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Guidance of a Roll-Only Camera
for Ground Observation in Wind

P. G. Thomasson*
Cranfield University, Cranfield MK43 OAL, England, United Kingdom

How a nose-mounted imaging sensor with a single-motion axis in roll can be used for ground observation is
demonstrated. It is shown that point, line, and area observation are all possible in the presence of wind. Continuous
point observation is possible by the use of an orbital trajectory in conjunction with a lookdown angle of 90 deg.
For other lookdown angles the trajectories are spirals. Algorithms are derived for aircraft guidance including the
cases of arbitrary lookdown angles and stationary or moving ground points, and the effects are illustrated using
a six-degree-of-freedom simulation model. The effects of aircraft attitude, wind estimation, and height errors are

discussed.

Nomenclature
C = orbit circumference
c =C/H
E = distance east
e =E/H
g = accelerationdue to gravity
H = altitude
K, = headingcontrol gain
= distance north
n =N/H
Ny = load factor
= ground range from target to aircraft
0 = perifocus range
=R/H
orbital period
= inertial velocity vector
airspeed
airspeed vector
wind vector
airspeed
ground point speed
track or ground speed
wind speed
easterly wind speed
Vwerr = error in wind speed
northerly wind speed
roll arc tangential velocity
Va/Va
Vi/Vy
= pitch angle of sensor roll axis
sensor lookdown angle from the roll axis
=V,T/H
= sensor lookdown angle from the horizontal
= target bearing from the east axis
= roll arc local inclination
= angle defined in Fig. 1
= bank angle
Pgem = demanded bank angle
[/ = aircraft heading from the east axis
VYdem demanded heading
Y4em = demanded headingrate
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Yo = headingrate error due to wind speed error
Ve = ground point course
Yr = track heading from the east axis
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Special Symbols

° =d/dt
/ =H/V,d/dt

Introduction

HE use of imaging sensors onboardunoccupiedaircraftusually

requires them to be articulated so that various regions in the
vicinity of the flight path can be examined. Mounting such sensors
in a dome below the aircraft provides good coverage but if the dome
is fixed it imposes a significant drag penalty. Alternatively, if the
dome is retractable it imposes a weight and complexity penalty. A
nose-mounted sensor, on the other hand, has reduced drag but also
has a smaller angular coverage. In both cases full articulation, e.g.,
pan and tilt, of the sensorinvolves complex mechanicsand is further
complicated by stabilization requirements. For very small aircraft
(<30 kg AUW), the weight and space penalties are important, and
an obviousalternativeis a strapped-downsensoron an airframe with
a low angular response to gusts such as a gust-insensitive aircraft!
configuration. Such small air vehicles generally operate at lower
altitudes than larger vehicles and, hence, at shorter sight line ranges.
As a result the sensor field of view used is wider, and the sight
line stabilization requirements are correspondingly reduced. In a
conventionalbank-to-turnaircraft,however, a strapped-downsensor
would only image areas on the outside of turns, and thisis contraryto
whatis usually required. A roll-only sensoris much simpler than full
articulation; it takes out the bank angle of the vehicle and enables
points on either side of the flight path to be examined. It can be
pointedat a specific ground pointby a suitablecombinationof sensor
roll angle and aircraft heading. The major drawback, however, is in
pointing and guiding the roll-mounted sensor because the effect
of wind means that the vehicle heading and the track heading are
not the same. For low-speed unoccupied aircraft the airspeed can
be close to the wind speed, and so the angular difference between
headingand track can be very large. In that case it is not obvious that
it is even possible to observe a fixed ground point from a roll-only
sensor in the presence of wind.

Geometry

Withoutany loss of generality it can be assumed that the direction
of the wind is fixed and blowing toward the north; in addition, the
altitude will be assumed to be constant.

A convenientnondimensionalizationschemeis given by dividing
velocities by the wind speed, dividing distances by the altitude, and
multiplying time by wind speed and dividing by the height. By
inspection of Fig. 1, we can write

++R%2 + H?cosd

sinp =
H R



40 THOMASSON

Fig.1 Target and sensor geometry.

where the positive value is with the target to port and the negative
is with the target to starboard.

