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ABSTRACT

This work considers autonomous coordination between two
Unmanned Aerial Vehicles in orbit about a target, with
the purpose of geo-locating the target. Wind and target
movement significantly affects the relative phase angle be-
tween the vehicles. Guidance algorithms are investigated to
track a commanded phase angle between vehicles. A planar-
kinematic aircraft model is introduced in which the effects
of wind, attitude dynamics, and control nonlinearities are
considered.

1. NOMENCLATURE

X Course, [rad]

Va Airspeed, [m/s]

Vy Inertial speed, [m/s]

Vo Nominal inertial speed, [m/s]

Vi Windspeed, [m/s]

Up Clock angle, or bearing from orbit center, [rad]
P Heading, [rad]

Yuw Wind direction (from), [rad]

1% Velocity, [m/s]

TN North position [m]

YE East position [m]

R Radius of orbit, [m]

Subscripts

w Wind

e Earth fixed North-East-Down frame (NED)
b Body fixed frame

1,2 Vehicle 1,2

2. INTRODUCTION

Two UAVs are to coordinate their observation of a target
autonomously. The target location is only roughly known.
It is presumed that some on-board sensing is in place to
establish the relative target position. The UAVs are com-
manded to orbit about the estimated position of the target.
The goal of the observation is to geo-locate the target, i.e. to
accurately determine the absolute target location.! A stand-
off procedure is preferred to directly over-flying the target
to reduce the chances of detection. A stand-off geo-location
process can be optimized by orienting the sensor ranges per-
pendicularly.! Therefore, it is desirable for the UAVs to
maintain approximately 90° angular-phase relative to each
other, Figure 1.

The UAVs initially coordinate their sensor imagery of the
target by being co-located on the orbit, after which separa-
tion should occur to improve the geo-location of the target.
In this work we investigate feedback structures to achieve
tracking of desired relative phase angles. The effect of wind
or target movement is the major consideration. Direct ma-
nipulation of airspeed is limited. Therefore we consider
manipulation of the orbit radius. A further enhancement
can include manipulation of altitude, albeit closely coupled
with airspeed. However, this was not pursued in this work
due to the desire to have multiple vehicles operating in close
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Fig. 1 Geo-locating a target with two vehicles.

proximity, and the requirement to maintain target image
lock. We note here that the effects of wind on two vehicles
can be reduced by reducing the required relative phasing an-
gle, which may have only limited effect on the geolocation
estimation speed and accuracy. However, this has limited
value for multiple vehicles in orbit.

The work is demonstrated in hardware-in-the-loop simu-
lation of flight with two ScanEagle aircraft.> The geometry
of a typical stand-off observation orbit for these aircraft is
designed as:

e The nominal radius R, = 200[m)].

e Altitude of the vehicles, h1 = 1000[ft] and hy =
1100[ft].

e Airspeed manipulation assumed at 20 < V, < 35[m/s]
with first order dynamics.

e Radius manipulation assumed as 0.9R, < Rz < 1.1R,,
where Ry refers to vehicle 2.

In Sections 3 through 5 we analyze how the effect of wind
dominates the ability to coordinate the vehicles in orbit.
This is accomplished with the aid of a planar kinematic
aircraft model that includes the effect of wind and aircraft
performance limits. Next, we motivate and describe the
design of the control laws for orbit coordination and how
these interact with the vehicle guidance law. Finally, we
indicate the similarity of orbit coordination in a wind field
with coordinated tracking of a moving target.

3. THE EFFECT OF WIND

Wind is expected to be a major factor in the guidance of a
flock of small UAVs. It is of interest to see what the effect
of wind is on the relative phase angle between vehicles in
orbit. We investigate the following examples:

1. Given that both vehicles maintain constant airspeed of
25 m/s, and given a relative phase angle of 90° at some
point on orbit, how does the relative phase angle vary
around the orbit? (Figure 4.)

2. Given that vehicle 1 maintains a constant airspeed in
orbit, what is the required change in airspeed of vehi-
cle 2 to maintain a 90° relative phase angle? (Figure 5.)

