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Abstract

The focus of this paper is on gust soaring: energy extraction from atmospheric turbulence by small- and mini-
uninhabited aerial vehicles. A controller which superimposes a gust-dependent control input on a state-
feedback derived control input is proposed. A genetic algorithm is used to obtain control gains and the optimal
nominal trim state is described. Control laws are designed for both vertical sinusoidal gust fields as well as ver-
tical and longitudinal Dryden gust fields. The optimal trim state and controller gains are shown to vary with
gust intensity, and results of Monte Carlo simulations show significant energy savings for the gust soaring con-
troller over a feedback-only controller.

Nomenclature

w angular velocity

Co drag coefficient
C, lift coefficient Subscripts/superscripts
C; thrust coefficient air air mass-referenced
D drag force b body-fixed frame
E specific total energy garth Earth-referenced S
g magnitude of acceleration due to gravity i vectgr/(‘io(mpo?ent Z)fpressed in inertial frame
i i trim) condition
g gravity acceleration vector nom nomina o
h height above ground S vectc_;r/cgmponen.t expressed in wind axes
K., K, gain matrix for state, wind u, w longitudinal, vertical component
L(,) characteristic length for gust field Xz vector component
L lift force Introduction
P; candidate controller A major handicap associated with small- and mini- Un-
P population of candidate controllers manned Aerial Vehicles (UAVS, here small refers to vehicles
q dynamlc pressure with wingspan ranging from 1 to 4 m and mass ranging from 1
Q pitch rate to 10 kg) is their limited on-board energy capacity (either as
r position vector chemical fuel or as batteries). The reduced endurance and
T thrust force range that results greatly reduces the utility of such vehicles.
V, magnitude of airspeed Additionally, the low Reynolds numbers inherent to small
\ airspeed vector UAVs make it difficult to achieve lift/drag ratios comparable
Wiy component of wind vector to larger aircraft, further reducing overall performance.
W wind vector However, 5|gn|f|cant energy |s_avallablg from th_e atmos-
X vehicle horizontal position phe_re. L_arge _blrds _and h_uman sallp_lane pilots routinely ex-
ploit vertical air motion (lift) to remain aloft for several hours
X state vector d fly hundreds of kilometers without flapping wings or th
z vehicle vertical position (positive down) an fy Lnareas ot kilometers without Tlapping wings or the
a angle of attack use_lqhenglnes. h f ilable f h
5, elevator deflection ere are t ree sources of energy available from t_ g_at-
. mosphere: (a) vertical air motion, such as thermal instabilities,
0] power spectral density N ) . . . .
- orographic lift or wave; (b) non-stochastic spatial wind gradi-
4 flight path angle K . .
0 itch angle ents, such as shear layers; (c) stochastic spatial or temporal
gir densit gradients, such as gusts. Each source of energy operates on a
» ntensit y different time scale and different assumptions are applicable to
o INtENsity each case. Vertical air motion is generally long in duration
Q spatial frequency
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compared with vehicle dynamics; hence a kinematic model for
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the vehicle is sufficient. Exploitation of spatial gradients gen-
erally assumes that the wind field is known, and energy extrac-
tion is treated as a trajectory optimization problem. Further,
the scale of the gradients is such that a point mass model is
generally an adequate representation of vehicle dynamics.
Temporal gradients (gusts) are short duration and a full dy-
namic model of the vehicle is necessary. Further, gusts are
stochastic in nature, so accurate predictions of wind field are
impossible.

The focus of this paper is on gust soaring. It has been ob-
served by radio control glider pilots that flight performance
relative to birds is significantly reduced on a gusty day*. This
implies that birds are exploiting gusts to minimize the effect on
performance (and, in fact, may be able to improve perform-
ance), a feat which human RC pilots are not able to reproduce.
Kiceniuk reports that it is even possible to extract energy from
a downward gust?!

While a significant amount of work has been done on ex-
ploiting longer-duration atmospheric effects (for example the
autonomous soaring research described by Allen®) and dy-
namic soaring (i.e. exploiting spatial gradients in a wind field")
less work has been performed on exploiting gusts. Phillips
describes an approach to compute an equivalent thrust coeffi-
cient that occurs due to vertical gusts®, and concludes that the
effect is too small to be useful in crewed aircraft. However,
extending Phillips’ approach to small UAVs shows that a sig-
nificant performance improvement is possible.