The fixed lookdown angle of the sensor relative to the aircraftis
B, butdue to the trim angle of attack « of the roll axis, the lookdown
angle relative to the horizontal is §, given by

cosd = cosa cos S + sina sin B cos ¢, (1)

where ¢; is the sensor roll angle. It will be assumed in what follows
that the system has been designed so that « is zero. The effect of
nonzero o will be considered later. In nondimensional variables we

can write
sinp = £cosdy/ 1+ (1/r?) 2)

This equation has some ramifications; for example, because R, H,
and § are all independent, from Eq. (2) we require

[1+1/r})]cos’s < 1
or
1/r < tané

If this condition is not satisfied, then the vehicle cannot see the
ground location because § is too small, i.e., the ground location is
underneaththe aircraftand the lookdown angle § is notlarge enough
to reach it.

For a fixed altitude and lookdown angle §, the angle u is just a
function of range and, hence, contours of constant & are concentric
circles about the origin. If § is 77/2, then u is constant at zero.

Kinematics

If we now considera plan view of the situation,as shownin Fig. 2,
then by inspection

Vo=0+pn+@/2)+AF D 3)
and
Vo = Vrcos(Y, — ) — V,, cos(6 + n)
Cvp cos(Y, — Yr) = v, £ cos(d + ) 4)
Similarly,
Sovpsin(W — Yr) = Esin@ + p) &)
Now,

R = Vysin(y, — ¥r — p)

or using a prime to denote differentiation with respect to nondimen-
sional time,

r= vr Sin(wu - I/jT - /'L) (6)
Also

rf" = vrcos(¥, — Yr — 1) M

Fig. 2 Plan view of target and sensor geometry.

Expanding the range rate equation (6) gives
r' = Fu, sin u + sinf 8)
Similarly for the angular rate equation (7),
rg’ = tv, cosu + cosd 9)
Hence,

dr _ r(sinf F v, sin ) (10)
do ~ +v,cospu+ cosd

In Eq. (10), & = u(r) and a direct integral was not obtained other
than for the simpler case of § = 7 /2. However, insight into the
general solution can be gained in the following way.

Let the wind speed be zero; then v, = 0o and Eq. (10) becomes

dr Frvri+1
— = Frtanp = —— = function(r (11)
& SR/ r vy )

becaused is fixed. Becausedr /d@ is a single-valuedmonotonic func-
tion of r alone, the trajectoriesmust be spirals that either convergeto
or diverge from the origin, dependingon the sign of dr /d6, whichin
turn depends on the sign of cos §. As a result, closed orbits are only
possible for § = 7 /2, when dr/d6 = 0. In addition, the trajectories
are either clockwise or counterclockwise, depending on the sign of
the right-hand side of Eq. (2).

Returning to the general case with v, # oo and § # m/2, the
track or ground speed is given by

vi =r%+r*0% =1+ v2 £ 2v, cos(® + p) (12)

Using Egs. (4) and (5),

+sin(@ + w)
t . — = 13
an(Ya = ¥r) v, £cos(@ + ) (13)
Then, for counterclockwise spirals, using Eq. (3) results in
| vg +cos(8 + )
=04 p+tan™! | S—— — ——— 14
Yr 1 an |: sin(6 + 1) (14)

Differentiating Eq. (14) gives the yaw rate of the flight path,
v = (1/v2)@ + 1)H[v: — 1= vocos@ + w)]  (15)
Using Egs. (1), (2), and (8), we can obtain

1 (v, sin . — sin @)
[ 1
=3 tan u p (16)

This can be substituted into Eq. (15) along with Eq. (9) to obtain
the yaw rate of the flight path. Using Egs. (3), (9), and (16) gives
the heading rate

V=60 +u (17)
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Fig. 3 Constant observation spiral trajectories in wind: V,/V,, = 1.5,
look-down = 0.7.
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Numerical Solution
A numerical solution to the general case is given by solving
Eqgs. (1), (12), and (13) along with the following nondimensional
positional equations, where the overdot denotes differentiation with
respect to dimensional time:

é = vy cos Yy (18)
i = vy sin Yy (19)
r=ve+n (20)
0 =tan"'(n/e) 21

A set of typical flight paths is shown in Fig. 3. For any given value
of (E/H, N/H), the spiral associated with that point should be
followed so as to keep the ground point in view. The effect of the
wind in distorting the symmetric spirals implied by the no-wind
case [Eq. (11)] can be clearly seen. From any point there are two
alternativetrajectories,depending on whether the target s to port or
to starboard. Only the counterclockwisespirals are shown in Fig. 3;
the clockwisetrajectoriesare a mirror image of the counterclockwise
ones. The circle in the center represents the condition where the
target is underneath the vehicle and the lookdown angle § is no
longer large enough for the target to be seen.

Orbits
As shown earlier, to orbit a ground location in the absence of
wind we must have § = /2. This is also the case in the presence
of wind; closed orbits occur when § = 7 /2 because Eq. (10) then
becomes

dr r sinf

a5~ v, teosd 22

Integration of Eq. (22) gives
1+,

r= T o0sh (23)

If we write
e=1/v,

and

a=v,/(v,—1)
then Eq. (23) becomes

_a(l—¢?)
1+ ecosé

which is the standard equation for an ellipse with eccentricity ¢ and
semimajor axis a.
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| Airspeed| 35 mis
Windspeed 20 m/s|to the North
Altitude 500 m
Field of View 36 deg

| Frame fime 20s

Fig.4 Orbital trajectory and sensor footprints.

Using Egs. (9) and (11) gives, for a constantairspeed,

1+l (v, +cosh)’
o (14+v,)

0’ (24)

and as a result we can find the nondimensional period of the orbit

as
r 2
1 ) A0 2 .+ 1 u
F:/drz/ A+v)dd 27 wa+1D v 25)
0 0 (Uu +cos 9)2 Vg (Uu - 1) Vg — 1

The nondimensional circumferenceis given by

(vu-l—\/vfl—l)
c=n| —m———

26
v, +1 (26)

The orbit shape is given by Eq. (23), and it is orientated such that

the major axis is normal to the wind and the origin is one of the

foci. The integration of Eq. (22) has the initial point on the positive

x axis and, therefore, corresponds to the perifocus of the ellipse.
The lateral accelerationis given by Eq. (15) as

s v (I 4+,)?
vryr = Lol £ v) 27

Ur r3
This has a maximum at the perifocus given by
vr I/j;’max = Uu(l + Uu) (28)

and as a result the maximum load factor occurs at the perifocus and
is given by

n= 1+ (V2/gR) 11+ (V. V)P (29)

It can be seen that the wind increases the load factor for a fixed
perifocus distance. The worst case would be when the wind speed
equals the airspeed (orbits are not possible unless the wind speed
is less than the airspeed), in which case the load factor would be
almost doubled.

A typical orbital trajectory and the footprint pattern are shown in
Fig. 4.

Air Vehicle Guidance
For winds blowing in an arbitrary direction, the relationship be-
tween the inertial and relative velocities is given by

u=u, +u, (30)

Considernow a new set of axes H rotated from the Earth axes E by
the heading angle ¥ . The direction cosine matrix (DCM) from the
E axes to the H axes is [DCM]y g, and the DCM from the aircraft
body axes A to the H axes is [DCM]y4. The acceleration of the
vehicle in the H axes is then given by

ity = [DCMly au, + [DCM]
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so that
Vi = =y (V,, cosyy + V,, siny) (31)

In a banked turn we require

tan¢=VH+m/j=1/}(u_uw>=1/'f& (32)
8 8 8

with the result that the actual heading rate is

. gtang
v = o

(33)

The demanded headingrate is then given by Egs. (7), (12), and (17).
As a result, the demanded bank angle is given by

Baom = tan”! ("%”) (34)

The demanded heading is given from Eq. (3):
Yiem =6 +u + (/2) (35)

The preceding equations are a simple modification to the existing
flight control laws of many vehicles. Because the airspeed of the
vehicle is assumed constant, an autothrottle is implied and this, in
conjunction with bank angle demand, means that stall protection
can be provided by limiting the bank angle.