3. If both vehicles can adjust airspeed, what variation is
required to maintain 90° phasing? (Figure 6.)

4. Given that manipulation of airspeed may be limited,
can the orbit radius of one of the vehicles be altered to
control the relative phase angle? (Figures 11-17.)



Using vector notation to include wind and express its re-
lation to ground velocity, Figure 2, provides:

Vat Vo =V, M)

Expressed along the N ED-frame, this is

Va costp — Vi €08 Yy V4 cos x
( Vo siny ) —|—< — Vi sin ¥y, ) = ( Vg sin x )
0 0 0

e e e

where 1) is referred to as ‘heading’, and x as ‘course’. The
wind direction is v, which is defined relative to the N ED-
frame as the compass direction from which the airmass is
coming.

Fig. 2 The effect of wind; definitions for heading v,
course Y, and wind direction .

From the N ED-components we obtain two expressions:

Vicos(®) = Vyoos() +Vocos(bu)  (2)
Vasin(y) = Vgsin(x) + Vi sin(¢w) 3)

These expressions apply independently to both vehicles,
which are indicated in what follows with subscripts 1, 2. Of
the variables, we assume that the airspeed of vehicle 1 is
constant at Vi1 = 25m/s. Wind-speed and direction are
assumed known® and for convenience of analysis we select
Yw = 0. Since we are not concerned with the heading of
either vehicle, these can be eliminated from the expressions,
to obtain:

Vi = Vg2 +Va+ 2V, Vi cos(x) (4)

The groundspeed of vehicle 1 can then be expressed as:

Vy = Vwcos(x1)+Va1\/1 (“//—w)Qsm%Xl) (5)

al

Consider figure 3, while the vehicle remains on orbit, the
following holds.

x1 = Ypt+m/2 (6)
7/.)171 = Vgl/ R (7)

Combining the results applied for both vehicles gives:
Ad}p 2 d’pl - 1/.’p2 = (Vo1 —Vg2) /R (8)

The effect of wind on the relative phase angle can then be
recreated from Eqns(5) and (6) applied to both vehicles, and

Ad’p = (Vgl - Vg?) /R
1[’?1 = Vgl/R
Yp2 = Yp1 — Aty

The results are displayed in figure 4. These results indicate
that for mild wind conditions the phasing may remain satis-
factory for purposes of geo-locating. However, for high wind
conditions or to optimize the geo-locating, some regulation
of relative phase angle is desirable.

If, rather than maintaining V,2 constant, we manipulate
it to maintain the relative phase angle Ay, = 90°, then
Vo2 = Va
Yp2 = Pp1 — /2
this also implies x2 = 1¥p1. From the foregoing we can obtain

an expression for the required airspeed of vehicle 2 in terms
of the clock-angle of vehicle 1:

Vaz = \/Vg21 + Vig +2Vg1 Vi cos(¥p1) (9)

The result is indicated in figure 5. A windspeed of 10m/s
would require airspeed manipulation of up to almost three
times that amount.

If both vehicles adjust their airspeed to maintain a con-
stant relative phase angle, the required changes in airspeed
are dramatically lower. This is shown in figure 6.

4. A PLANAR-KINEMATIC AIRCRAFT
MODEL

For design and analysis of the orbiting guidance algorithms
we will reduce the aircraft dynamic model to a planar-
kinematic model, figure 7. We will be concerned with the

Fig. 3 Definition of relative phase angle between two
vehicles.
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Fig. 4 Effect of wind on the relative phase angle with
both vehicles operating at constant airspeed. The max-
imum and minimum depend on where the vehicles are
phased at 90°. The results give approximately the worst
case situations.
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Fig. 5 Required changes in airspeed of vehicle 2 to
maintain a constant 90° phasing between vehicles, while
vehicle 1 maintains V,; =25 m/s.

40

===Vy

35 1

Vo Var [m/s]

151 Wind R
360 @ 10m/s
360 @ 5m/s
10 i i i i i . .
0 50 100 150 200 250 300 350 400

¥, ldeg]

Fig. 6 Required changes in airspeed to maintain a
constant relative phase angle of 90°, while both vehicles
maintain an average airspeed of 25 m/s.

inertial position of the aircraft, which we express in terms
of the inertial course and ground speed:

in = Vycosy (10)
jp = Vysiny (1)

The effect of wind is included as Eqns 2, repeated here for
completeness of model formulation.