Previous and related research

Driven by competition glider flying, a significant amount
of work has been reported on optimal piloting techniques for
static soaring. One of the most famous (and certainly most
widely adopted) techniques was described by MacCready®,
which describes what is now known as MacCready speed to
fly theory. Other selected examples include Arho®, who exam-
ined minimum time soaring with a minimum altitude con-
straint; Metzger’, who described maximum speed with no net
altitude loss; de Jong®, who discussed a geometric approach to
sailplane trajectory optimization, and, more recently, Coch-
rane’, who extends MacCready theory to uncertain lift.

The trajectory optimization literature generally uses a sim-
plified glider model, which assumes that the pilot has direct
control of airspeed. This assumption certainly is appropriate
for long duration flights where the glider spends most of its
time in a trimmed condition, but this assumption is not valid
for periods of transition between trimmed conditions. Some
authors have addressed optimal transitions to minimize energy
loss'® **, and Gedeon'? describes an analysis of “dolphin-style”
flight through thermals.

Dynamic soaring by both aircraft and birds has again be-
come an active area of research. Zhao™® describes optimal tra-
jectories for energy extraction from wind gradients and mini-
mum fuel trajectories for power-assisted dynamic soaring are
described by Zhao and Qi'*. Dynamic soaring using shear
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layers is described by Sachs™. Elsewhere, he discusses the
minimum wind shear strength required for albatross flight'.
Pennycuick proposes an alternate flight mode where most of
the energy gain is obtained from the shear layer which results
from the wind’s flow separation over the crest of each wave'’.
Successful exploitation of this strategy requires sensing very
small changes in dynamic pressure, and he suggests that only
tube-nosed birds such as albatrosses have the necessary sen-
sory capability.

Both energy extraction from thermals and dynamic soaring
are generally treated as deterministic problems. Gusts are in-
herently stochastic, are much shorter in duration, and generally
show far greater spatial variation. This makes effective energy
extraction more difficult. In addition, since useful energy ex-
traction from gusts is only practical for small UAVs, it has
received comparatively less attention. Works by Lissaman®®,
Patel®® and Lissaman and Patel® use a point mass model for
the aircraft, thus ignoring potentially important dynamics (di-
rect control of lift coefficient is used to enable energy harvest-
ing). Previous work by Langelaan and Bramesfeld also uses
vertical gusts, but a full dynamic model of aircraft longitudinal
motion was used to generate control laws that maximized en-
ergy gain for flight through sinusoidal gusts®*. This paper ex-
amines energy harvesting from both longitudinal and vertical
gusts using elevator control.

Vehicle kinematics and dynamics
Only longitudinal motion is considered here. Consider an
aircraft located at r in an inertial frame I, where X' and 7'
define unit vectors (see Figure 1).

Fr=v+w [1]
Hence
i :iv+iw [2]
dt dt

The angle y defines the rotation between the wind axes
and the inertial axes, and it is the flight path angle with respect
to the surrounding air mass. When w=0 it is also the flight
path angle with respect to the inertial frame. In this applica-
tion y is defined as positive upwards, so for a steady glide the
glide slope is negative. The acceleration of the aircraft is

%v:\'/af(S +0° x Vv, X° [3]

Substituting @® = 7y° gives
d s as . as
gV T VaX T a2 [4]

Therefore
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L+D+mg+T=m{\'/a>”<S -, 7° +iw}

dt Bl

Using standard expressions for coefficients and explicitly
defining the coordinate frames used to express each force,

L =-qSC, 7° [6]
D=-qSC X° [7]
T=0SC; %" [8]

g=g7 [9]

where g :% V2. The kinematics of the aircraft now can be

defined in terms of the airspeed, flight path angle and wind
speed. From the standpoint of control, it is generally more
convenient to work in terms of pitch angle and angle of attack;
Figure 1 shows that y=60-a:

% =V, c08(0 — )+ W, [10]
2, =V, sin(0—a)+w, [11]
6=Q [12]
Vehicle dynamics are written in wind axes as
V, = E(CT cosa —Cp)- d:tlx cos(f0 - a)
" [13]
o9 _ g |sin(0-a)
dt
. gS . 1 dw, .
¢=Q-——(C_+Cysina)-——Xsin(0-a)
V,m v, dt [14]
1 (dw,
-— -9 [cos(0-a)
v, L dt
: Sc
9="c, [15]
IW
Aerodynamic coefficients are
c .
A “ [16]
+Cp, 0 +Cy, I
Cp = fip(CLo+Cy, @)+ Cp, 3 +Cp, 5 [17]

C
Cm :Cmo +Cmaa+ECmQQ+Cm§e§e+Cmaf §f [18]

where f5(Co+Cy, @) is a polynomial function that relates

drag coefficient to lift coefficient. Control inputs are thrust
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coefficient C, elevator deflection &, and flap deflection o .