Navigation Simulation Results

The navigation and control laws just given have been imple-
mented in the XRAE simulation model.> The required additions
to the simulation were estimation of the wind speed and direction
(at this stage the estimates are taken to be perfect) and setting up an
axis system with X in the direction of the wind, Y horizontal, and
Z down. The origin of the axes is placed on the ground point to be
observed. Then,

R=+vVX?+7? (36)

6 =tan ' (X/Y) 37
w=sin"! [cosa 1+ (HZ/RZ)] (38)
Iljdem = _(9 + M) (39)
H? V,sinu — V,, cosf

| = — - v 4
b= g ( = ) (40)
6= V,cospu 4V, cosO 1)

R

Il}dem = 9 + /’L (42)

Pdem = Kz//(l[f - I/fdlem) - tanfl (I/jdevau> (43)

The rationale for these equationscan be stated in the following way.
Given the coordinates of the ground location and of the vehicle,
plus knowledge of the wind speed and direction, then the required
heading and heading rate are computed to keep the ground location
in view [see Egs. (37-42)]. Bank angle in a coordinated turn is then
used to set up both the required heading and heading rate [Eq. (43)].
A typical vehicle trajectory corresponding to aircraft speed 30 m/s,
height 300 m, wind speed 20 m/s, lookdown angle 1.1 rad, and field
of view 36 deg and the sensor footprintare shown in Fig. 5.
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Fig. 5 Spiral approach trajectory with sensor footprints.

Influence of Errors

It was assumed that the vehicle position was measured via a
tracker or a global positioning system. Errors in the positioning
system will, of course, affect the trajectory but no more than for a
conventionally gimballed seeker. As a result, they will not be con-
sidered further in this paper. More important are vehicle attitude
errors, wind estimation errors, and height errors.

Taking the first of these, in a level coordinated turn the angle
of attack of the vehicle will increase. As a result, the roll gimbal
axis will no longer have the same angle to the horizontal. This will
generate an error in the previously assumed geometry. However,
it can be either measured or calculated for a specific vehicle type
and flight condition because it is a function of speed and the bank
angle. It can be accommodated in the guidance calculations as a
modification of the § angle. If « is small, then from Eq. (1) we can
approximate it as

8 =B — acosg

Errors caused by wind estimation have two components. The first
is the effect of the magnitude of the wind velocity on the heading
rate, i.e.,

N Vwerr 9 H2 t . 9
Ver = 7\ cos T e anpsin

from Eqs. (40-42). This rate is inversely proportional to range and
has only a minor effect on the aircraft trajectory (compare Figs. 5
and 6).

The second error componentis in wind direction as this translates
directly into an equivalent error in the aircraft heading. That this is
the more important source of error can be inferred from comparing
Figs.5and 7.

To point the sensor at the target, the vertical separation between
the aircraft and the target is required. This, of course, might be
in error due to altimeter errors or terrain topography. Walster’ has
shown that such errors result in the target image having a motion
relative to the bore sight such that a couple of cursor fixes by the
operator of the target position on the screen relative to the boresight
enables a correction to be obtained for the height error. In this way
height-above-grounderrors are easily removed.

Linear Search

The preceding analysis has concentrated on point observation,
but it is useful to ask whether the ground observation point can
have a prescribed velocity so that a linear search can be undertaken.
The bore sight ground intersectioncan have a velocity owing to the
aircraft’s track velocity or ground speed, the aircraft’s rate of change
of heading, and the roll rate of the sensor.

The first of these has the same magnitude and direction as the
aircraft’s ground speed, whereas the second is normal to the ground
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Fig. 6 Effect of a 5-m/s wind estimate error on the trajectory and the

sensor footprints.
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Fig.7 Effect of a 0.1-rad wind bearing estimation error on the trajec-
tory and the sensor footprints.

radius vector. The third is tangential to the roll arc, that is, the
hyperbolathatresults from the intersection of the ground plane and
the cone generated by rolling the bore sight. Because by a suitable
choice of roll rate, any velocity required tangential to the roll arc
can be generated, we only need to considerinitially the components
of the first two normal to the roll arc.