Vacos(¥) = Vycos(x) + Vocos(wu)  (12)
Vasin(y) = Vgsin(x) + Vi sin(¢w) (13)

The aircraft is assumed to operate with coordinated turns,
i.e. with the resultant acceleration in the aircraft-plane of
symmetry. The planar kinematic approximation of a co-
ordinated turn links the bank angle to the course-rate of

change as:

X = % tan ¢ (14)
Wind also affects the relation between course and heading.
The heading is obtained from the above navigation equa-
tions as:

(15)

b = atan?{ Vg sinx + Vi sin ¥, }

Vg cos x + Vi cos 9w

where atan2 represents the 4-quadrant tangent function.

Time scale separation between navigation and bank-angle
dynamics allow the bank-angle to be considered as a control
signal for navigation purposes. The aircraft under con-
sideration in this work shows bank angle dynamics to be
approximately first order as:

Tod = —d+ ¢e (16)

where ¢ is the actual bank angle, ¢. the commanded bank
angle, and the time constant 74 &~ 1/2.7 s. Furthermore, ¢.
is limited to +45° and rate-limited to £45°/s. The remain-
ing control degree of freedom considered in this work is the
airspeed. The dynamics associated with airspeed manipu-
lation depend on engine dynamics, atmospheric conditions,
and propeller efficiency. We approximate the airspeed re-
sponse as a rate limited first order system with hard bounds
on the output, where 7v =1 s.

TvVe = —Va4 Vac (17)

Eqns(10) through (17) describe aircraft motion at constant
altitude, with approximate attitude dynamics. Coupling be-
tween lateral-directional and longitudinal motion is ignored,
as well as the coupling between speed and altitude.
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Fig. 7 The Planar-Kinematic model with control and
disturbance inputs. A represents a delay. The Co-
ord. Turn is Eqn(14), the Heading Egn. is Eqn(15), and
the Nav. Egn. represents Eqns(1), (10), and (11).

“

For guidance algorithmic design, position and velocity in-
formation is assumed to be available at sufficient frequency.
However, the quantization and processing delay of position
and velocity feedback signals is included as:

[t/ Ak Ak — A) (18)
X([t/Ak]Ar —A) (19)

=) ¥
|

where Ay is the sampling time, and A a pure delay, |z]
is the largest integer < z. For example, pure GPS data is
typically available at Ay = 1s.

5. CONSIDERATIONS FOR DESIGN OF
GUIDANCE ALGORITHMS

5.1. Course-rate-of-change versus yaw-rate

In design of the guidance laws for inertial orbiting in
strong winds, a distinction must be made between the in-
ertial course rate-of-change and the heading rate-of-change.
This is not commonly addressed in the literature. To visu-
alize the effect of wind on the course-rate-of-change as com-
pared with yaw-rate, we manipulate expressions (2) and (3)
to obtain:

Vi = V24 Ve —2ViVicos (¥ —w)  (20)

Vo siny — Vi, sin 1y,
tan x Vo cos ) — Vi, cOS Yy ( )

Consider that V,,, and 1, are constant, and V, varies slowly.
Suppose for convenience that v, = 90°, then we can find
from Eqn(21) that:

. 2
X cos” x Vw\ .

& = 1—(— 22
= Ul CI R B
Combining this expression with Eqn (21) we can express
how the yaw-rate compares to the course-rate-of-change in
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various orientations and for various wind speeds. The result
is shown in figure 8, which shows that the course-rate-of-
change can be dramatically different from the yaw-rate in
strong winds, e.g. the course-rate-of-change is up to 70%
faster than the yaw-rate when V,, = 10m/s while flying at
Vo = 25m/s.
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Fig. 8 Course-rate-of-change to yaw-rate ratio in various
wind speeds while vehicle has an airspeed of 25 m/s.

