
JOURNAL OF AIRCRAFT

Vol. 39, No. 2, March–April 2002

Effect of Microlift Force on the Performance of Ultralight Aircraft

Nicola de Divitiis¤

University of Rome “La Sapienza,” 00184 Rome, Italy

Microlift force, which is the aerodynamic force developed in the presence of a wind gradient, can be responsible
for a sizeable improvement of gliding performance of ultralight aircraft. A mathematical formulation based on
Lagrange’s equation method for the analysisof microlift is presented, where the effects of vertical velocity gradients
on aircraft motion are taken into account. After giving some details on the modeled vehicle, the behavior of an
ultralight sailplane during � ight in a wind gradient is investigated. Optimal maneuvers are computed to interpret
and discuss the performance of ultralight sailplanes soaring in a wind gradient. The proposed approach provides
an effective means for understanding and improving the piloting techniques for sailplane and ultralight aircraft
in nonuniform wind.

Nomenclature
Ag = gust speed
AR = aspect ratio
b = wing span
CD = drag coef� cient
CL = lift coef� cient
CLm = microlift coef� cient
CL® = lift curve slope
Cl , Cm , Cn = aerodynamic moment coef� cients in body axes
Cx , Cy , Cz = aerodynamic force coef� cients in body axes
c = mean wing chord
E = mgh C 1

2
mV 2 C 1

2 ! ¢ J!
F = (X; Y; Z ) aerodynamic force in body axes
Fm = microlift force
G = reduced wind gradient
g = gravity acceleration
H = space scale of gust
h = altitude
h t = E=mg, energy altitude
J = inertia tensor
L = transformationmatrix from inertial to body frame
l = glider length
M = [.Mi j /], apparent-mass tensor
MA = 6i Mii , virtual mass
m = glider mass
n = unit vector normal to local wing surface
nz = normal load factor
Qe = external moment with respect to c.g.
R¡1 = transformationmatrix from ! to PU
r = .x; y; z/, aircraft position in Earth axes
S = wing area
s = coordinate along which wg changes
T = kinetic energy of the stream � ow
u; v; w = inertial velocity in Earth axes
V = velocity modulus
v = inertial velocity in body axes
Ov = .v ¡ Lwg/=jv ¡ Lwgj relative velocity unit vector
W = weight
wg = .ug ; vg; wg/, wind velocity
x , y, z = Earth-� xed coordinates
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xB , yB , zB = body axes coordinates
®, ¯ = angle of attack and sideslip, respectively
±.s; Ns/ = Dirac’s delta distribution
±e , ±a , ±r = elevator, ailerons, and rudder angles, respectively
½ = air density
U = (’, # , Ã ) Euler’s angles vector
Á = velocity potential
’, # , Ã = Euler’s angles
! = (p, q, r ), angular velocity vector in body axes
Q! = angular velocity in body axes
rwg = wind gradient in Earth axes

Introduction

AMONG sailplane piloting techniques, the so-called cross-
country � ight, which consists of a motion through regions

where vertical gusts are present, can be carried out in different fash-
ion depending on wind gradient characteristicsand wind loading.

A conventionalsailplane in cross-country� ight will adopt a con-
ventional soaring technique, where the effect of wind velocity on
the angle of attack determines an increase of lift force that in turn
allows the aircraft to gain altitude.

When a low wing-loading sailplane � ying in a wind gradient
is considered, signi� cant improvement of the gliding performance,
which is not always recognizedamong sailplane pilots and consists
of two essential aspects related to speed and attitude variations, is
observed. The presenceof the wind gradientproduces the so-called
microlift force, generallynegligible in conventionalaircraft, that al-
lows an ultralightto remain in air much longer than one couldexpect
on the basis of steady-state aerodynamics. In fact, such a force, in
the presence of a low wing-loading, causes a sizeable in� uence on
the motion and performance of the vehicle.

The presentwork is concernedwith the developmentof a method
that allows the evaluation of the microlift force and a detailed per-
formance analysis for ultralight sailplanes � ying in a nonuniform
wind. To this end, it is necessary to provide the de� nition of micro-
lift force, which is given as follows. A wing in a steady rectilinear
� ight, moving in a nonuniform gust, develops a lift different from
that calculated for zero wind gradient. The microlift is here de� ned
as the part of aerodynamic force, perpendicular to relative velocity
v ¡ Lwg , given as the difference between the lift developed in the
presence of a nonuniform gust and that calculated for zero wind
gradient.

Although in the literature it is possible to � nd some references
about the in� uence of nonuniformwind velocitydistributionson the
aerodynamic force exerted on a vehicle, to the author’s knowledge
the effects of microlift force on aircraft motion and related piloting
techniques have not received proper attention.