The coordinates of the ground pointin Fig. 8 are given by

X = Rcos i, Y = Rsinp (44)

and converting to nondimensional form and using Egs. (1) and (2)
gives the equation of the roll arc as
y2tan’8 — x> =1 (45)
This is the equation of a hyperbola with asymptotes given by
x/y = £tand

The slope of the roll arc is given by
dy x 1 1

- = = tan\ 46
dx ytan’$§ tanputan®$ (46)

Let the angle between the local tangentto the roll arc and the radius
vector be

y=un—2x 47)

AIRCRAFT HEADING
8%

Bt
Vr

ROLLARC

Fig. 8 Geometry definitions for the linear search case.

Referring to Fig. 8 we can compute the normal and tangential com-
ponents of V; normal to and along the local tangent to be, respec-
tively,

Vesinly + (/2) — p + Yo — ¥r] (48)
Vrcosly + (/2) — pu + ¥ — Y7l (49)

whereas the normal and tangential components, respectively, of
Ry, are

—Rsin[r — pu — (7/2) + 1 — y] (50)
Rcos[m —pu— (m/2) + u — y] (51)

Let the track and speed of the ground point be v, and V,, respec-
tively. Then resolving as before gives the normal and tangential
components, respectively,

V,sin(m — ¢, — &) (52)
V,cos(m — g — A) (53)

Summing the normal components to zero, we can solve for ¥, and
obtain
_ = Vgsin(y, + 1)+ Vrcos(y — u+ ¥, — ¥r)

= 54
Y, R cosy >4

Expanding the cosine term and using Eqs. (6) and (7) yields

_ —Vgsin(y, +4)

. R
+6 —tany— 55
Rcosy a yR (53)

Iﬁ“ll
Using Eq. (47) along with Egs. (1) and (2), we can show
tany = tanpu/(r> + 1) (56)

and using this with Egs. (8) and (16) gives

. —V, sin + A . .
v, = —t—f Wy +2) +0+1 (57)
Rcosy

and for zero ground point speed this reverts to Eq. (42). If we denote
the tangential velocity of the ground point along the roll arc as V,,
then we can sum the tangential components to give

R?>+ H? Rjicosy

V, = Rsin(0 —v,)— B —

—V,cos(fr,+1)  (58)
The required roll rate of the sensor can then be found as follows:

X = tan ¢y, X = ¢
cos? ¢

Using Eq. (46),

Vs cos? ¢, cos A

b, = 59
9, - (59)
The required sensor roll angle is given by
R cos(p)
= 60
¢ 7 (60)
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These equations provide the guidance laws for a moving ground
point. The heading and heading rate controls are essentially the
same as before but with Eq. (57) in place of Eq. (42). The sensor
roll angle is unchanged, but a roll rate demand is now included.

For linear search with a 90-deg lookdown angle, the closed orbits
associated with point observation become cycloids. The preceding
linear search algorithm also allows area search using a zigzag linear
search pattern.

Conclusions

It has been shown that a roll-only sensor can be used for point,
line, and area ground observation in wind provided that the air-
craft is flown on the correct trajectory. The trajectories have been
derived and depend on the lookdown angle, the airspeed of the ve-
hicle, and the magnitude and direction of the wind speed. If the
lookdown angle is 90-deg, then for point observation the trajecto-
ries become elliptical orbits with the target at one of the foci. Flight
guidance laws have also been derived and demonstrated on a six-
degree-of-freedomsimulation. They use bank angle to generate the
required heading and heading rate. Point, line, and area search ca-
pabilitieshave also been demonstrated. The effect of trim angle and
wind estimation errors have been considered and illustrated, and the

estimation of wind directionis seen to be an important parameter. In
conclusion, the use of a roll-only sensor provides the opportunity to
reduce the weight, drag, and mechanical complexity of the sensor
installation and replace them with guidance software. The guidance
algorithms uncouplethe operator’s involvementin flight control and
sensor control, so that the operator can just fly the footprint of the
sensor and leave the guidance of the vehicle to the flight control
system, thereby significantly simplifying the operator function.
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