If we allow for arbitrary wind-direction, Eqn(22) becomes:

X _ COSQX B ﬁ B
g B (Cosw—Vw/Vacosww)Q {1 <Va>COS(’L/J ww)}

5.2.  The coupling of inertial speed and bank angle

The coupling of the bank-angle dynamics and nonlinear-
ities (bank-angle and roll-rate saturation) with tight radius
path following dynamics is exacerbated by the effect of wind.
The effect of inertial speed on kinematics will form an im-
portant disturbance on path following performance. It is
therefore of interest to see the explicit effects of inertial
speed and orbit radius on the guidance laws.

From Eqns(14) and (16), the aircraft course rate of change
about straight and level flight behaves approximately as:

ToAY = —Ax + %Aq&c (23)
g

where for this aircraft 7, ~ 1/2.7 s. The kinematics of a
constant altitude steady state turn may be approximated as
(assuming inertially coordinated turn with negligible pitch
angle):

P = arctan(%;{) (24)

or, expressed in orbit radius:
V2
¢ = arctan g_}]{ (25)

When linearized about a straight course, i.e.:

Ge
X

bco + A¢
Xo + AX

where ¢.o = Xo = 0, Eqn(24) is approximately

Ad. ~ %Ax (26)

This is the steady state of the roll bank angle to course
dynamics in Eqn(23). When linearizing Eqn(24) about a

nonzero steady state bank angle, as is the case in orbiting,
we obtain:

Abu(BY) ~ {1+ (%x) } %Ax 27)

If the aircraft operates at some nominal inertial speed V5,
and considering that

Vo = RoXo (28)

Then the change from the nominal bank angle due to
changes in inertial speed can be approximated as:

AG(AV,) ~ {1+(g‘§0)2}1 (;;Z)Avg (20)

where AVj is the result of a combination of airspeed manip-
ulation and the effect of wind.

5.3. The coupling of radius and bank angle

When Eqn(25) is linearized about an arbitrary nominal
orbit, with
AR2R-R, (30)

we have approximately

A¢(AR) ~ {1+(9V—é>2}1 (g‘g{)) if(:n)

Eqns(29) and (31) may be useful to indicate potential bank
angle limit encounters, and when inverted can be used to
prevent integrator wind-up in the guidance algorithms due
to bank-angle and roll-rate limits.

6. ORBIT COORDINATION CONTROL LAWS

The means to manipulate the phasing angle is apparent from
Eqn(8). The phasing angle of each vehicle is affected by ra-
dius and inertial velocity. The radius will be manipulated
directly, and the inertial velocity will be manipulated by
controlling airspeed. Convergence with the desired path is
ensured by the helmsman guidance law as long as the re-
quired path and speed variations remain of relatively low
frequency. From Eqn(8), the effects of wind and the means
of disturbance rejection as well as tracking control are seen
to be

; ; Va + A‘/a. + A‘/W
A = o < 2
wpo + wp RO + ARC (3 )

Therefore, with limited AV,, and AR. we have approxi-
mately

: 1 Va
Ady m o (AViv + AVa,) = TR AR (33)
0
Va
= % (AViv/Vag + AVay/Vag — ARe/Ro)
0

Winds that are e.g. up to 0.5V,, would require AR./Ry ~
0.5 if regulated by radius manipulation only. Alternatively,
airspeed changes of +50% would be required to suppress
the wind disturbance. Neither of these solutions is practical
individually. Furthermore, for coordination between aircraft
with performance limits, the required changes in airspeed
are actually larger than the wind speed, see Figures 5 and 6.
Hence, a combination is applied. A further enhancement can
include manipulation of altitude, albeit closely coupled with
airspeed. This was not investigated in this work.