Stojkovic1 chooses the noninertialwind coordinatesystem as ref-
erenceframe,where the sailplanemotion is de� nedanddescribesthe
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effects of the wind gradient @wg=@s through kinematic considera-
tions related to the time variationof velocitycomponentsin the wind
gradient. Then, he de� nes the vertical acceleration as .@wg=@s/V
and states that the force which occurs in the presence of the wind
gradient is given by m.@wg=@s/V . This assumption,which does not
take into consideration the motion of � uid mass about the vehicle,
has the consequence that the work done by the so calculated force
is, in general, depending upon the reference frame.1

In a more general context the force exerted by the � uid on a
moving rigid body has been studied by many authors. Lamb2 uses
theexpressionof thekineticenergyobtainedfromthepotential� ows
theory and the Lagrange equations to calculate forces and moments
acting on a nonlifting body in a stream.

When lifting bodies are dealt with, reference can be made to
the so-called linear � eld approximation proposed by Etkin.3 The
aerodynamic forces and moments caused by a wind gradient
are evaluated as caused by an apparent angular velocity !g ´
. pg; qg ; rg/ D rwg ¡ rT wg . Accordingly, for an aircraft in steady
straight � ight, the lift variation caused by wind gradient is 1CL D
.@CL =@q/.@wg=@xB /, where @CL =@q is a constant aerodynamic
derivative. The rotary derivative @CL =@q depends upon the c.g. lo-
cation,whereas, from a physicalpoint of view, the effect of the wind
gradienton the aerodynamicforce coef� cients cannot be in� uenced
by c.g. position.Furthermoreuse of angularvelocity componentsto
representwind gradients is somewhat limited by vehicle geometry4

because the vertical dimension of the sailplane is small compared
to longitudinallength and wing span, whereas the rotary derivatives
are mainly related to changes of the angle of attack on the tail and
along the wing span, that is, the result of x and y gradients. There-
fore, wind component variationswith respect to z are not taken into
considerationso that

.pg ; qg ; rg/ D
³

@wg

@y
; ¡ @wg

@ x
;

@vg

@x
¡ @ug

@y

´

Thomasson,4 in a work regarding the equations of motion for a
rigid vehicle in a moving � uid, resumes the main results of differ-
ent authors and explains the dif� culties related to the applicationof
the different sets of equations of motion that are used for vehicles
operating in unsteady conditions or in presence of wind gradients.
The aforementioned dif� culties are related to the fact that the gust
forces and moments terms also depend on time and space varia-
tions of � uid velocities components and the explicit expression of
such terms is not always simple to obtain. Then he deduces, using
the Lagrange equation method, the motion equations and provides
suitable expression for the force and moment terms that occur on a
vehicle immersed in a nonuniform stream.

The principal objective of this study is to provide a sound math-
ematical model for the analysis of the performance of ultralight
vehicles � ying in a nonuniformwind � eld. The equationsof motion
are written according to the Lagrange equation method, where the
kinetic energy of the airstreamis to be expressed in terms of relative
velocity.2

This approach allows the microlift force contribution to the air-
craft motion to be expressed accurately and possible performance
improvements to be interpreted. In particular, following a prelim-
inary discussion on the de� nition of microlift force, the equations
of motion are formulated and the microlift coef� cient CLm is deter-
mined as a function of the wind velocity gradient. After providing
some details on the sailplane model and its aerodynamiccharacter-
istics, a parametric study of the in� uence of the microlift on the ve-
hicle motion is presented.Finally, some applicationsof the method

L D

2

4
cos # cos Ã cos # sin Ã ¡sin #

sin’ sin# cos Ã ¡ cos ’ sinÃ sin ’ sin # sin Ã C cos ’ cos Ã sin ’ cos#

cos ’ sin # cosÃ C sin ’ sinÃ cos’ sin # sin Ã ¡ sin ’ cos Ã cos ’ cos#

3

5

to maneuvers and piloting techniquesof an ultralight aircraft � ying
in a wind gradient are discussed.

Microlift Force
When an aircraft in horizontal � ight experiences a vertical gust,

a mass of air about the aircraft is accelerated by the motion of
the vehicle itself.5 In this circumstance an additional force term
Fm , approximately perpendicular to � ight velocity, appears in the
motion equations. This term is a function of the local gradient of
the wind velocity and is related to the virtual mass of the glider as

jFm j ¼ MA
@wg

@s
V (1)

where .@wg=@s/V is an appropriatevalue of the accelerationof the
� uid mass. In a � rst approximation one could evaluate MA as the
mass contained in a cylinder with diameter equal to the mean wing
chord and length equal to the wing span,6 that is,

MA ¼ ½.¼=4/Sc (2)

Equations (1) and (2) are obtained by assuming that the � uid � ow
is potential and the acceleration of the � uid mass about the aircraft
is equal to .@wg=@s/V . In this approximate context Fm could be
de� ned as the microlift force.

A different way to explain the microlift effect, from Küssner,7 is
to express the portion of lift related to the gust gradient as a linear
response of the time derivativeof the angle of attack inducedby the
gradient @wg=@s, that is,

jFm j D
Z t

0

K .t; ¿/ P®.¿ / d¿ D
Z t

0

K .t; ¿/
@wg

@s
d¿ (3)

where K .t; ¿ / is the impulsive response. If both @wg=@s and V are
constant, jFm j will be expressed as

jFm j D
@wg

@s

Z t

0

K .t ; ¿ / d¿ (4)

where the integral, when computed over a suf� ciently long time
interval, is proportional to MA .

