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In this paper, we present the theoretical foundaginod experimental results of a
novel generic GPS/INS relative navigation systensigied to support

autonomous relative navigation of manned and unedyAVs in demanding

applications such as aerial refueling, auto-landiagd formation operations.
Although this paper presents a generic approacélative navigation, emphasis
is placed on the aerial refueling application. Bhgctive is to provide relative
position, velocity, and attitude between one or enafueling aircraft and the
tanker. This information can be used by droguerobrengineers to improve

control law design.

The relative position, distance, azimuth and eiewapf the line-of-sight vector
from the refueling aircraft to the tanker are tyig provided by vision or laser
scanners. However, systems utilizing these semsersomplex and costly. We
have developed a GPS-based system in which rawnatigms from the
refueling aircraft are transmitted to the tankeotiyh a data link. The tanker
uses this data to determine its relative positmithe refueling aircraft (or vise
versa; depending on the control segment). The acguenhancement of the
system is achieved by using the GPS carrier phbsereable and fixing phase
ambiguities. The line-of-sight relative positionselvation is used in a Relative
Extended Kalman Filter, together with transmittesdvrIMU data to provide
relative navigation. We analyze the performancetted relative navigation
system on real-world data. Two manned vehicles wecggipped with
independent GPS/IMU systems. A data link, operatingthe 900 MHz.
frequency band, was used to transfer the raw GRISIMb data used in the
Relative Extended Kalman Filter. To provide a 'trgburce” for evaluating the
performance of the relative navigation solutionthbautonomous GPS/IMU
systems were fed data from an external refereruaver. The system provides
up to 100 Hz. relative navigation data with an aacy of 1.0 m position, 0.1
m/s velocity, and 0.5° attitude for all tests.

INTRODUCTION

Recent interest in manned and unmanned aerial leshitJAVs) has highlighted the
importance of precise relative navigation inforroatto the safe use of UAV's. Future military
and civilian UAV applications will increasingly remje capabilities such as sense and avoid,
swarming, platooning, dockihgautonomous landifigand autonomous aerial-refuelfrigall of
which require access to accurate Relative Time &pasitioning Information (R-TSPI) between
platforms. Traditionally, algorithms employing ajgption specific approximations were
developed to provide R-TSPI. For example, in aegéleling it was assumed that the vehicles
will be flying in close formation under similar dgmics.
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In this paper we present the theoretical foundafion a generic approach to relative
navigation and the use of this technology for aotous UAV aerial refueling. The approach is
capable of meeting the full range of relative dsdismanned and unmanned operations. We
present a Relative Extended Kalman Filter (R-EKRattintegrates line-of-sight relative
observations, including Global Positioning SystegP§)-based relative position and on-board
sensors measuring relative bearing and/or reldistance. The system can provide up to 100 Hz
R-TSPI with an accuracy of +1.0 m position, +0. 5 wélocity, and +0.5° attitude.

AERIAL REFUELING CHALLENGES
Automated Aerial refueling for UAV's is a challemgi problem requiring accurate R-TSPI

for safety of operation. Geodetics has developedGeo-RelNAV system, see Figure 1, to
address this problem.
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Figure 1: Geo-RelNAV

The navigation data provided by Geo-ReINAV can hécal for both safety and design
improvements. An important measurement providedGep-RelNAV for the aerial refueling
application is the vector closure rate, the diffitiad velocity between the tanker and refueling
aircraft. The closure rate is monitored in realdion-board the tanker. The measurement is used
to: (1) maintain safety-of-flight by ensuring refing airplanes do not exceed a certain speed, (2)
determine whether or not a refueling airplane apgined the tanker with sufficient speed, and (3)
provide data to drogue control engineers to impamrol law design.

Geo-RelNAV is configurable and natively providedusions in the correct, non-inertial
reference frame. Itis a GPS/INS system, so an tdb/produce a navigation solution at a faster
sample rate GPS alone. Solutions are availabl&/BR Ethernet providing a convenient way for
analysis engineers to monitor the data in real-tisiag standard monitoring and recording tools.
Geo-RelNAV can provide R-TSPI in different framésgluding body-frame, local navigation
frame (wander-azimuth) and earth-fixed frame, ali a® transferring the solution to arbitrary
points of interest on the aircraft such as theelaig aircraft’s refueling probe.