Consider control laws for airspeed and radius proportional
with phasing angle tracking error:

AR, = Kgr(the — p) (34)



and
AVa, = Kv(¥e —p) (35)

then, with the above assumption for low maneuvering band-
width, the closed loop behavior for tracking of a phase-angle
command will resemble

k

Aipy(s) = Py

Athe(s) (36)
where k determines the desired nominal performance. In
case of the radius control law, this may be accomplished by
designing

Rj

Krp =
R Voo

k (37)
and in case of the airspeed manipulation
Kyv = Rok (38)

The fact that we manipulate airspeed, and that it is lim-
ited to e.g. 20 < V, < 30[m/s], will have an effect on the
closed loop as proposed. A linear approximation of the re-
lation between inertial speed and airspeed as a function of
clock angle can be obtained from Eqn(5), which was derived
for ¢, = 0. For each vehicle this approximation is:

{1 _ (“//“’) cosQ(¢p)}1/2AVa (39)
{1+(“2"0) miﬂ}AVa (40)

We can use this expression to investigate the effect of the
ratio Vi, /Va o on the performance of the control law.

Results of controlling the relative phase angle to 90° in
North wind of 10 m/s by varying airspeed of both vehicles
within the range 20 < Vo, < 30[m/s| is shown below in
figures (25) through (28). These results are compared with
a combination of airspeed and radius manipulation.

AVy

Q

Q

Open loop radius change

Figures 11, 10, and 9 show that it should be possible to
use manipulation of the radius to separate the vehicles, and
possibly to maintain that separation in wind conditions. To
maintain the target-image calibration between the two ve-
hicles, the orbits can not differ dramatically. If one of the
vehicles looses track of the target, re-coordination must be
established by co-locating the vehicles in orbit.

Proportional radius control law

A possible phase-angle tracker may be designed by feeding
back the relative phase angle to a commanded change in
radius. To limit the change in radius to reasonable values,
a nonlinear feedback is necessary, e.g. by limiting the radius
change to +25%. Figures 14, 13, and 12 show how direct
feedback from phase angle error to commanded radius yields
the desired result, but that the desired phase angle difference
is approached asymptotically. Hence, a nonlinear feedback
is preferable.

Nonlinear closed loop

A nonlinear feedback of phase angle error to the com-
manded radius for vehicle 2 can improve the response of
the relative phase angle to resemble that of the open loop
response in figure 10. The results of using a sigmoidal or
‘soft-step’ type function in the feedback of relative phase
error to commanded radius for vehicle 2,where the radius is
limited to #10% of the nominal, are shown in figures 15, 16,
and 17. The result in figure 16 is close to the maximum
performance to be expected given the design of the path fol-
lowing algorithm. However, figure 17 reveals a problem that
appears to include coupling of the convergence to path, the
radius of that path, the bank angle dynamics, aggravated
by the nonlinear feedback loop.
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Fig. 15 Orbits and positions for vehicles 1 and 2, as
a result of nonlinear feedback from phase angle error to
radius. The desired phase angle difference is approached
in finite time.

Fig. 12 Corresponding orbits and positions for vehicles 1
and 2, as a result of simple proportional feedback from
phase angle error to radius. The desired phase angle
difference is approached asymptotically.
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Fig. 17 Closed loop commanded radii, with the change
in radius for vehicle 2. Also shown are traces of the
actually flown radii. (Overshoot is due to integrator
wind-up.)

Fig. 14 Closed loop commanded change in radius for
vehicle 2.



7. PATH FOLLOWING CONTROL LAW

7.1. Implementation of Path Following

It is assumed that desired strategic paths have been gen-
erated and communicated to the individual vehicles, e.g. by
the ECoPS path-planner.* The Payload takes input from
the INS (IMU/GPS) and contains a coordinate transforma-
tion that converts inertial position and velocity information
to position and velocity relative to the desired path. The
purpose of the coordinate transformation is twofold; to con-
veniently express deviation from the path, and to measure
progress along the path. The first is used for convergence
strategy by the Helmsman. The second as a measure of
progress along the path, independent of whether the vehicle
has converged with it. In the following, (see Fig 18)

ys = the cross track error measured from the
vehicle to the closest point on the desired path

»

arclength position along desired path
radius of the path at point s

p(s
k(s

Xs(s

curvature of path £ 1/p(s)

o —

direction (from North) of path at point s

Frame Fs moves with the vehicle on the desired path, with

TN desired
pah

Ys

Fig. 18 The ‘Serret-Frenet’ coordinate transforma-
tion for a 2D-path. The Serret-Frenet frame provides
a means to ride along the 2D curve and illustrate its
properties (curvature).