For instance, an ultralight aircraft with W D 900 N, S D 18 m2,
and c D 1:8 m has a virtual mass of about 32 kg as shown by Jones.5

Therefore, according to Eq. (1), this kind of aircraft in a vertical
gust with a gradient@wg=@s D 0:2 s¡1 at a velocity of 30 m s¡1 will
experience a vertical force jFm j ¼ 200 N that represents more than
20% of the vehicle weight.

Calculation Method
A method to calculate the aerodynamicforces that occur in � ight,

in the presence of a wind gradient, is now presented. To derive
an accurate expression of the force responsible for the microlift
phenomenon,an aircraft in a potential � ow with a constantgradient
of the wind velocity is considered. The expression of the kinetic
energy of the stream in terms of apparentmass tensorM and relative
velocity v ¡ Lwg is2

T D 1
2

½

Z

S

Án ¢ v dS D 1
2

.v ¡ Lwg/ ¢ M.v ¡ Lwg/ (5)

where

In Eq. (5) the contributionto the kinetic energy of the terms depend-
ing on the angular velocity is neglected.Next, M expressed in body
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axes is constant and does not depend on the angles of attack and
sideslip.2 The aerodynamic force F and moment Q on the aircraft
are expressed using the Lagrange equations in the general form

F D ¡
d

dt

@T

@v
¡ ! £

@T

@v
(6)

Q D ¡v £ @T

@v
C rAG £ F (7)

where rAG represents the positionof the aerodynamiccenterwith re-
spect to c.g. SubstitutingEq. (5) into Eq. (6) and taking into account
the time variation of L, one obtains

F D ¡
£
MPv C ! £ M.v ¡ Lwg/ C PM.v ¡ Lwg/

C M.! £ Lwg/ ¡ MLrwgLT v
¤

(8)

The � rst term in Eq. (8), usually neglected in � ight dynamics, rep-
resents the inertia force of the air� ow, whereas the second and third
ones are, respectively, the contributionof the rotary derivatives and
the classical expression of the lift related to the circulation around
the wing according to the Kutta–Joukowskij theorem. The latter
term also includes the contributionof the induced drag.

Next, the fourth term in Eq. (8) represents the combined effects
of angular velocity and wind velocity, and the � fth,

OFm D MLrwgLT v (9)

is caused by the effects of both wind gradient and � ight velocity.
AlthoughEq. (9) shows that OFm has an arbitrarydirectiondepending
upon M, rwg , L, and v, accordingto Ref. 7, the suction force on the
wing leading edge transforms OFm into a vector Fm , called microlift,
which has the same length of OFm , and it is perpendicular to the
relative velocity, that is,

Fm D
OFm ¡ . OFm ¢ Ov/Ov

j OFm ¡ . OFm ¢ Ov/Ovj
j OFm j (10)

Equations (9) and (10), which yield the mathematical expressionof
microlift force, are consistent with the qualitative de� nition given
in the Introduction.

As a further observation, Eq. (8) shows that M and PM represent
the derivativesof the aerodynamicforce F ´ .X; Y; Z / with respect
to the accelerationand velocitycomponents,respectively.Therefore
they can be expressed in terms of aerodynamic derivatives as
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where one has

@ X

@ Pv
¡

@Y

@ Pu
D

@ X

@ Pw
¡

@ Z

@ Pu
D

@Y

@ Pw
¡

@Z

@ Pv
D 0

as a result of the symmetry of M.
In case of a variable wind gradient in inertial coordinates and in

order to take into account the unsteady effect, in place of rwg a
reduced wind gradient G obtained through the integration of a � rst-
order differential equation that describes the time history of G as

an evolution process toward rwg is used. The characteristic time of
this process is O.c=V /. Thus, the followingequationsare obtained:

OFm D MLGLT v (12)

PG D .Â V =c/.rwg ¡ G/ (13)

F D ¡[MPv C ! £ M.v ¡ Lwg/ C PM.v ¡ Lwg/

C M.! £ Lwg/ C Fm] (14)

where Â D O.1/ is a suitable constant to be identi� ed through � ight
data or numerical computation of the � ow� eld.

As for the initial condition for G in Eq. (13), in all of the calcu-
lations it is G.t D 0/ D 0.

In Eq. (8) it is possible to recognize some of the force terms
presented in Refs. 2 and 4. In particular a correspondencebetween
what here is calledmicrolift and what in Ref. 4 is the term depending
on the wind gradient is remarked. The force term responsible for
lift and induced drag in Eq. (8) is not considered in Refs. 2 and 4
because only nonliftingbodies are dealt with in Ref. 2, whereas lift
and induced drag are included in the external force terms in Ref. 4.

As for the expression of Q in Eq. (7), the � rst term, which is the
same obtained by Lamb2 for ! D 0, represents the contribution of
the apparentmass tensor. The second one, not considered in Ref. 2,
gives the moment of F with respect to the aircraft c.g.