RELATIVE INERTIAL NAVIGATION

In this paper, we use the terms Primary and Secgridadentify the platforms for which
R-TSPI data is being generated. R-TSPI is alwagsiged for the Primary with respect to the
Secondary. Referring to Figure 2, the tanker issired the Primary and the refueling aircraft,
the Secondary (or vise versa; depending on theraos¢égment). Data is always transmitted
through the data link from the Secondary to thenBry. Figure 2 summarizes the geometric
relations that will be used in the paper, whereRhenary body frame is labelg®frame and the
Secondary body frame is labeledrame. The body frame fixed to the Primary (P) is shdwn

(XF‘3 L YE, ZF‘,J) , and body frame fixed to the Secondary (S) isr\ﬂ;hby(xg, Yo, zg).
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Figure 2: Primary/Secondary Geometry and Corresponihg Body Frames Fixed to the Vehicle Body

The relative navigation equation is set up for stete of the Secondary with respect to the
state of the Primary in the center of the body #arhthe Primaryp-frame®:

P —wP_xP
AX ps = XP X S (1)
whereXF‘,’is the Primary position vector established in fhzame, and xg is the Secondary
position vector defined in thp-frame. Note that these vectors can also be obtained fram

Primary/Secondary Strapdown inertial navigationusohs after transferring to the reference
(eccentric) point. These vectors are transformetdanertial framei-frame, using:

A)ZF'?SzRip(XiP—XES) @)

whereRiIO is the Primary attitude matrix which transformsnfirthei-frame to thep-frame. Eq. (2)
represents the fundamental equation, from whichidlaive navigation equations are derived.



This process is started by defining an interfaeen®, calleca-frame, which is a completely
arbitrary frame that rotates with respect toitfimme’. Notice that in this application everything
will be transformed to the body frame of the Priyare., a=p. The relative position in the
a-frame has coordinates in thdrame given by:

x' Ra( a xa) Ran 3)
Taking one time derivative of Eq. (3) yields thiatiwe velocity dynamic model:
[ i A @
AX ps = Ran +RabX pg (4)

In Eq. (4), the time derivative of the rotation matan be written ds

S _pl @

Ra = RaQi 3 (5)
where Q?a denotes a skew-symmetric matrix with elements frafh, Q|a =@ ]. Thus,
EqQ. (4) can be expressed as:

AX' RaQa DXE +Ran (6)
PS ™

Taking the second time derivative of Eq. (6) toanbtacceleration dynamic model, the relative
acceleration equation in tlaeframe is established as:

AXaS aan' —2Qana

3. -(02 +of0d X3, @

la*~“ia
In Eq. (7), the forcing ternzh);(. 5, can be expressed by the Primary/Secondary aatieles
sensed by their acceleromet@ﬁ, ag, as:
A vl i_ ozl = =l
AXPS Xp~Xg=dg+0g—(ap +0dp) (8)
where, éip,éi are the specific forces, being also the quantl’uyat tis sensed by the

Primary/Secondary accelerometers, respectively; @pdxp) gs(xs) are the accelerations

due to the gravitational fields in thdrame and it is a function of the position vector foeth
Primary and Secondary, respectively. Using Eq.K§) (7) is given by:

AX 3 = Riag - Ra: +R2(67 - 65)-2008X 5 - (0f + Q100 XS @)

To obtain the navigation equation in thdrame, one might tempted simply to substituge *
for ‘p’ in Eq. (9f. But, this would not provide the desired resuticduse the integration would



take place in a fixed frarhe The desire velocity vector is theframe velocity vector
coordinatized in a frame parallel to thérame, which we denote a"EPPS, and it is given by:

Vs = REAX o (10)
The time-derivative of Eq. (10):
dyp _pPrve ,RrPaA%E
EVPS =RgAX pgt Ré AX PS (11)

The A);(' s Can be obtained from Eq. (9) by specialized=te:
DX = Riag - RCAS + G5 -GS — 2QRAX 5 - QROLAX (12)

Substitution Eq. (10) and Eq. (12) into Eq. (118rthyields the desire form of the relative
navigation equation in theframe navigation equations.