Xs in the direction of the desired inertial velocity, i.e tan-
gential to the path, and ys; normal to the path. Assume
coordinated level flight; ups =~ V; and vy = 0. The relative
course is defined as

X £ X — Xs (41)

The actions of the Payload processor are represented in Fig-
ure 19. The individual Fs path variables are related to

waypoints {lat,lon}
& path segments

K Progress along
path segments

Helmsman

siny O
—K COSX 1

Yl
—»( gosx O)
T I—ks

2
; s W Vo
¥s0 Iinitial conditions,

or calibration

Fig. 19 The coordinate transformation part of the Pay-
load Processor, where V; is the inertial speed, r ~ x the
yaw rate, and the path segments are received from the
path planner / trajectory generator.

aircraft states by the following expression, represented by

» f » strategy > Ycom
A
demux. |

the matrix in figure 19:

ys = sin(x)Vy (42)
. cos(x)
5 = ng (43)
5(1’ = X—Xs (45)

Limitation: Eqn(43) and (45) are not usable when y, =
ﬁ = p(s), i.e. when the vehicle is at the center of the

instantaneous circle.

7.2. Design of The Bank Angle Command

In the following, a bank-angle command is constructed
based on the helmsman behavior with the goal to follow
the desired path. It is assumed that the wind {Vu,w}
are known (estimated), the airspeed V, and altitude remain
approximately constant, bank angle command following per-
forms well and fast relative to path-changes of £30°, and the
commanded path will be mild enough to prevent extreme
wind-up of path-following integral action due to roll-rate
and saturation limits. The latter is a temporary assumption,
hedgi?g of the commanded heading rate will be implemented
later.

The input to the helmsman is the cross track error ys, the
relative course Y, and the ground speed V. The output is a
turn rate command, which can be translated kinematically
into a bank angle command. Let the ideal course conver-
gence dynamics be specified as follows

EX(O) = oo (16)

where Xcom is a control law

d

—Xeom(t) = (X, Xc) (47)
dt

where, to avoid adding integrator dynamics and its associ-
ated implementation woes, we used a simple proportional
design with a feedforward term:

v = k;(%c - %) + KV, (48)

This construction is represented in Figure 20. kVj is a
kinematics feedforward term that replaces the need for in-
tegral action for constant curvature path following. Herein
X denotes the commanded intercept course based on the
helmsman behavior, defined by

672& Ys _ 1

Ry 4
T (19)

~ A~
Xe = U(ys) = Xicpt
where a and Xicpt are positive design parameters.
In no-wind conditions, a coordinated turn® relates bank
angle kinematically to turn-rate as

tan(¢) = <4 (50)

When operating in a wind field, an inertially coordinated
turn results in

tan(¢) = %X (51)

Note from Figure 8 that the difference between ¢ and x can
be significant.

Finally, the above strategy is accomplished in the form of
the commanded course-rate of change which is mapped to
a commanded bank angle as

P = arctan(% V) (52)



Ys — o(-)

Fig. 20 The helmsman reference model, representing
the behavior of a ’good helmsman’. Its output is a de-
sired turn rate signal. The desired relative course is a
function of cross-track distance saturating at an inter-
cept angle (< 90°, e.g. in commercial aviation this is
typically 30°). A similar strategy can be applied for al-
titude.

7.3. Asymmetry in Helmsman Dynamics

The helmsman produces a course-rate-of-change com-
mand based on lateral deviation from the desired track.®
When the aircraft is already banked in a nominal radius
orbit, the convergence with a larger radius orbit will dif-
fer from that with a tighter orbit (due to both geometry
and bank angle nonlinearities), figures 21 and 22. These
responses can be improved by adding damping, as well as
integrator windup protection with respect to the bank angle
and roll-rate limits. However, this can be further addressed
by adding some asymmetric helmsman compensation in the
yaw-rate to commanded roll relation that aims for a more
aggressive intercept angle when converging with a tighter
orbit, and v.v. when needing to ease up and converge with
a milder orbit. For example, when converging with a path
from the inside of a curve, the intercept angle can be milder,
say 30°, when converging from the outside it will be more
aggressive 45°. This leads to quicker response, see Fig-
ures 23 and 24. The asymmetric sigmoidal nonlinearity for
the helmsman in this example was defined as