At this point the motion equations for a rigid aircraft are written
as8

m.Pv C ! £ v/ D Fe; J P! C ! £ J! D Qe

Pr D LT v; PU D R¡1! (15)

with Fe D mLg C F C Fv and Qe D Q, where mLg is the weight
force expressed in body axes and Fv which plays the role of a purely
dissipative action, is the aerodynamic viscous force. Next, R¡1 is
the transformation matrix from angular velocity to time derivative
of the Euler’s angles:

R¡1 D

2

4
0 cos’ ¡sin ’

1 sin ’ tan# cos’ tan #

0 sin’ sec # cos’ sec#

3

5

Substitutingin placeof F its expressiongivenby Eq. (14) and taking
into account Eqs. (10), (12), and (13), one obtains the following
augmented system that allows, in the general case, the evaluationof
unsteady effects caused by an abrupt variation of the gust velocity
pro� le:

MT Pv C ! £ MT v D F0 C Fm C mLg; J P! C ! £ J! D Qe

PG D
Â V

c
.rwg ¡ G/; Pr D LT v; PU D R¡1!

OFm D MLGLT v; Fm D
OFm ¡ . OFm ¢ Ov/Ov

j OFm ¡ . OFm ¢ Ov/Ovj
j OFm j (16)

where MT D Im C M, I is the unit tensor, and F0 gives

F0 D ! £ MLwg ¡ M.! £ Lwg/ C [¡ PM.v ¡ Lwg/ C Fv] (17)

The termwithin squarebracketsrepresentsthe aerodynamicforce
depending on ®, ¯, and V , and, in what follows, it is supposed that
it can be expressed, in usual fashion, through the aerodynamicforce
coef� cients.

As shown in Eqs. (16), the presenceof the microlift and of all the
other terms that depend on M modi� es the equations of motion of
the aircraft, and the variations can be very signi� cant for ultralight
vehicles.

At this point it is important to note some relevant consequences
on the motion of the aircraft related to the presence, in Eqs. (16), of
additional force terms. First, the MT Pv term is a linear transformation
of the time derivative of the velocity that, in general, is not parallel
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to Pv. Furthermore, not all of the additional terms depend on wg as
for instance MPv and ! £ Mv, and, therefore, they can play a role
also in the absence of wind. In particular, if a motion in calm air is
considered the work of the external force is equal to the variation
of E C 1

2
vMv, which is the sum of the mechanical energy of the

aircraft and the kinetic energy of the � ow. As a consequence, the
aircraft motion can be affected, to some extent, by the conversion
of the latter form of energy into vehiclemechanical energy and vice
versa. This effect is usually neglected in classical � ight dynamics.

To study the in� uence of the microlift on the performancesof an
ultralight sailplane,an aircraft in steady � ight condition in the pres-
ence of a constant vertical wind gradient is considered.To simplify
such an approach, the attitude of the aircraft is given as ’ D # D
Ã D 0 so that L D I, and the gust velocity is zero in the aircraft c.g.
In the model this corresponds to wg D 0. Therefore, the microlift
can be expressed as

Fm D Mrwgv (18)

For an aircraft con� guration the more sizeable contribution to Fm is
given by M33 ´ ¡@ Z=@ Pw while the other elements of the apparent
mass matrix have usually minor in� uence. Furthermore,

M12 ´ ¡ @ X

@ Pv
D M23 ´ ¡ @Y

@ Pw
D 0

because in most cases .xB ; zB / is a symmetry plane. Hence, in this
approximate framework M is

M D

2

4
0 0 0

0 0 0

0 0 M33

3

5 (19)

As for the wind gradient, it is supposed that wg which can change
in the horizontal plane .x; y/ is only

rwg D

2

664

0 0 0

0 0 0
@wg

@x

@wg

@y
0

3

775 (20)

IntroducingEqs. (19) and (20) into Eq. (18) and taking into account
that v D V .cos ® cos ¯; sin ¯; sin ® cos ¯/, the microlift coef� cient
becomes

CLm D 2jFm j
½V 2 S

D 2M33

½SV

³
@wg

@ x
cos ® cos ¯ C @wg

@y
sin ¯

´
(21)

CLm is proportionalto the inverse of � ight speed; therefore,its in� u-
ence is relevant at low velocities. Equation (21) demonstrates that,
in the presence of a vertical wind gradient, it is possible to obtain
microlift force in different ways depending on @wg=@x , @wg=@y,
and ¯ , as illustrated in Fig. 1. In particular, in order to have mi-
crolift, as shown in Figs. 1a and 1b, it is suf� cient to � y in such
a way that the � ight path intersects the iso-wg lines (dashed) with
a nonzero angle. Furthermore, from Eq. (21) for a given angle of
attack the maximum value of microlift coef� cient is achieved for

¯[.CLm /max] D arctan
@wg=@y

.@wg=@x/ cos ®
(22)

In Figs. 1c and 1d the two � ight conditions at ¯ 6D 0 and ¯ D 0 are
presented, respectively,both correspondingto the developmentof a
maximumvalueformicroliftcoef� cient. In bothcases themaximum
value forCLm is reachedwhen the anglebetweenvelocityvectorand
iso-wg lines is about¼=2. Furthermore,with @wg=@x D 0 in Eq. (22)
then the maximum microlift coef� cient is achieved for j¯j D ¼=2.
These effects will be discussed in more detail in the next section,
when the in� uence of the wind gradient on the trim conditions is
analyzed.