Once the relative kinematic model of the positiod &elocity are established, the next step is
to develop the relative attitude kinematic mddeThe relative attitude, denoted by the

quaterniorg? , is used to map vectors in thérame to vectors in the-frame:

ad =qpDas (13)

whereq, andgs are the quaternion attitudes of the Primary ancbSgary with respect to the
i-frame; q; is the conjugate af,, and is the quaternion multiplication operator. Follogin
Eg. (13), the relative quaternion kinematic model be summarized as:

o0() = Awpsh 19

RELATIVE EXTENDED KALMAN FILTER

To establish the R-EKF, we need to derive the ik@ahertial error equations. The R-EKF
has 21 basic states including 9 for relative posjtax S, relative velocity,&/ts, and relative

attitude,/”, and 12 to model the Primary's gyro and acceletenieas (non-constant) and non-

linear scale factors. Since the relative distanetvéen the Secondary and Primary is small
compared to the radius of the Earth, the gravitynge see Eq. (9), are negligible. Thus, in the
linearized terms, the relative gravitational terar® ignored. It should be noted that the
Secondary states are assumed to be known forviatgithe absolute Primary TSPI information.
Since Equations (9), (11), and (14) can only preuite general dynamic model for a nonlinear
state model, all these equations must be lineanmidg Taylor series about nominal values
(neglecting the higher-order terms). After perttidrastate equations are established, they should



be discretized from a continuous-time to a disetiate sequende The final solution to the state
equation can be expressed as:

Khs (b)) = PR (bt )i (L) +w(t,) (15)
with:

CDES (tk ’tk—l) D I 21x21 + FP’; At
The perturbation elements are all related to tlimddy:

p p p
Keps, Nps, M,

5(88 = &Ccel Bpias ' 5A‘C0e| gcal e-Factor ! (16)
&Byr OBF')i as’ &Byr OSF::aI e-Factor

The JacobiarF; matrix is established as:

O3 las 0Osg Oz Oy O3 O3
FAvp Faw FAV[,// 3 FA\/ASc FAVGB FA\/GSc
O35 O3 FAW Oz Oy | 3 FA[/)GS:
Fos =| Oss Ozs Oz 0Oz Oag Oy Oy (17)
O3 Oss Osg O3 Oy Oy Oy
O3 Ozs Oss Oz O Oz Oz
_03x3 O U VR O3 Oz i

RELATIVE GPS MEARSUREMENT MODEL

High-accuracy relative positions are derived fréma tise of carrier-phase differential GPS, a
technigue commonly used in static positioning aggtions such as surveying. However, unlike
those applications, in this case the referencevece not stationary, it is located on a moving
platform (Secondary). This is called the movingsdime problem. The relative GPS
measurement in our system is provided by Geodefipsich-by-Epoch (EBE) differential
carrier-phase processifigwhich measures accurate relative position betwieerSecondary and
Primary systems. The EBE relative position haspactl accuracy better than 3 cm (1-sigma
horizontal) and 6 cm (1-sigma vertical). To val@this, testing was conducted using two ground
vehicles configured with 10 Hz. dual-frequency Gdeéssors.

The real-time relative position solution was reeardonboard the Primary receiver (the
Secondary vehicle was configured as the movingeate station). As a truth source for this test,
we independently post-processed the data from dwerlary and the Primary GPS units and
differenced the post-processed solutions. Figusa@®vs the solution and error plots of the two
solution types North, East, and Up along with ttegistical errors for each at the bottom of the
plots. The outliers in the error plots corresptmgoints where the data link between the Primary
and Secondary units was lost.
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Figure 3: The Statistical Difference Between Realiime Relative GPS Solution and Post-Processed
Differential Relative GPS Solution

The mean difference is less than 5cm.  Furtheestigation showed that a few large
residuals were due to data link drop outs occurdhgharp turns. As a conclusion, the GPS
relative mode was shown to provide accurate ralginsitions between the platforms.

