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ABSTRACT

This paper describes research on 3D formation flight us-
ing carrier-differential GPS sensors. Although absolute
position at the centimeter level is generally not possible
in real-time, relative position between vehicles within the
formation can be obtained at these levels of accuracy us-
ing carrier phase differencing. However, several challenges
exist before these measurements can be used in the for-
mation state estimation, including solving for the integer
biases. A method to generate a formation maneuver to
rapidly solve for these biases is presented.

In order to better understand the problems associated
with 3D formation flight, a new testbed has been devel-
oped. This testbed currently consists of two lighter-than-
air vehicles (blimps) that operate in an indoor GPS lab-
oratory. Operating indoors has several advantages, but
also presents some significant challenges. A description of
both the indoor environment, and the GPS receiver devel-
oped for this application is given. Finally, experimental
results are presented for a single blimp performing a large
scale autonomous flight and landing. Data is also pre-
sented for the two vehicle formation undergoing several
maneuvers.

1Presented at the Institute of Navigation GPS Meeting,
Nashville, TN, September 18, 1998.

1 INTRODUCTION

A revolution in spacecraft guidance, navigation and con-
trol technology has started through the use of GPS to
autonomously provide vehicle position, attitude, and tim-
ing information. Not only will these innovations result in
significant reductions in the weight, power consumption,
and cost of future spacecraft attitude and orbit determi-
nation systems, they should also result in a significant
reduction in ground operations costs through enhanced
vehicle autonomy [1]. Recent results have demonstrated
that Carrier-Phase Differential GPS (CDGPS) techniques
can also be used to autonomously track and then control
the relative position and attitude between several space-
craft [1, 2, 3, 4, 5, 6, 7, 8]. This sensing technology can be
used to develop a wvirtual spacecraft bus using automatic
control of a cluster of micro-satellites to replace the mono-
lithic bus of current Earth Sciences Enterprise satellites
(e.g. Landsat-7) [3, 6].

Many future space applications will benefit from using
this formation flying technology to perform distributed
observations, including enhanced synthetic apertures for
earth mapping interferometry, and improved coverage for
communication and surveillance. The goal of the over-
all research program is to demonstrate that we can ac-
complish these missions using a distributed array of very
simple, but highly coordinated micro-satellites. This dis-
tributed approach provides many performance and oper-
ations advantages, including:

1. Extensive co-observing programs can be conducted
autonomously without extensive ground support.

2. Increased baselines between instruments provides
improved stellar interferometry. Use of many dis-
tributed micro-satellites improves world coverage.

3. Replacing traditional complex spacecraft with an
array of simpler micro-satellites improves flexibility
and offers a high degree of redundancy and recon-
figurability in the event of a vehicle failure.

4. The low-cost, short lead-time instruments can be
built, launched, and operated immediately. The ex-
pensive, long lead-time instruments can then join
the fleet when available.

The concept of autonomous formation flying of satellite
clusters has been identified as an enabling technology



for the success of various future missions of NASA and
the U.S. Air Force. For example, the Earth Orbiter-1
(EO1) [1] and New Millennium Interferometer (NMI) [8],
are two current NASA projects that seek to demonstrate
the feasibility of multiple spacecraft formation flight. Sim-
ilarly, the Air Force TechSat-21 [9] seeks to push the fron-
tier in formation flying to enable global awareness and
rapid access to space.

Implementation of the distributed coordinating satellite
concept will require tight maintenance and control of the
relative distances and phases between the participating
satellites. Thus the benefits of this new approach come
at a cost because the new systems architecture poses very
stringent challenges in the areas of:

e Onboard sensing to perform the autonomous closed-
loop relative navigation, attitude determination,
and control.

e High-level mission management and planning to en-
able task allocation across the fleet of spacecraft.

e High-level fault detection recovery to enhance the
mission robustness.

A ground-based command and control system for rela-
tive spacecraft positioning task would be very complex,
heavily over-burdened, and may not provide sufficiently
rapid corrective control commands. Thus, the onboard
autonomy of the future spacecraft must be significantly
enhanced to reduce the ground support required. The
results discussed in this paper demonstrate that CDGPS
sensing could play an important role in the guidance and
control system needed to achieve the demanding relative
navigation requirements of an on-orbit formation flying
missions.