Minor effects of microlift force are observed if all of the el-
ements of the apparent mass tensor are accounted for. In the

Fig. 1 In� uence of the wind gradient on microlift.

case where M13 ´ ¡@ X=@ Pw 6D 0, being jM13j ¿ jM33j, the increase
of the microlift coef� cient is approximatively given by .M13=
½SV /.M13=M33/[.@wg=@x/ cos® cos¯ C .@wg=@y/ sin ¯], which
is much lower than CLm as expressed in Eq. (21).

Next, in order to study the unsteady effects on the microlift, the
case of a vertical gust with a step velocity variation in the .xB; zB/
plane is considered. In this case the wind gradient has an impulse
wg±.s; Ns/, and all of the coef� cients G i j in Eq. (13) are zero but
G31. Hence,

PG31 D .Â V =c/[±.s; Ns/wg ¡ G31] (23)

By integrating Eq. (23) between Ns ¡ " and Ns C ", for very small "
one obtains a relationship that relates the reduced wind gradient
variation to wg:

1G31 D Âwg=c (24)

Then, introducing Eq. (24) into Eq. (12) and taking into account
Eq. (2) the expression of microlift variation is

1jFm j ¼ MA1G31V D MA.Âwg V =c/ ¼ ½¼ SÂwgV =4 (25)

that, in terms of CLm , becomes

1CLm D Â.¼=2/.wg=V / (26)

so as to recover the classic result6 for the CL increase caused by a
sharp edge gust

1CL ¼ CL®
.wg=V / (27)

Therefore, comparison between Eqs. (26) and (27) con� rms that
Â ¼ .2=¼/CL® is O.1/.
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a)

b)

Fig. 2 Time histories of the lift coef� cients.

Validation of the Method
To validate the proposed method, the lift coef� cient of a linearly

tapered wing, having aspect ratio and taper ratio equal to 27.59 and
0.54, respectively,is computed,as a functionof time, by an unsteady
vortex-latticecode,where the effectsof a longitudinalwind gradient
@wg=@s are accounted for. In particular, a linear distribution of the
vertical velocity in two cases is evaluated.

In the � rst one the inertial acceleration of the � ow, expressed
through the @Á=@t term of the Bernoulli’s equation, is accounted
for, and the normal velocity on the wing surface is speci� ed as

n.x/ ¢ vw .x/ D n ¢ [v C wg.xG/ C rwg.x ¡ xG /] (28)

where vw represents the local velocity at the generic point x of the
wing, xG is the c.g. position, and v, which is assumed constant, is
the wing velocity.

In the second situation the pressure � eld on the wing is calculated
for steady-state conditions, and the wind effects are represented
through the following boundary condition on the wing surface:

n.x/ ¢ vw.x/ D n ¢ [v C wg.xG /] (29)

According to the de� nition of microlift force, the microlift coef-
� cient can be evaluated as the differencebetween the lift coef� cient
calculatedusing Eqs. (28) and (29) respectivelybecause in the latter
case unsteady effects are neglected, the wind gradient is not con-
sidered, and, as a result, the aerodynamic force only dependson the
instantaneousvariation of the angle of attack.

The results of the analysis, obtained for .@wg=@xB /.c=V / D
0:005, are presented in Fig. 2a for both the considered cases. The
difference between the two curves gives the microlift coef� cient.
Figure 2b shows that the values of CLm obtained from Eqs. (10),
(12), and (13) with Â D .2=¼/CL® and the vortex lattice method
are in good agreement and that the relative differencesbetween the
two values are lower than 6%. This demonstrates that the proposed
method provides accurate time histories of microlift coef� cient.

Results and Discussion
Considera model of the ASH ¡ 26E sailplanesketchedin Fig. 3,

the design parameters of which are b D 18:0 m, S D 11:7 m2, l D
13:5 m, AR D 27.69, high horizontal tail. The wing loading is as-
sumed equal to 100 N m¡2 . The aerodynamic characteristicsof the
sailplanewere estimatedby theboundaryelementcodeVSAERO by
AnalyticalMethods, Inc.,9 in the range, for the aerodynamicangles,
¡25 · ® · 25, ¡15 · ¯ · 15. Table 1 reports the computed aero-
dynamic coef� cients in body axes as functions of the aerodynamic