While the thrust term is carried through in the derivation, later
it will be set to zero to reflect gliding flight.

In a frozen (i.e. non time-varying) wind field, the rate of
change of wind (wind acceleration) experienced by the aircraft
is due to the spatial gradient and vehicle velocity, so that

.
& g
1 1
av, . aw, .

X+ L7,
X a;

[19]

where Vw is the spatial gradient of the wind vector. Equiva-
lently,
iw: vy Va co_s(a—a)+ W,
dt —V, sin(@—a)+w,
_yy Va co_s(a— @) . VW{:WX:|
-V, sin(0 - a) w,

The kinematics and dynamics now can be used to find expres-
sions for total energy and the rate of change of total energy.

[20]

Total energy
The choice of velocity reference (Earth or air mass) affects
both the expression for total energy and total power.

Earth-referenced total energy
Relative to the Earth (assumed to be an inertial reference
frame), specific total energy (energy divided by mass) is

52 52
Eearth = gh +£%)

[21]
Substituting kinematics (Equations 10 and 11),
Eearth = gh
22
+%(v§ +2W,V, COS Y — 2W,V, Sin  + W2 +w22) [22]

where for convenience y =60 —« is used. Specific total power
is found by taking the time derivative:

Eearth = gh +Va(va +W, COSy —W, sin 7)
—v7(w,siny +w, cosy)
+ W0, (v, €OS 7 + Wy )+, (— v, siny +w, )

[23]

Substituting dynamics (Equations 13 and 14), recognizing that
Vay = Va(Q - d) J
Eearth = 9O +F(_CD +Cy cosa )V, +W, cosy —w, siny)

gsS

_W(CL +Cy sina J(w, siny +w, cos ) [24]

+g(=v,siny+w,)
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Finally, substituting h=—-2 =v, sin(¢ —a)-w, , specific total
power relative to the inertial frame is

Eeanh =%(—CD +C; cosw)(va + W, COS ¥ — W, Sin ;/)
[25]
—%(CL +Cy sina \w, siny +w, cos )

Note that the above expression can also be derived from
£ (L+D)-(v+w)
m

Wind gradients do not appear explicitly in the expression
for total power expressed with respect to the inertial frame.
Note, however, that time- and spatially-varying winds will
result in time varying forces (through changes in airspeed and
angle of attack), so wind gradients will indirectly affect total
power.

carth = . This approach is used by Gorisch®.

Air mass-referenced total energy

It is more common in aircraft applications to write total en-
ergy with velocity expressed relative to the air mass, a hon-
inertial reference frame.

2

E.. =gh +V7a [26]
The rate of specific total energy is
Eair = gh + Vava [27]

Substituting dynamics gives

Eip = gh+%(—CD +Cy cosa )V, —W,V, cos(d —a)

[28]
+\W,V, sin(0—a)-v,gsin(0-a)
Recognizing that h =7 = v, sin(6 —a)—w, ,
Eqir =—QW +£(—C +Cy cosa v
air z m D T a [29]

— WV, €0S(0 — @)+ v, sin(0 — )

Substituting the frozen wind field, the rate of change of total
energy is

Eir =—QW, +F(_CD +Cy cosa v, [30]

—vI[Vw]v, -v![vw]w

where v, =[v, cos(0-a) -V, sin(é?—oz)]T :
The contributions to the rate of change of total energy are

immediately visible. The first term on the right hand side of
Equation 30 is due to vertical air motion; the second term is
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energy lost due to drag or gained due to thrust®; and the last
two terms show the effect of wind gradients on rate of change
of energy. These last two terms enable dynamic and gust soar-
ing. Typically airspeed is larger in magnitude than wind
speed, so the third term will be more important than the fourth.
It will contribute to energy gain under two conditions: first,
when both Vw and y = 8-« are negative; second, when both
are positive. For steady gliding flight the air mass relative
flight path angle is always negative.