2 PREVIOUS WORK

Our work builds on previous research by Zimmerman
that demonstrated the use of CDGPS for spacecraft ren-
dezvous and capture between two simulated spacecraft in
an indoor, 2D Laboratory GPS environment created by
six pseudolites [2]. Several further studies of formation
flying technologies [3] and experiments in GPS sensing
for a three-vehicle formation [6] have also been performed
in this Laboratory. These prior tests were limited to 2D
and short baselines. These constraints are physically
restrictive, but there is a more significant problem with
this configuration. In particular, the 2D testbed does not
allow a complete analysis of all GPS errors that will be im-
portant for outdoor and/or space demonstrations of for-
mation flying. This motivated the need to develop the
three dimensional (3D) testbed described in this paper.

3 TESTBED DESCRIPTION

3.1 Lighter-Than-Air Vehicles
The lighter-than-air vehicles (blimps) used in this research
are shown in Figure 1. The testbed currently consists

Fig. 2: Blimp gondola.

of two blimps that are controlled by standard RC mo-
tors. Fach vehicle has a gondola that houses the motors,
GPS receiver, radio modem, micro-controller, and batter-
ies. The gondola carries five RC motors. Two motors
provide vertical control,with a smaller motor being used
for fine control when regulating altitude. The two motors
at the ends of each gondola provide yaw control, and can
also be used to move the blimp from side to side. The
last motor provides thrust along the axis of the gondola
for longitudinal control.

Blimp vehicles were selected because they are very easy
to maintain and fly. Of course, the vehicles dynamics
are quite different than would be expected for spacecraft
on-orbit. But to create a formation of multiple vehicles,
it is important to develop a simple design that is easily
replicated. The key features of the blimps in Figure 1 are:

e 8 ft diameter by 14 ft long polyurethane bag and a
balsa wood gondola (see Figure 2),

e 600 cubic feet of helium (net lift of 28.6 1bs),
e approximately 22 lbs of electronics and batteries,

e 3 GPS antennas and a modem communication link
to the ground.

3.2 GPS Receiver

Figure 3 shows a picture of the GPS receiver that is on
each blimp. The Mitel ORIONT™ design is a single an-
tenna receiver on a 3x4 inch printed circuit board. This
design was modified to incorporate dual front ends on a
single board, with a capability to use an off-board clock



Fig. 3: The Mitel ORION Receiver

signal to drive the receiver circuitry. These modifications
allow for an arbitrary number of dual front-end receiver
cards to be chained together using a common clock. In
this configuration any number of antennas can be used to
form a GPS based attitude system.

A key benefit of using the Mitel GPS hardware is that this
also provides access to the GPS Builder Software (GPS
Architect Toolkit). This software is almost entirely writ-
ten in C code. Complete access to the code allowed us
to extensively modify the code and carrier tracking loops,
the signal acquisition algorithms, the cycle-slip detection
routines, the input/output routines, and the frequency
search region during startup.

The working receivers consist of two receiver cards
mounted on a single interface board (Figure 3). This
interface board provides power (including backup from
a small NiCAD battery) to the receiver cards, a buffered
clock signal to drive them, and three standard serial ports.
There is a dedicated serial connection to each receiver
card, and one serial port that is connected to both cards.
This configuration enables information to be transmit-
ted between the two cards (through their dedicated serial
ports), while the interface to the entire receiver can be
made through the joint serial port.

3.3 System Architecture

The current system architecture has the blimps communi-
cating with a ground computer station that is used to per-
form the formation estimation and control calculations.
These calculations will eventually be performed onboard
and the vehicles will communicate to each other directly.
Each vehicle transmits its GPS sensor measurements over
the radio link to the ground station. The ground sta-
tion updates the state estimates of the entire system, and
then computes the necessary control commands to send
to each vehicle. This greatly facilitates development since
most of the code resides on the ground station where it
can easily be debugged. Further, mission commands can
be conveniently entered from the keyboard of the ground
computer.

The system also has in place a fixed GPS reference station
that allows operation of the system with only one vehi-
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Fig. 4: Long range shot of the Highbay and blimps

cle. The reference station is optional when two or more
vehicles are flying, but it can be used to simulate another
vehicle within the constellation.