Table 1 Aerodynamic coef� cients of the sailplane vs ® and ¯

¯, deg;
®, deg 0 5 10 15

a) Cx £ 10
¡25 4.59 4.57 4.49 4.36
¡20 2.69 2.68 2.64 2.58
¡15 1.22 1.22 1.21 1.20
¡10 0.24 0.25 0.26 0.29
¡5 ¡0.23 ¡0.22 ¡0.19 ¡0.15
0 ¡0.13 ¡0.12 ¡0.10 ¡0.05
5 0.51 0.51 0.52 0.55
10 1.64 1.63 1.61 1.59
15 3.26 3.24 3.19 3.11
20 5.29 5.26 5.16 5.01
25 7.69 7.64 7.49 7.25

b) Cl £ 100
¡25 0.00 0.01 0.06 0.11
¡20 0.00 ¡0.08 ¡0.14 ¡0.19
¡15 0.00 ¡0.17 ¡0.31 ¡0.45
¡10 0.00 ¡0.26 ¡0.50 ¡0.73
¡5 0.00 ¡0.35 ¡0.68 ¡0.98
0 0.00 ¡0.44 ¡0.86 ¡1.26
5 0.00 ¡0.51 ¡1.01 ¡1.48
10 0.00 ¡0.58 ¡1.16 ¡1.70
15 0.00 ¡0.66 ¡1.30 ¡1.88
20 0.00 ¡0.71 ¡1.43 ¡2.07
25 0.00 ¡0.79 ¡1.50 ¡2.26

c) Cy £ 10
¡25 0.00 ¡0.23 ¡0.42 ¡0.58
¡20 0.00 ¡0.22 ¡0.43 ¡0.60
¡15 0.00 ¡0.22 ¡0.42 ¡0.59
¡10 0.00 ¡0.21 ¡0.40 ¡0.59
¡5 0.00 ¡0.22 ¡0.40 ¡0.59
0 0.00 ¡0.20 ¡0.38 ¡0.57
5 0.00 ¡0.19 ¡0.37 ¡0.55
10 0.00 ¡0.17 ¡0.34 ¡0.52
15 0.00 ¡0.15 ¡0.33 ¡0.48
20 0.00 ¡0.14 ¡0.30 ¡0.44
25 0.00 ¡0.14 ¡0.30 ¡0.46

d) Cm
¡25 ¡0.22 ¡0.23 ¡0.23 ¡0.24
¡20 ¡0.03 ¡0.03 ¡0.04 ¡0.05
¡15 0.12 0.12 0.11 0.09
¡10 0.22 0.22 0.21 0.19
¡5 0.25 0.25 0.23 0.21
0 0.21 0.20 0.19 0.18
5 0.11 0.11 0.09 0.08
10 ¡0.02 ¡0.02 ¡0.03 ¡0.04
15 ¡0.18 ¡0.18 ¡0.19 ¡0.20
20 ¡0.42 ¡0.41 ¡0.41 ¡0.41
25 ¡0.69 ¡0.68 ¡0.68 ¡0.67

e) Cz
¡25 1.74 1.73 1.69 1.63
¡20 1.36 1.35 1.32 1.27
¡15 0.91 0.90 0.88 0.85
¡10 0.41 0.41 0.40 0.39
¡5 ¡0.11 ¡0.11 ¡0.11 ¡0.10
0 ¡0.66 ¡0.66 ¡0.64 ¡0.62
5 ¡1.20 ¡1.20 ¡1.17 ¡1.12
10 ¡1.71 ¡1.70 ¡1.66 ¡1.60
15 ¡2.19 ¡2.17 ¡2.12 ¡2.04
20 ¡2.60 ¡2.58 ¡2.52 ¡2.43
25 ¡2.94 ¡2.92 ¡2.86 ¡2.75

f ) Cn £ 100
¡25 0.00 0.48 0.86 1.20
¡20 0.00 0.45 0.84 1.16
¡15 0.00 0.44 0.80 1.12
¡10 0.00 0.41 0.74 1.09
¡5 0.00 0.39 0.71 1.06
0 0.00 0.34 0.66 0.98
5 0.00 0.32 0.62 0.92
10 0.00 0.27 0.55 0.83
15 0.00 0.23 0.49 0.73
20 0.00 0.20 0.42 0.64
25 0.00 0.16 0.36 0.55
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Fig. 3 ASH-26E sailplane.

Fig. 4 In� uence of microlift on gliding � ight.

angles. The expressionsof the incremental force and moment coef-
� cients caused by the control angles are

1Cx D ¡0:8829£ 10¡5±2
e ¡ 0:1705£ 10¡4±2

r ¡ 0:3448£ 10¡4±2
e

1C y D 0:2976 £ 10¡2±r

1Cz D ¡0:4025£ 10¡2±e ¡ 0:3004£ 10¡5±2
r C 0:6076 £ 10¡4±2

a

1Cl D ¡0:5227 £ 10¡2±a C 0:1485 £ 10¡3±r

1Cm D ¡0:3422£ 10¡1±e C 0:4824£ 10¡4±2
a ¡ 0:1731£ 10¡5±2

r

1Cn D ¡0:1611 £ 10¡3±a ¡ 0:7259 £ 10¡3±r (30)

In what follows, in order to analyze the in� uence of the micro-
lift some results regarding the � ight of an ultralight sailplane into a
severe wind gradient are presented. To this end, it will be consid-
ered the effect of different values of the aspect ratio ARN on drag
coef� cient according to

CD.ARN / ¡ CD.AR/ D .1=ARN ¡ 1=AR/
¡
C2

L

¯
¼e

¢

whereARN is the variablevalueof the aspectratioand e is the Oswald
factor, which is held constant and equal to .1=¼AR/.dC2

L =dCD/,
computed for ® D 0; ¯ D 0. Consequently, different aerodynamic
force coef� cients in body axes are obtained.