Sk = |Ko| X sign (Ko ys)
)~(icpt = —7.5 % Ko * Sk + 37.50
- eavs — 1
o(Ys) = —Xicpt * m
Xe = —U(ys)

where in this example ko, = 1/200, and where s, is a para-
meter proportional to k, that indicates whether the vehicle
is converging from inside or outside the curve. This design
will command a 45° maximum intercept when converging
from the outside, and a 30° maximum coming from the in-
side. Although this asymmetric design is smooth, it is not
a function of ground speed. Ground speed will be a ma-
jor factor in the convergence dynamics, as well as in vehicle
capabilities.

8. RESULTS

8.1. Orbit Coordination in Wind

A comparison of the guidance loops to maintain a relative
phasing of 90° is shown in figures (25) through (28). This
describes the following scenario:

Commanded phasing:  Awypc = 90°

Wind: 10 m/s from North

Nominal airspeed: Va1 = Vaa =25 m/s

Range of airspeed: 20 <V, <30m/s

Nominal radius: Ri = R>=200m

Range of radius: 180 < R2 <220 m

Initial position: vehicles co-located West of tgt.
Initial heading: both vehicles heading North

Figure (25) compares the relative phasing for the above
situation with manipulation of airspeed and both with, and
without manipulation of radius. The vehicles start out co-
located. In about twenty seconds they are phased at 90°.
Perturbations on phasing occur when airspeed limits are

Fig. 21
tracks.

Asymmetry

30 T T T T T T T

25k Actual path
— - — Commanded path

Radius ~R [m]
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Fig. 22 Nonlinearity in the bank-angle to yaw-rate re-
sponse. Note the difference in overshoot between going
outward and coming back to the inner radius.
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Fig. 23 Flight path corresponding to first orbit change
in Figure 24, over time range 10 — 15[s] approximately.
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Fig. 24 Asymmetric intercept angles for path conver-
gence from inside and outside of a curve.



reached, as indicated in figure (26). The cause of these
perturbations is reflected in figure (27), which show traces
of the ground speed of both vehicles. When airspeed limits
are reached, the ground speeds of the two vehicles differ.
If no airspeed limits are reached the upper traces would be
identical. The bottom traces include manipulation of the
radius for vehicle 2, and therefore the ground speed will
show subtle differences even when airspeed limits are not
reached.

Figure (28) displays the radii for both situations for both
vehicles. The upper traces are merely the perturbations of
the nominal of the commanded R, = 200m. The bottom
traces include the manipulation of commanded Ra.

8.2.  Orbit Coordination with a Moving Target

The mechanism that allows for orbit coordination in wind
can also be applied to the orbit coordination about a mov-
ing target,” of which the position is assumed known. Flight
about a stationary target in a wind field, can be interpreted
as kinematically equivalent to maintaining orbit about a
moving target. Differences between these situations are
due to inertial effects and their coupling to performance
limits, notably the difference between course-rate-of-change
and yaw-rate, Equation 22 and Figure 8, and the effect of
inertial speed on the rate-of-turn, Equation 51.

Results for a target moving with varying speed and direc-
tion is shown in Figures 29, and 30. The target speed varies
between 5 and 20 m/s, its direction between approximately
North and East. The vehicles are commanded to maintain
75° phasing.

At high target speeds, the achievable rate-of-turn, and
its dependence on bank-angle limit and inertial speed will
result in instabilities, exacerbated by the helmsman limits
(Equation49) and possibly by modulus 27 aspects of the
guidance algorithms and its signals. Hence, similar to the
effect of wind, the performance of the tracking can not be
guaranteed for situations where the inertial speed differences
between target and aircraft become too large and the effect
of actuator saturation to pronounced. This remains to be
addressed further. For high speed target tracking, mode
switching may be required. Alternatively, non-deterministic
designs®® may be formulated to apply to the coordinated
tracking problem.
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