4 INDOOR GPS ENVIRONMENT ISSUES

4.1 Pseudolite Constellation

The longer term objective is to operate the vehicle for-
mation outside so that we can use a combination of the
NAVSTAR satellites and on-board pseudolites. However,
the first testbed has been developed inside a large highbay
at Stanford University. Figure 4 shows the highbay from
the far end. The room used for the blimp tests has dimen-
sions 200" x 60’ x 60’. Operations indoors offers several
key advantages:

e Control over environment (no wind, rain),

e No need to move equipment (vehicles, computers)
outside during development,

e Increased productivity.

However, the GPS signal is very weak, and is not avail-
able indoors. Thus, as with previous work on the 2D
testbed [2, 3], we must build and maintain a pseudo-
constellation of satellites.

The main issue when operating pseudolites indoors is
a trade-off between effective workspace and multi-path.
The GPS signal will reflect off the walls and other objects
in the room. Multi-path will cause a small (several cm),
but effectively random, error in the measurements as the
formation maneuvers. Of more concern is the significant
degradation in tracking performance that occurs because
of the multi-path.

In an attempt to maximize the effective workspace, while
at the same time keeping multi-path to a minimum, we in-
vestigated several antenna designs and experimented with
the pseudolite placement. Previous solutions have used
helical (directional) antennas. This minimizes multi-path
since the signal is radiated over a small cone angle, but
it introduces large gradients in the signal power over the
workspace as a result of the natural antenna gain pat-
tern. An alternative solution that was extensively tested
is the use of patch antennas, which radiate with a near
constant gain over most of a hemisphere. The radiating
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Fig. 5: SNR plot showing that the GPS signal suffers
through momentary drops in power indoors. The signal
power is much smoother outdoors.

field can be choked to a desired cone angle by using an
RF absorbent material tuned to the GPS frequency. This
approach was tested in the highbay, but the experimen-
tal results indicated that there was excessive multi-path.
This problem was further complicated by some apparent
diffraction patterns near the edge of the cone angle.

The final pseudo-constellation consists of 8 pseudolites
with helical antennas tuned to produce a radiating cone
angle of about 50°. Two are located on the ceiling,
above the workspace, while the other six are arrayed
around the workspace, near the junction between the ceil-
ing and walls. With this configuration, the effective GPS
workspace is approximately 50" x 25" x 25'.

4.2 Multi-Path

The most significant problem of working inside a building
is the presence of multi-path signals from the reflections
off the walls and other obstacles within the room. The
subsequent interference pattern results in power nulls,
and large power gradients within the workspace. Fig-
ure 5 shows a plot of the signal-to-noise ratio (SNR) for
a received GPS signal as an antenna performs a dynamic
maneuver. The results are shown for two separate maneu-
vers, one inside the highbay, and the other outside. The
SNR inside the highbay shows significantly larger varia-
tions than the maneuver outside. Although the error in
the carrier wave measurements are only a few centime-
ters, the highly localized power fluctuations can result in
a complete loss of the signal, or cycle slips.

Both cases in Figure 5 used a software integrate and dump
of 20 ms, corresponding to closing the tracking loops at
50 Hz. When the tracking loops are closed at 1 KHz in-
doors, the large SNR drops (which occur quite frequently,
but over short time scales, i.e., approximately a few ms)
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Fig. 6: Indoor and outdoor differential code (raw and
smoothed). The plot shows that the high multi-path in-
doors could cause large positioning errors for measure-
ments based on the smoothed differential code.

destabilize the loops. Performing a software integrate
and dump over longer periods helps robustify the track-
ing loops to these problems. Further improvements in
tracking performance are achieved using the knowledge
of the instantaneous SNR value. When the SNR drops
below some threshold (nominally the minimum GPS de-
tection level), then the estimator should only perform the
time update, and not perform the measurement update
for that epoch. This allows the receiver to successfully
“coast” through the brief signal drop outs associated with
multi-path.

An experiment was also performed both indoors and out-
doors to measure the relative effect of multi-path on
code-phase measurements. In the experiment, differential
phase data was collected while an antenna was moved
around a fixed antenna for 2 minutes. As shown in
Figure 6, the outdoor smoothed differential code phase
change is coherent with the changes in the differential car-
rier phase. However, for the indoor case, the differential
code and carrier phase changes are not coherent. Despite
the fact that the SNR value for the indoor data was signif-
icantly higher than the SNR values for the outdoor data
(a smaller variance in the raw code phase is noticeable in
the indoor plot), the errors in the indoor smoothed differ-
ential code phase will degrade the positioning solutions.
These results indicate that the carrier-smoothed differen-
tial code will be useful as an additional signal outside, but
due to multi-path, will be of limited utility indoors.