As a preliminaryresult,Fig. 4 shows the in� uence of the microlift
on the drag polar and the odographof the gliding � ight for different

Fig. 5 In� uence of wind gradient on glider trim.

values of the aspect ratio. In the diagrams each curve is referred to
a given value of the microlift coef� cient. In this case W D 1000 N,
S D 10 m2 , and three values of the aspect ratio are AR D 5, 10, and
15.
The maximum value of CLm is taken approximately equal to 0.5
according to

CLm ¼
MA.@wg=@xB /V

1
2 ½SV 2

¼ ¼

2
c

@wg

@xB

1
V

D O.1/

where @wg=@xB D 1, V D 10 m s¡1 , and c D 1 m. These values are
assumed on the basis of typical conditions in which the microlift
plays a role. A signi� cant in� uence of CLm can be observed in the
� gure. In particular, the ef� ciency increases in any case by at least
40% with respect to the case of zero wind gradient, causing a sig-
ni� cant reductionof the vertical velocities,which, in turn, improves
the gliding performance. Such effects are particularly intense for
ultralight aircraft with low aspect ratio. Figure 5 shows, in trim
conditions, the variationsof angle of attack, sink rate, aerodynamic
ef� ciency, and the elevator angle vs sideslip angle for different val-
ues of the lateral wind gradient @wg=@yB . Here, yB has the same
direction of wing span. The trim conditions are obtained for � ight
velocity of 10 m s¡1 at an altitude of 1000 m. It is supposed that the
sailplane � ies into a gust with linear velocity distribution wg.yB/
having zero value in the c.g. In the model this correspondsto assum-
ing the wind velocity equal to zero. The wind gradient @wg=@yB is
variable from 0 to 0.5 s¡1. Furthermore, according to Eq. (19), it
is assumed that the apparent mass matrix has all of the coef� cients
equal to zero but M33 , which is put equal to m=2.

The plots in Fig. 5 show that the wind gradient can substantially
modify the aerodynamiccoef� cients, causing relevantvariationsof
the aerodynamicef� ciency and, therefore, of the sink rate.

The bestvaluesof aerodynamicef� ciencyand sink rate, for the re-
quired trim condition,are realized for nonzero values of the sideslip
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Fig. 6 Case 1: In� uence of apparent mass on the sailplane motion in
calm air.

angle. This means that the ef� ciency increase caused by microlift
is greater than its reduction caused by a nonsymmetric � ight condi-
tion. Ultralightsailplanepilotsduring some ascentmaneuversin the
presenceof a wind gradient� nd it more convenient to � y at nonzero
sideslip angle.

A few simulations of vehicle motion to show the main effects
related to both microlift and apparent mass are evaluated. To ap-
ply the method presented in the preceding section, the analysis will
proceed from a simple maneuver to more complex ones. The objec-
tive in all of the simulations is to maximize the � nal altitude of the
glider, where the control laws for ±e, ±a , and ±r are determined by
a constrained optimization method.10 The trajectory optimization
problem is formulated by a time discretization of the control laws,
where the control angles are evaluated at 10 time locations. A con-
tinuousvariationof ±e , ±a , and ±r is obtainedby spline interpolation.

Equations(16) are used as motion equations,and the contribution
of the three control angles to the aerodynamic forces and moments
is taken into account through incremental force and moment coef-
� cients as reported in Eqs. (30).

To study the in� uenceon the sailplanemotion of the alreadycited
additional force terms in Eqs. (16) and (17) that do not depend on
the wind, the � rst maneuver takes place in the vertical plane and
in calm air. The sailplane is initially in level � ight at equilibrium
speedV D 10m s¡1 andaltitudeh D 1000m.The maneuverduration
is assigned equal to 10 s, and, as a � nal condition, the velocity
is kept equal to 10 m s¡1 . Figure 6 shows the time histories of
some signi� cant states and load factor, computed for M D 0 (dashed
lines) and M 6D 0 (continuous line) with M11 D M22 D Mi j D 0, for
i 6D j , and M33=m D 1. The differences between the two solutions
are evidentas far as h t and nz are concerned.In particular,in the case
of M 6D 0 the slope of ht .t/ is greater than zero at certain values of t .
This circumstance is caused by the conversion of the � ow energy
into mechanical energy of the aircraft.