Comparing Earth- and air mass-referenced total power
When winds are constant (i.e. w=0 and Vw =0), the air
mass frame is an inertial reference frame. Under these condi-
tions, it can be shown that the air mass-relative total power is
equal to the Earth-reference total power. In a glide (C; =0)

in constant wind, rearranging [25] gives

. S .
Eearth = __CDVa +%[_ WX(CD C057+CL sin 7)

[31]
+w,(Cpsiny +C cosy)]

In a steady glide —tany:g—D, hence
L
Cpcosy+C, siny=0.
Further, referring to Figure 1, L cosy—Dsiny=mg. Thus

gS(Cpsiny—C, cosy)=-mg. For a steady glide in steady

wind,
: —qw, -8
Eearth|steady - ng m CDVa [32]
- Eair steady

Hence, for steady (constant speed) flight in steady (hon spa-
tially or temporally varying) wind, the choice of reference
frame is arbitrary.

The effect of wind gradients on energy change

Examining Equations 27 and 13 shows that wind gradients
affect energy change through the wvehicle dynamics (i.e.
through the rate of change of airspeed). An estimate of the
amount of energy that can be gained from gradients was ob-
tained by examining energy gained from a sinusoidally varying
vertical wind field, i.e.

W, =W, sin(zTﬂxj [33]

In this case the rate of change of total energy (for gliding
flight) is

& Although this will be accompanied by a loss in on-board
stored energy, which is not explicitly accounted for here.
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Eqir = —OW, —ECDVa +Vv2 cos ysin 7%

m dx [34]

=—gw _B e v +v2cosysiny ZEw,  cod X
- DVa T Va ysimy L 2,0 L

The contribution of wind gradient to energy change is
maximized when flight path angle y=6—« is 45°, hence the
largest possible contribution of wind gradient to energy change
(i.e. the maximum value of the third term on the right hand

side of Equation 34) is %viwzvo. Comparing this with the

peak contribution of wind speed to energy change (the —gw,

term in Equation 34) shows that the contribution of wind gra-
dient to energy change is equal to the contribution of wind
2

speed when 7IZ_V; =1. If the gust wavelength is 50m this oc-

curs when v, =12 m/s: this is well within the typical flight
speed range of a small UAV. Clearly, as gust wavelength gets
shorter the necessary airspeed is reduced. This assumes that
the aircraft can react quickly enough that flight path angle can
be regulated appropriately.

Energy maximization

Earlier research by several authors (previously cited), dem-
onstrations by radio-controlled glider pilots and evidence from
albatross flight shows that energy can be gained from gradi-
ents. Thus, it is necessary to consider air mass-reference total
energy when dynamic or gust soaring is attempted. This
matches intuition of course, since aerodynamic forces are a
function of air mass relative speed and not inertial speed.
Therefore, air mass referenced total energy will be used from
this point forward, and for compactness the subscript will be
dropped.

The choice of cost function has a tremendous impact on
both mission performance and the final trajectory or control
policy. Rather than maximize the rate of change of total en-

ergy, this paper works to maximize i—f the change in spe-

cific total energy with respect to distance traveled. Clearly, in
gliding flight in still air this quantity will be negative, repre-
senting energy loss. For gliding flight C; =0 and dE_E.:
dx X
dE 1

gS
—=———|—gw, ———CpV
dx vacos;/+wx{ We =y ot

[35]
—v][Vwlv, -vI [VW]W:|

Unfortunately, simply computing some combination of air-

speed and lift coefficient that maximizes the instantaneous

dE . . -
value of ™ results in “pushing the nose down” to maximize
X
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airspeed. To obtain a useful solution, one must compute a se-
quence of optimal airspeed, lift coefficient and flight path an-
gle inputs over some finite time horizon (e.g. one period of a
sinusoidal gust, as in Lissaman and Patel®). However, in the
case of a stochastic gust field, this knowledge is unavailable,
and a different approach that does not require knowledge of the
full gust field is required.

Rather than controlling lift coefficient through flap de-
ployment (as done by Patel and Kroo®™ and Patel %), here the
focus is on controlling flight path and airspeed through eleva-
tor deflection. Note that this is not an attempt to control lift
directly (although this will of course occur through changes in
angle of attack). Another key difference with Patel and Kroo’s
work is that only vertical wind speed is used in computing the
required C, ; here both wind speed and wind gradient is used
to compute control surface deflection. Simultaneous control of
flaps and elevator (i.e. controlling both lift and flight path) is
left for future work.

