin, R. H., "Space Guidance Evolution—A Personal Narra-
tive," Journal of Guidance, Control, and Dynamics, Vol. 5, No. 2,
1982, pp. 97-110.

4Leondes, T. L., Guidance and Control of Aerospace Vehicles,
McGraw-Hill, New York, 1963, pp. 231-240.

5Zarchan, P., Tactical and Strategic Missile Guidance, Vol. 124,
Progress in Astronautics and Aeronautics, AIAA, Washington, DC,
1990.

6McHenry, R., Brand, T., Long, A., Cockrell, B., and Thibodeau,
J., "Space Shuttle Ascent Guidance, Navigation, and Control," Jour-
nal of the Astronautical Sciences, Vol. 27, No. 1, Jan.-March 1979,
pp. 1-38.

7Space Shuttle Orbiter Operational, Level C, Functional Subsystem
Software Requirements Document: Guidance, Navigation, and Con-
trol, Part A, Guidance Ascent/RTLS, Rockwell International Space
Transportation Systems Division, June 30, 1985.

8White, J. E., "A Lambert Targeting Procedure for Rocket Systems
That Lack Velocity Control," Proceedings of the Guidance, Naviga-
tion, and Control Conference, AIAA, Washington, DC, 1989, pp.
146-154.

9Space Shuttle Orbiter Operational, Level C, Functional Subsystem
Software Requirements Document: Guidance, Navigation, and Con-
trol, Part A, Guidance On-orbit/Deorbit, Sec. 4.6.20, Rockwell In-
ternational Space Transportation Systems Division, June 30, 1985, pp.
4_432-4-436.

10Space Shuttle Orbiter Operational, Level C, Functional Subsys-
tem Software Requirements Document: Guidance, Navigation, and
Control, Part A, Guidance On-orbit/Deorbit, Sec. 4.6.22, Rockwell
International Space Transportation Systems Division, June 1971, pp.
4_439_4_441.

I I Brand, T. J., "A New Approach To Lambert Guidance," Rept.
R-694, Charles Stark Draper Lab., Cambridge, MA, June 1971.

12Space Shuttle Orbiter Operational, Level C, Functional Subsys-
tem Software Requirements Document: Ascent/RTLS Navigation,
Rockwell International Space Transportation Systems Division, 1983.

13De Swarte, T. W., "Cutoff Insensitive Guidance," M.S. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, Sept. 1971.