5 FORMATION STATE ESTIMATION

5.1 Measurement Equations

This section provides the derivation of the equations used
to estimate the relative position and attitude of the ve-
hicles using the GPS carrier phase measurements. The



formulation here expresses the position of each vehicle in
terms of absolute coordinates. Operations in space would
use an approach based on a set of absolute coordinates
for one vehicle, and a set of relative coordinates for each
of the other vehicles within the formation.

The unknown state of the ith vehicle is the 7x1 vector
X; = [P;, E;], where P; is the position of vehicle ¢ with
coordinates (piz, Piy, Piz), and E; is the orientation of the
vehicle, represented in quaternion form (€;1, €;2, €3, €:4)-

The equations derived below assume that the phase mea-
surements ¢;;x(t) are sampled at the same instant on all
vehicles. This is not the case in reality, but the receiver
can be modified so that the sample time is slewed at
1 Hz to a common time standard. This time standard
is GPS time when the NAVSTAR constellation is visi-
ble, or the PRN code from an arbitrary pseudolite that is
commonly visible to all vehicles when inside the highbay.
This guarantees that all sample times are within approx-
imately 100 ns of each other immediately after the slew.
The error corresponding to this time offset is bounded
by four times the maximum observed Doppler in the sys-
tem times the maximum clock offset (100 ns) times the
wavelength (0.19 m). Even for LEO, where the observed
Doppler can be as large as 40 KHz, this error will be at
the sub-centimeter level. A simple first order approxi-
mation to the phase rates can be used to account for any
clock drift between the hardware slews of the sample time.
Since the intra-vehicle differential phases are sampled si-
multaneously, this error shows up primarily in the relative
positioning between vehicles.

The measured carrier phase at antenna j of vehicle 7 from
transmitter k is given by

ik = |S¢jk| + Ty + cTpr + AK (1)

where S;;1, is a vector from the phase center of the pseudo-
lite antenna to the phase center on each receive antenna,
and K;j; corresponds to the integer number of wave-
lengths. The terms cr,; and cry; represent the portion
of the phase incurred by clock errors between the trans-
mitter and the receiver, and are the dominating terms in
the measurement equations. These terms are eliminated
by differencing over measurements from multiple antenna
and vehicles. The antenna location relative to the trans-
mitter is clearly a function of the vehicle position and
attitude, so Sy is a function of the vehicle state X;.

The intra-vehicle single differences contribute primarily to
determination of the attitude of each vehicle. The atti-
tude and position of each vehicle will be decoupled when
using far transmitters only (i.e. NAVSTAR), but these
vehicle states are coupled when near transmitters are used
(i.e. transmitters on-board vehicles). These measure-
ments are obtained by differencing between an arbitrarily
designated master antenna (j = m) and the other anten-

nas j of vehicle i for measurement from transmitter k:
Adijr = |Simr| — |Sijk| + AMij (2)

Vk and Vj # m. The M;j;, in Eq. 2 are the intra-vehicle
integers.

The inter-vehicle double differences contribute primarily
to the determination of the relative positions between
each vehicle. Given N transmitters, there are NV — 1
unique double differences between transmitters k; and ks
(k1 # ko) for a pair of vehicles. These differences are cal-
culated in order to eliminate the remaining effects due to
clock differences between vehicles ¢(7,1 — Typ2)

VA jkiks = |Simky| = Simka | = (|Simba | — Sjmka|)
+ /\Nijk’ﬂcz (3)

Vki, ko with ki # ko. The Nyji, 1, in Eq. 3 refers to the
inter-vehicle integers.

All of these difference measurements are coupled to the
states of the vehicles, so all of the measurements must be
combined to obtain the entire formation state. From Eq 2,
Eq 3, and the quaternion constraints, the complete set of
measurements for a formation of n vehicles can be related
to the vehicle states, and combined into an equation of
the form:

y=h(z)+p+v (4)

In this equation, y is the vector of measurements, h(z) is
the vector function of states, 3 is a vector of the inter and
intra-vehicle biases, and v is the measurement noise.