A gust soaring controller
The problem is to find a closed-loop control law to maxi-
mize energy gain for flight through longitudinal and vertical
gusts. This control law takes the form

Wy

W,

3 = K [Xpom = X]+ Ky dw, +omm [36]
dx
dw,

L dx

This is a linearized control law that regulates the state to some
nominal trim condition and adds a feed forward term based on
the wind condition. A block diagram is shown in Figure 2. In
steady winds (i.e. zero gradient) appropriate choice of gains
would result in trim at a condition that optimizes airspeed for a
particular wind speed.

This approach has some key advantages over receding ho-
rizon control methods. It only requires knowledge of the wind
field at the vehicle location, which in principle can be com-
puted using on-board sensors such as GPS and air data. De-
pending on the choice of state gain K this system can guaran-
tee closed-loop stability in the absence of gusts and the gain
K, enables energy extraction via deflection of the control
surface (here only elevator is used, but one can add flaps or
other control surfaces if they are available). In effect, control
deflections that enable energy extraction are a perturbation
superimposed on the control deflections made to maintain
steady flight. This should allow non-steady flight (e.g. non-

zero values of pitch rate Q or non-zero values of V) to con-

tribute to energy extraction.
Control of elevator deflection avoids problems associated
with assuming the availability of direct control of lift coeffi-
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cient (although flap deflection could be added to the control
law if available).

Note that the control law proposed in [36] assumes that lo-
cal wind speed and wind gradient is known. Methods for es-
timating wind speed using sensors typically available on small
UAVs are discussed elsewhere (see for example Pachter et al.?®
or Myschik et al.?).

Control design procedure
Now, it remains to determine values for x,,,, K,, and

K, which maximize energy gain. Since

Xnom = [enom Va,nom Cnom Qnom]T [37]
is a steady, trimmed glide state (with pitch rate Q,,,, =0), it is
completely determined by airspeed.

Energy gain is likely to be a highly non-convex function of
the controller parameters, thus gradient-based methods likely
will converge to a local, rather than a global, optimum. Here a
genetic algorithm is used to find the optimal energy extracting
controller. Clearly, a genetic algorithm is not guaranteed to
find the optimal controller, but it should find a good controller.

The procedure is shown in Figure 2. A candidate controller
consists of a nominal airspeed and controller gains:

pi:[va,nom Ks Kw]

and the population consists of the set of candidate controllers
P={p;, i=1...N}. The population is initialized with random
candidate controllers, with v, .. varying between stall speed
and maximum speed. The state control K is checked to en-
sure that it is stabilizing for system dynamics linearized about
best L/D speed before it is added to the population.

For each generation, the aircraft is flown through a gust
field with each candidate controller and the objective function
of Equation 33 is evaluated over the distance flown. Each can-
didate is given fitness

[38]

AE .
f, = expg i X min < Xi < Xmax VK [39]
-9999 otherwise

Candidates with f; =-9999 are culled and, then, a minimum
variance sampling algorithm? is used to select a new popula-
tion with likelihood proportional to each candidate’s fitness.
Cross over and mutation occurs within this population to gen-
erate a new set of candidate controllers and the process repeats
until convergence.

A new gust field is computed for each generation, thus en-
suring that a “lucky” gust field does not adversely affect final
results. A candidate controller that survives over multiple
generations, thus, has shown good performance over several
gust fields.
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Gust fields
A stationary wind field can be represented as a sum of si-
nusoids®*:

N
w(x)=wq +Z:an sin(Q,x+¢,)
n=1

[40]

Random values of the phase ¢, simulate the random process
and the choice of amplitude a, defines the power spectral
density.

While it is not clear that the Dryden gust spectrum is a
good model for low altitude turbulence (especially for very
small aircraft), it has been used by other researchers'® * and it
is used here as well. The power spectral density of the Dryden
gust field is defined as®

o @)=y 1 [41]
7T 1+(LQ)
2

0y (@)= bt 1+3(L,Q) 2]

T+ L0))

For low altitudes (below 1000 feet) the length scale of the ver-
tical gust is L,=h and the turbulence intensity is
o, = 0.1w,,, Where w,, is the wind speed at 20 feet altitude.
Horizontal gust length scale and intensity are related to the
vertical scale and intensity by

L 1

Ly (0.177+0.000823n)"

[43]

Ou _ 1

[44]
ow  (0.177+0.000823n)™

where h is altitude in feet. The amplitude of a sinusoid in Eq.