Once the relative position is measured, the R-EB$eovation model can be established as:
y(t,) = |_(AX P )GPS - (Ax)msj(tk) (17)

The (AX FF,’S)GPS is the relative position measured by using GP8, datd the(m? SS)INS is the

relative position, which is predicted by using thast updated inertial solutions, see Figure 4. Note
that in order to use this relative observation, lther-arm vector between the GPS and IMU of
the both Primary and the Secondary must be actyrateasured and applied. Here, the

observation model is represented on the conditiat the vector of observationgt,), has
yielded certain values based on an assumed liekgionship toAJX (t) :

y(t,) = H&D (¢, ) +v(t, ) (18)
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Figure 4: The Relative Observation Model

Eq. (15) and Eq. (18) are the fundamental equatibtize R-EKF.
SYSTEM ARCHITECTURE

Relative navigation is computed and provided atafrtee units, designated the Primary unit.
This requires data from the Secondary unit to basfierred to the Primary unit over a data link.
The Primary unit uses this transmitted data toutate its position, velocity and attitude relative
to the Secondary unit. Figure 5 summarizes thkiteture and data-flow. Mathematically, the
data from the Secondary unit used in the relatifeutations are assumed to be errorless.
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Figure 5 — Geo-RelNAV Architecture



OPERATIONAL ENVIRONMENT

We distinguish the following three relative navigatstages, illustrated in Figure 6, where
each phase utilizes a unique processing mode.
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Figure 6 — Relative Navigation Phases

In the Approach phaséje data link between Primary and Secondary usitot closed. An
autonomous navigation solution for both the Primang Secondary units is computed on each
platform independently. This information will batér used when the system transitions to the
Engagement phase to initialize the R-EKF. In thgydgement phase, the data link between
Primary and Secondary units is closed and the R-TS®Rition is computed between the
platforms. Sensor observations are transmitteoksadhe data link from the Secondary unit to the
Primary unit. The Primary unit implements the RFE#® produce the R-TSPI solution. In the
Departure phase, the activity requiring R-TSPI asnplete (i.e. refueling complete) and the
Secondary platform pulls away from the Primaryfplath. In this phase, we transition from the
R-EKF back to the autonomous independent navigatystem.

The Approach phase is as important as the Engadgrhase in attenuating the initialization
error in terms of position, velocity, and attitude initialize the R-EKF, the autonomous TSPI
solution from the Secondary unit is transferredhte Primary unit, where the initial relative
position, velocity, and attitude are estimated. r€Ehare three conditions under which this
initialization must occur: (1) upon transition frafme Approach phase to the Engagement phase,
(2) when in the Engagement phase and the systearierRpes a data link dropout, and (3) when
there is a large latency in the data link. If daga link latency is too large, the data arrivihghe

Primary can no longer be used.



Data Link and Time Synchronization

Being an inertial navigation system, Geo-RelNAMea®lon tight time synchronization of the
IMU and GPS data in both Primary and SecondarysuRifirther, as a relative navigation system,
data link latency must also be considered. The litst configuration for a specific radio will not
be discussed here. However, the importance of lifdtabandwidth for the R-TSPI system
cannot be over emphasized. Without data transinftiem the Secondary unit and received
intact by the Primary unit, a R-TSPI solution cat be computed. Thus, the data link used
should be carefully selected to provide sufficieabdwidth to support the desired update rate for
the application.

There are three types of information transmittesnfrthe Secondary unit: (1) raw GPS
measurements, (2) raw IMU measurements, and (3) 0fSRe Secondary unit. The size of the
GPS messages varies with the number of GPS seddilding tracked, a maximum of 600 bytes
per message (dual-frequency observations) shouldllbeated. To help reduce the data link
traffic, an algorithm was developed for down-samglihe IMU data from original rate (e.g., 100
Hz. for the Honeywell HG1700) to a lower rate foartsmission (i.e., 20 Hz.). The size of the
Secondary TSPl message is 102 bytes. As an exathpleates of 5 Hz. GPS and 20 Hz. IMU
processing, requires a data link capable of tramisigoslightly over 5k Bps in one direction. If a
higher throughput data link is in use, the charge Wwould most improve system performance
would be doubling the GPS sample rate to 10 Hz.