Given the phase measurements for the vehicle formation,
the optimal estimate of the formation states X;(t) can
be solved in real-time using nonlinear estimation tech-
niques. However, as shown in Eq. 4 it is also necessary
to obtain an estimate of the single and double difference
integer ambiguities so that these can be subtracted from
the phase measurements. This calculation solves for the
absolute positions of the vehicles in the formation. The
relative positions can then be found by differencing these
absolute estimates. A CDGPS sensing system typically
provides a much more accurate estimate of the relative
position between the vehicles because many of the most
important error sources are predominantly common-mode
and their effects are removed by differencing the absolute
position estimates.

An important effect that must also be accounted for in the
measurement model results from the right hand circular
polarization of the GPS signal. This is especially impor-
tant in a spacecraft formation, wherein the vehicles can
change their attitude and position relative to one another.
See [10] for a complete description of this effect.

5.2 Formation Initialization
Before Eq. 4 can be used to solve for the state of the
formation, it is first necessary to determine the biases.



These are usually determined by having the vehicle(s) un-
dergo some motion relative to the transmitters and possi-
bly each other. A batch least-squares or similar algorithm
can then be employed to solve for the biases and states
during the initialization maneuver. The spacecraft base-
line constraints allow the intra-vehicle biases to be solved
with a relatively small amount of motion. Additionally,
small baselines could be employed to get a nearly instan-
taneous estimate of these biases if the LOS to some trans-
mitters are known accurately (as would be the case with
far transmitters). The inter-vehicle biases do not have any
baseline constraints associated with them, and as such re-
quire more motion to determine. The inter-vehicle biases
can be determined by putting the constellation through
an arbitrary maneuver if the vehicles undergo sufficient
motion relative to the transmitters. However, it is of in-
terest to determine, in some sense, the best maneuver to
perform.

Of course, even if the optimal maneuver where known, it
typically could not be performed exactly because the for-
mation does not have access to carrier-phase level state
estimates until after the biases are determined. Addition-
ally, the initial vehicle position uncertainties translate into
errors in the optimization, especially if the vehicles have
on-board transmitters. However, the formation can use
code-differential phase to provide (= 2) meter-level po-
sition estimates during the initialization maneuver. By
attempting to execute the optimal maneuver, the cluster
should then be much better off than if it just performed
random relative motions.

First consider a standard approach. An estimate of the
biases can be formed by collecting measurements while
the formation is in relative motion. Over N time epochs,
this results in the set of equations

yr = hi(zp) + B+ve, k=1,...,N (5)

Eq. 5 can be linearized about the current best guess of Zj,
and f to give

Yk = hi(2x) + He(22)67% + B + 68 + v (6)
and
pr =y, — hi(@1) — B = Hy(@)dzp + 68 +v, (7

Stacking these equations for all k = 1,..., N gives

P1 Hl 0 I gil
P2 H2 I 2
p = . = . : +v
' 0 Hy I bun
PN N Y

:ﬁf{&”}ﬂ (8)

where Hy, = Hy(%)). The weighted least squares solution
is found by iterating on the solution of

[ gz ] =(HT'R'H)"'H'R™p (9)

where

CEnew = Cﬁold + 62

Bnew = Bold + 6B

Although the actual path that any vehicle takes will be
continuous, data will only be collected at discrete inter-
vals. As such, the approach taken here is to construct a
quasi-optimal maneuver from a series of way-points. For
simplicity, adjacent way-points are constrained to be equi-
distant from each other. Observability of the biases re-
quires a geometry change in the transmitter/vehicle sys-
tem. Data should be collected at points sufficiently far
apart to insure that H is full rank.

An important consideration when initializing the forma-
tion is the mean or maximum covariance of the biases that
result from the estimation. The variance of any particular
bias is the corresponding diagonal element of (H” H)~",
where H is evaluated at the estimate solution. Thus, to
optimize a path to follow, we could use a cost function
based on the bias covariances. The optimization in this
case is formulated as

min J = trace (B,) (12)

subject to

W7 =W/, |l = d; (13)

fori=1,...,m—1,and j=1,...,s, where
P, = lower-right sub-matrix of (HTH)~! correspond-
ing to the N, biases,

m = number of way-points chosen,
s = number of vehicles,
W/ = ith way-point for the jth vehicle,

d; = distance between way-points for vehicle j.