[40] is computed as
a, =1/Aan>(Qn)

Gust soaring controllers

First, the design procedure described earlier is applied to a
sinusoidal vertical gust field with wavelength 50m and several
values of root mean square velocity. This provides a rough
indication of convergence characteristics and will allow com-
parison with earlier results*" .

Results showing best nominal airspeed and best energy ex-
traction at each generation are plotted in Figure 3. After ap-
proximately 10 generations, the energy change converged to its
final value. The trim airspeed takes somewhat longer to con-
verge (and remains “noisier”), indicating that the cost function
is likely to be rather flat near the optimum.

Increasing root mean square gust velocity results in higher
nominal airspeeds and higher energy extraction. Net zero en-

[45]
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ergy loss occurs when the root-mean-square gust velocity is
approximately 1.5m/s, which agrees with results earlier ob-
tained using a state tracking controller combined with optimal
state computation using a steady state approximation®:. Note
that the approach presented here does not require computation
of an optimal state and, thus, is better suited for real-time im-
plementation.

For each gust intensity, a controller is computed by taking
the mean value of nominal airspeed and gains for the last 20
generations. This is shown in Table 3. Since the longitudinal
gust velocity is zero, gains relating to horizontal gusts have
been set to 0.

Examining the gust-related gains (K, ,) shows that an up-
ward gust component (negative value of w,) will induce a
trailing edge up deflection of the elevator. This matches heu-
ristics stated by Lissaman: climb in updrafts, dive in down-
drafts (summarized as “belly to the wind”*¥). Gains related to
gust gradient (K, ,) show more variability, but are generally
positive. This indicates a desire to accelerate through an up-
wards gradient. Thus, a strong upward gradient will induce a
downward elevator deflection against the up deflection in-
duced by upward components of wind. This tendency to ac-
celerate through strong upward gradients also was observed in
previous work?' and matches results of a derivation presented
by Lawrance?’. However, gradients for this sinusoidal wind
field are fairly low and, thus, do not have a strong impact on
energy extraction.

Control design was repeated for Dryden gust spectra with
Wy, varying from 0.1 m/s to 14 m/s (28 knots, or a moderate
wind). Flying altitude was 50m (164 feet). Together w,, and
altitude determine the gust spectrum. Vertical and longitudinal
gusts are considered simultaneously.

Results of nominal flying speed and energy extraction are
shown in Figure 4. As with the sinusoidal gust field, increas-
ing gust intensity results in higher nominal airspeed and
greater energy extraction. Not surprisingly, convergence is
significantly “rougher”, since a different gust spectrum is used
at each generation. However, an increase in energy change is
still observed over the first 15 generations, indicated improv-
ing overall performance as the population evolves.

Again, for each gust intensity, a controller is computed
from the mean value of the best nominal airspeed and gains
over the last 20 generations. Results are tabulated in Table 4.

The largest root mean square vertical gust velocity is ap-
proximately 1 m/s. Energy change for this gust velocity is
-0.09646 m/s?, a factor of 2 better than the sinusoidal gust of
this intensity. This is due, in part, to the larger gradients in the
Dryden gust field compared with the sinusoidal gust field (the
rms gradient is an order of magnitude larger for a given rms
velocity), but may be in part due to the longitudinal gust com-
ponents. This improvement in energy extraction for the Dry-
den gust over sinusoidal gusts also was observed by Patel for
vertical-only gusts®.

TECHNICAL SOARING

As with the sinusoidal gust fields, examining the gust-
related gains K, shows a tendency to climb in upwards gusts.
Now, however, one also can see a tendency to climb in up-
wards gradients. The longitudinal gains K, ; and K, ; are
generally negative, indicating a tendency to climb when a head
wind gust is encountered (trading increased airspeed for alti-
tude).