GEO-RELNAV VALIDATION TESTING

As part of the development process for Geo-RelNA&teral tests were conducted
including static bench testing and dynamic groumethicle testing. For static bench
testing, Geo-RelNAV was setup on two points witm@asured fixed displacement. The
sensor configuration included dual-frequency GR®iwers, Honeywell HG1700 IMUs,
and a data link operating in the 900 MHz. frequebeynd. Figure 7 (a-c) shows the
R-TSPI solutions with statistical data analysishia form of mean and standard deviation.
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Figure 7: Relative Position, Velocity, and Attitudefrom Static Bench Test

The results of static bench testing illustrate&igure 7 show that relative position held to the
fixed offset with a standard deviation of less tlah m in North, East and Up. Relative velocity
held to zero with a standard deviation less th@d éh/s, and relative attitude was also maintained
with the accuracy up to the gyro bias stability481700 IMU (1°/Hr. for a stationary platform).
The overall performance of the system in staticcheiest confirm the stability of the hardware
and software of Geo-RelNAV, when the system isexqtosed to any dynamics and the sensors
are in close proximity (no data link latency oraldtopouts).

Next, we moved to more realistic dynamic driveitestTo simulate the operational phases
described in Figure 6, the drive test followed apsed path. The two platforms left Geodetics’
facility and drove separately (simulated Approaghiil they met each other at the Fiesta Island
test site (as shown in Figure 8), where the datawas closed for the Engagement phase. The
Primary and Secondary navigation systems operatibendently during the Approach phase.
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Figure 8: Drive Test Ground Trajectory of the Primary (Blue

)nd Secondary (Red)

Once the data link was closed at the test site, RHEKF engaged using initialization
information transmitted from the Secondary to thienBry platform.To provide a "truth source" for
evaluating the performance of the relative navagasolution, both autonomous GPS/IMU systems were
fed data from an external reference receifable 1 summarizes the statistic analysis of tHESRI
solutions. Average RMS of fit in the relative pasit, velocity and attitude of approximately 1.0
m, 0.1 m/s and 0.3°, respectively, were computedhf® entire relative navigation period. In this
dynamic test, we encountered frequent data linkpalits, data link latency, as well as GPS
outages, causing discontinuity in the R-EKF measerd updates until GPS was reacquired.
During these periods, the R-EKF prediction modeklated with the last calibrated IMU data
provided the R-TSPI. This test help confirm thiaé tGeo-ReINAV performance is at the
expected levels, even in the presence of real-wdatd link and GPS problems.

Table 1: Statistical Analysis of the R-TSPI Solutia

R-TSPI RMS
Components Mean+ STD
Relative X B 0.1+0.9
Position
m) Y. 0.1+0.6
Zh 0.2+0.9
Relative AV P 0.0+0.1
Velocity =
(m/s) Avyp 0.0+0.1
AVZP 0.0+0.1
Relative Yaw 0.0+£0.3
Attitude Pitch 0.0+0.1
(degrees) Roll 0.0+0.1
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CONCLUSION

We presented an autonomous relative navigatiorsysind discussed its application for the
aerial refueling problem. Considering the operatiamvironment, special attention was placed
on the system architecture so that the system eadlé most possible real-world scenarios,
including frequent data link dropouts, data lintelecy and GPS outages. The core of the system
is a Relative Extended Kalman Filter, which usess@Rd IMU measurements of the Primary
and Secondary platforms to estimate the relatiegtiad navigation states. The system is able to
provide Relative TSPI at the IMU sample rate with accuracy of £1.0 m position, 0.1 m/s
velocity, and £0.5° attitude.

An added benefit of the system architecture isathiéity to add observation models that do
not rely on GPS. Thus, redundancy can be introdusétly sensors such as vision systems. A
generic format of relative observations, includietative range, bearing, and elevation is part of
our future work.
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