The solution to this problem provides a quasi-optimal
path in which the covariance of the biases (in Fj) will
be minimized for a given path length (as determined by
m and d;). Equivalently, the shortest path could be deter-
mined for a desired covariance level by iterating on either
m, d;, or both. The relative time history of each vehicle’s
motion is determined by the way-points.

This optimization problem cannot be solved analytically,
and hence must be done numerically. A good initial es-
timate for the way-point history can be determined by
maximizing the change in the Jacobian, Hj, from one
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Fig. 7: Plot showing that the optimal starting trajectory
is very near the point where the Jacobian experiences the
largest change between the first two way-points

epoch to the next. To proceed, break out the columns of
the Jacobian matrix

H; = [ H H} H! ]
Hiyw = [ Hiyy, HYyy ... HJ

Then the angle, a, between any two columns is related to

Q; = arccos kl—”kl (16)
IHG 1 H

Hence, a measure of the change between the Jacobian
matrices is Y. a;.

Figure 7 was generated for a 2D example with 6 transmit-
ters arrayed in a near constellation. The optimal path was
generated using 3 way-points for a single vehicle. The an-
gles, a1 and ay calculated from the Jacobians at the first
and second way-points are shown, along with their sum.
The angle between the two way-points (2D) is expressed
by 6. The plot shows that although the overall trajectory
is not at the angle # which maximizes Z?Zl a;, it is very
close. This result is intuitive because the best path would
maximize the observability of the biases. A series of way-
points could be generated by this simplified methodology
to provide a good initial guess for the optimization prob-
lem.

5.3 Bias Reacquisition

One or more biases will need to be recomputed when a
GPS signal is lost and subsequently reacquired. For the
indoor testbed described here, that occurs very frequently
since most motions move the blimps into regions of the
room wherein a particular signal is not visible. In the
auto-landing described in section 6, that occured dozens
of times. It is possible to bring back individual biases
as long as an accurate estimate of the formation state is

known. However, in doing so a completely consistent set
of biases will not be obtained, and any formation state
estimate error will creep into the bias estimate. A better
solution is to continually update the bias estimates during
operations. This is especially important in a high multi-
path environment, since the biases can be corrupted by
localized multi-path signals.

6 EXPERIMENTAL RESULTS

Several flight tests were conducted to demonstrate the
performance of the integrated GPS system. These exper-
iments were designed to exhibit key features of the GPS
sensors and the algorithms required for formation-flying
vehicles. This section presents two indoor flight tests:

1. Demonstration of an autonomous take off and land-
ing of a single vehicle.

2. Demonstration of two vehicles performing au-
tonomous maneuvers while maintaining formation.

6.1 Auto Landing Test

The automatic landing tests were developed as a compre-
hensive demonstration of the entire system, including the
GPS sensors, and the estimation and control algorithms.
These experimental results demonstrate the robust per-
formance of the state estimation and control of a single
vehicle, which is a key step towards formation flight.

At the start of the sequence the blimp was placed on a
randomly located platform. A command to land on an-
other randomly placed platform was then sent to the ve-
hicle. The platform (dimensions 46” x 25”) was placed at
a known point, 4 ft from the ground level. The location of
the landing site was provided to the blimp prior to take-
off. The blimp took-off vertically from the first platform,
and then set a heading towards the landing point. The
blimp maintained a constant altitude and heading dur-
ing most of the transit. A typical 3-D autonomous flight
trajectory is shown in Figure 8.

Figure 9 shows the time history plot of the horizontal and
vertical position estimates from the GPS sensor while per-
forming an autonomous take-off and landing sequence.
The altitude was set at 2.23 ft above the landing plat-
form. Note that after approximately 50 seconds, when
the horizontal position had settled, the blimp started the
landing sequence by initiating a descent of 2 inches/sec
while holding the horizontal position.