Effectiveness of gust soaring control

Monte Carlo simulations were used to assess the effective-
ness of the gust soaring controllers discussed in the previous
section (simulation results are based on the RnR products SB-
XC radio control glider, see Apprndix). Four sets of simula-
tions through Dryden gust fields with w,, equal to 2 m/s, 6
m/s, 10 m/s and 14 m/s were performed, with 100 instances of
random gust fields done for each set. Three controllers were
tested for each run: the full gust soaring controller (selected
from Table 4 for the relevant wind condition); a vertical gust-
only controller, where the horizontal gust gains in K, were
set to zero; and a state tracking controller, where all the gust-
related gains were set to zero. The state to be tracked is a
trimmed, steady glide at the nominal airspeed for the particular
gust condition. This allows direct comparison of the full gust-
soaring controller with a standard controller and allows an as-
sessment of the effect of horizontal gusts on energy harvesting.
Note, that for each controller, the full Dryden gust field (incor-
porating vertical and horizontal wind) was used.

Results are summarized in Figure 5. For each gust condi-
tion, bars show the minimum, maximum, average and standard
deviations of the energy change per unit distance travelled for
each controller. In all cases the gust soaring controllers out-
performed the state tracking controller, with the margin in-
creasing as the gust intensity increased. Further, the full gust
soaring controller shows better performance than the vertical-
only controller, indicating that energy can be extracted from
horizontal gusts. Again, the margin increased as gust intensity
increased. In fact, for every run both gust soaring controllers
out-performed the state tracking controller and the full control-
ler outperformed the vertical-only controller. For the w,,=10
case, the vertical only controller reduced energy loss by about
33% and the full gust controller reduced energy loss by about
40%. For the w,,=14 case (moderate turbulence), the vertical
only controller reduced energy loss by about 41% and the full
gust controller reduced energy loss by about 68%.

Detailed results from a single representative run with wy,
equal to 10 m/s are presented in Figure 6. The total energy
loss for the gust soaring controller is approximately 60% of the
total energy loss for the state tracking controller, a 40% im-
provement in performance. The elevator inputs for the gust
soaring controller are significantly greater, thus careful design
of the control surfaces and actuation system may be necessary
to reduce the energy required for actuation.
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Some insight can be obtained by examining results of a
flight through a sinusoidal gust (vertical only). Figure 7 shows
a case with o, =1 m/s, where the appropriate gain and speed
to fly is selected from Table 3. Again, for the state tracking
controller gust related gains are set to zero. The gust soaring
controller shows less than half the energy loss of the state

. I AE
tracking controller. Close examination of ™ shows that the
X

greatest difference occurs during the downward gust: signifi-
cantly less energy is lost during the down gust when using the
gust soaring controller.

Conclusions

This paper has presented a control architecture for gust en-
ergy extraction that superimposes gust-dependent control in-
puts on control inputs required to maintain a trimmed, steady
glide. A genetic algorithm is used to compute the nominal
speed and control gains to maximize energy gain (or equiva-
lently, minimize energy loss) over a specified distance.

Controllers for both sinusoidally varying vertical gusts and
a vertical/longitudinal Dryden gust were designed. The nomi-
nal speed and control gains were found to depend on the gust
intensity, with increasing gust intensity leading to greater air-
speed and greater energy extraction. Designing a controller to
extract energy from horizontal as well as vertical gusts im-
proves performance. And, comparisons with state tracking
controllers show that significant improvement in energy ex-
traction is possible when gust soaring is employed.
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Appendix: Aircraft properties
Simulation results are based on the RnR products SB-XC
radio control glider. Parameters in Table 1 were obtained from
a drag buildup computation; state limits in Table 2 were de-
fined to limit states to “reasonable” bounds.
Note that a fourth order polynomial is used to relate Cy to
C, ; this provided a better fit to the computed data over the full

speed range.

Table 1
Properties of SB-XC glider
variable value description
M 10 kg mass
B 4.34m wing span
C 0.232m MAC
S 1m? wing area
Iy 1.87 kgm?
Clo 0.37
Ci, 5.54 /rad
Ci, -3.255 s/rad
Ciy -0.651 s/rad
Cy, -0.37 /rad
Cy, 1.63 /rad
fLio() 0.1723p* - 0.31614° +0.23979? where
~0.06244+0.0194 ?=CLo*CL@
D, 0 /rad
Dy, 0.042 /rad
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CmO 0
Ch, -1.02 /rad
Cng -14.6 s/rad
Cm&_ 1.6275 /rad
Crndf -0.254 /rad
Table 2
State limits and control saturation SB-XC glider
state/ range Description
control
0 [_ 45° 45°J Pitch
Va [11m/s 35mis] air speed
a [_20 120] angle of attack
Q [-999 rad/s 999 rad/s] pitch rate
Oe elevator deflection

[—200 2o°]

| ah

12:\' s
Figure 1 Reference frames. Positive rotations are indicated,
so positive glide slope is upwards and angle of attack is posi-
tive in the conventional sense.
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Figure 2 Genetic algorithm based design process for finding
control gains.
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Editor’s note: Figures 3, 4, 6 and 7 contain colors. Please see the online paper to view the colors (journals.sfu.ca/ts/).
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Figure 3 Best flight speed and energy change for flight through sinusoidal gust fields. Each curve represents a different root-

mean-square vertical velocity. Energy change in still air is approximately -0.38m/s%.
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Figure 4 Best flight speed and energy change through Dryden gust fields. Each curve represents a different w,,. Energy change

in still air at best L/D is approximately -0.38 m/s>.
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Figure 5 Summary of Monte Carlo simulation of flight through Dryden gust fields. Three controllers are compared: state feed-
back only, vertical gust only, and full gust control. Results show the mean energy change (symbol); bars show the minimum,
maximum and 1o bounds on energy change. The dotted line at -0.38 shows the energy change in a steady glide in still air.
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Figure 6 Comparison of gust soaring control and state feedback-only control for vertical/longitudinal Dryden gust. The upper
plot shows gust velocity (longitudinal in red, vertical in blue). For the remaining plots blue denotes the gust soaring controller and
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Figure 7 Comparison of gust soaring control and state feedback-only control for a vertical sinusoidal gust. The upper plot shows
gust velocity (longitudinal in red, vertical in blue). For the remaining plots blue denotes the gust soaring controller and red de-
notes the state tracking controller.
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Table 3
Vertical sinusoid gust controllers, wavelength=50m. Energy change in still air at best L/D is approximately -0.38 m/s’.

rms AE Va nom K Ky
AX

(m/s) (m/s) (m/s)

0.01 -0.343 15.1 [0.03236 0.3865 5.615 3.199] [0 -3532 0 2.637]
05 -0.319 172 [-0.6966 -0.9084 2079 6.090] [0 -2341 0 -2.632]
0.75 -0.264 17.6 [0.436 -0.1239 7.772 0.3923] [0 -0.600 O 0.2395]
1 -0.190 18.06 [0.5173 -0.1846 5512 0.5847] [0 -0.4065 0 0.3913]
2 0.202 16.48 [2.365 —0.1268 2.725 5052] [0 -0.1519 0 2.203
4 1.194 18.3 [0.9703 —0.0265 5.228 0.5847] [O -0.1689 0 0.7221]

Table 4

Dryden gust controllers, altitude 50m. Energy change in still air at best L/D is approximately -0.38 m/s’.

Wyg rms(w,)  rms(w,) AE Va nom gains
AX
(m/s) (m/s) (m/s) (m/s%) (m/s)
0.1 0.014 0.0076 -0.3662 15.84 s=[-0.507 -0.0277 5.485 0.4538]

K
K, =[0.0968 -0.1617 -1.038 -0.2678]

2 0.2764 0.1513 -0.3588 16.27 K,=[3.015 -0.03072 6.078 2.365]
K, =[-05235 -1.949 -0.1159 -2.12]

4 0.5517 0.303 -0.3298 16.79 K;=[0.7077 0.00115 5.902 1.141]
K, =[-0.1309 -1.158 0.1173 -0.8445]

6 08239 04537  -0.2889 17.18 K,=[1.382 -0.0277 4338 1814]
K, =[-0.2185 -1.173 -0.1433 -0.7241]

8 1.117 0.6135 -0.2398 17.53 K;=[0.9158 -0.03579 5.351 2.243]
K, =[-0.143 -0.122 -0.3297 -0.6711]

10 14 0.7683 -0.1961 17.93 K¢=[0.9317 -0.0277 5.628 1.137]
K, =[-0.1354 -0.619 -0.34 -0.2378]

12 1.669 0.9169 -0.1214 17.84 K;=[0.8398 -0.0277 5.351 1.532]
K, =[-0.1064 -0.6197 -0.01912 -0.06805]

14 1.956 1.073 -0.09464 17.86 K¢=[1.657 -0.0277 5.426 0.8405]
K, =[-0.1458 -0.3333 -0.06309 0.1572]
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