Figures 10 and 11 show the 10 horizontal landing points
as measured on the table and estimated by GPS sensor,
respectively. The negative bias in the Y direction appears
to be a combined effect of a misalignment of the vertical
direction thruster and low gain in Y'-axis control. The
measured and estimated landing points are summarized
in Table 1. Note that the target landing point was X=-
30.0 ft, and Y=0.0 ft in these experiments. The table
shows that the estimated and measured landing points
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Fig. 8: 3-D Plot of Auto Landing Flight Path

Table 1: Results of 10 Auto Landing Results.

Horizontal X Y
Landing Point

Distance
from Target
Mean STD |Mean STD|Mean STD
Measured (ft) |-30.06 0.21|-0.55 0.23| 0.59 0.24
Estimated (ft)[-30.07 0.24 |-0.71 0.20| 0.76 0.19

are tightly clustered (standard deviation less than 0.24 ft
for both).

No truth sensor is available to validate the state estima-
tion during flight, so we can only test the accuracy of the
GPS estimator at the landing point. The landing points
were measured by a ruler once the blimp finished the de-
scent sequence, and the accuracy of this manual measure-
ment is on the order of 0.2 inches. Table 2 summarizes the
estimation errors for the 10 autonomous landings. The
errors are presented in terms of the inertial X and Y co-
ordinates. We also give the horizontal distance between
the estimated and measured landing points. The average
value of the horizontal estimation error (distance error)
was only 0.23 ft. Considering the HDOP value of 1.25
and multi-path effects in the testbed, horizontal errors of
0.23 ft can be expected based on carrier phase measure-
ment noise levels. The VDOP in the testbed (5.03) is four
times larger than the HDOP. This, combined with large
multi-path error, can cause relatively large errors in the
vertical position estimate. This error can be seen in Fig-
ure 8 and Figure 9, as demonstrated by the fact that the
vertical position estimate was approximately 0.4 ft below
the height of the actual landing platform (4 ft high) at
the conclusion of the flight.

So, in spite of these problems (which are entirely con-
sistent with the RF environment of the highbay) these
results capture a very successful demonstration of precise
vehicle estimation and control.
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Fig. 9: Vertical and horizontal flight paths.

Table 2: Estimation Error in Landing Points.

Horizontal X error Y error Distance
Estimation Error error
(ft) Mean STD|Mean STD|Mean STD
Estimate - Measurement | -0.01 0.14 | -0.16 0.17 | 0.23 0.13

6.2 Formation Flight Test

A second experiment was performed with the two vehicles
to demonstrate the complete 3D formation flying capabil-
ity. The vehicles were arranged to fly in a line formation,
and were initialized at random orientations and distances
apart. The maneuvers for the formation were a compli-
cated combination of changes in the horizontal position,
altitude, and yaw angle. During these maneuvers, the
controller attempted to maintained the initial relative X
and Y distances between the two blimps while also main-
taining an identical altitude and yaw angle. The follower
vehicle (Blimp-1) reacted to changes in the lead vehicle’s
(Blimp-2) position and attitude.

In the results shown here, the blimps started 24 ft apart
in X and 0 ft apart in Y. The altitudes were approxi-
mately 1 ft (0.3 m) apart. The heading angles were both
0°. The 3D position and orientation data was taken from
the GPS sensors for 100 seconds. The leader vehicle was
commanded to move about 3 ft forward and then 3 ft
backward. Additionally, it was commanded to perform
a full 180° yaw motion (two 90° steps) and undergo a
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Fig. 11: Estimated Landing Points

change in vertical height.

Figures 12, 13 and 14 show the time histories for the X,
7, and ¥ states for the two vehicles. A time lag in the
response of the follower vehicle (Blimp-1) is evident in the
data. This lag is a result of the relative control architec-
ture, and could be eliminated with a feedforward control
scheme wherein the leader broadcasts the maneuvers to
the follower vehicle as they are implemented.

The system errors are represented by the differences in
the altitude, yaw angle , and the horizontal displacement
(current blimp X and Y position minus the initial X and
Y position) of the two vehicles. These errors are shown
in Figures 12, 13 and 14.

7 CONCLUSIONS

This paper discusses 3D formation flight of several lighter-
than-air vehicles in an indoor GPS laboratory. A method
to generate a formation maneuver to rapidly solve for the
integer biases was presented. The indoor GPS environ-
ment was described, along with the GPS receiver devel-
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Fig. 13: Altitude of Formation Flying Blimps

oped for this application. Experimental data for the first
blimp formation test flights was also presented.
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