The second maneuver is three-dimensional, and the glider in-
tersects a vertical gust, the velocity distribution of which is wg D
Ag sin2.¼ x=H / for 0 · x · 60 and wg D 0 elsewhere, with Ag D
5 m s¡1 and H D 60 m. At the initial time the sailplane is at the
equilibrium speed V D 10 m s¡1 with h D 1000 m and Ã D 0 out
of the gust region. It must perform a maneuver lasting 10 s so as to
align its longitudinalaxis to the axis of the gust front.The prescribed
� nal condition is de� ned as V D 10 m s¡1 , ¯ D Á D p D q D r D 0,
and Ã D 90 deg. The results are shown in Fig. 7, where again the
continuousand dashed lines refer to M 6D 0 and M D 0, respectively.
Some signi� cant differences regarding V , ±e , and ® occur.

During the maneuver, the sailplane increases its energy height
under the action of the vertical gust (Fig. 7e). The trajectories in
the horizontal plane .x; y/ (Fig. 7f) show how the positions of the
aircraft are related to the gust velocity pro� le. In both cases the
aircraft position at the end of the maneuver will be very close to
the region where the gust speed reaches its maximum value. Higher

a) e)

b) f)

c) g)

d) h)

Fig. 7 Case 2: Three-dimensional maneuver in the presence of wind.

values of the roll angle (Fig. 7d) are obtained for M 6D 0 because
of the higher speed and the inertial effects of the virtual mass. The
angle of attack (Fig. 7b) is signi� cantly lower than those calculated
for M D 0 because of microlift effects, and, as a result, a different±e

law is obtained.Furthermore, in the case of M 6D 0 the averagespeed
resultsgreaterthan the one forM D 0. This is becauseof themicrolift
force component in the direction of v. The greater distance realized
for M 6D 0 allows the sailplane to complete the maneuver with a
greater ratio between range and altitude variation. To maximize the
� nal height, the pilot should adopt different control techniques in
terms of elevator angle and � ight speed. In this case the microlift
effects produce a 13% improvement of the � nal altitude.

In the third case, shown in Fig. 8, the glider realizes a three-
dimensional maneuver where vertical gust front is crossed. The
velocity distribution is wg D Ag sin2.¼ y=H / for 0 · y · 60, and
wg D 0 elsewhere, with Ag D 5 m s¡1 and H D 60 m. At t D 0 the
sailplane is in steady � ight with V D 10 m s¡1 at h D 1000 m out
of the gust region. At the end of a 10-s maneuver, the longitudinal
axis is to be parallel to the axis of the gust front. The assigned � nal
conditions are V D 10 m s¡1, ¯ D Á D Ã D p D q D r D 0. Observe,
in both cases, that the sailplane, under the in� uence of the vertical
gust, increases its energy height (Fig. 8e). Relevant variations in the
time histories of states and controls are apparent. This is true, in
particular, for � ight velocity (Fig. 8a) and angle of attack (Fig. 8b).

The computed angles of attack, at any time, take lower values
for M 6D 0. Such a result is directly connected to the microlift force,
which acts to increase the total lift because of nonzero values of
sideslip angle. The higher values of speed obtained for M 6D 0 are
the consequenceof a nonnegligiblepositivemicrolift component in
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a) e)

b) f)

c) g)

d) h)

Fig. 8 Case 3: Three-dimensional maneuver in the presence of wind.

v direction. This, as shown in Fig. 8, allows the sailplane to have
an increased range. Also, in the plot of the trajectories in the hori-
zontal plane .x; y/ (Fig. 8f) the � nal position of the vehicle is very
close to the region where the gust speed is maximum. The altitude
gain obtained through microlift effect is equal to approximately
20%.

In the reported simulations the presence of the apparent mass
tensor in the equations of motion produces two opposite effects on
the aircraft motion. On one hand, M tends to decrease the accel-
erations because it contributes to increase the mass of the physi-
cal system. On the other hand, the microlift term increases the lift
coef� cient, which tends, in turn, to increase the acceleration and
then the load factor. In the case of a conventional aircraft with a
relatively high wing loading, these effects are hidden by the low
value of the MA=m ratio. For an ultralightaircraft it is observed that
MA=m D O.1/, and, therefore, both the aforementionedeffects are
signi� cant.

Conclusions
In this study Lagrange equations and the apparent mass concept

are used to express the microlift force developed by a ultralight
sailplane soaring in a wind gradient.

Comparisonwith an unsteadyvortex latticemethodshows that the
proposed method provides accurate results when the aerodynamic
force developed by a wing in a nonuniform � ow is calculated.

The results relative to the trim calculation and to the optimized
simulations show that the consideration of microlift force in terms
of apparent mass and wind gradient allows us to explain the im-
provement of gliding performance observed for low wing-loading
sailplanes. Both microlift force and the other apparent-mass terms
can signi� cantly modify the aircraft behavior forcing the pilot to
adopt nonconventionalpiloting techniques (microlift technique).

Therefore,whereas in conventionalsoaring techniquea sailplane
� ying at a relatively high velocity through the vertical gust region
steadily increases its altitude, the microlift technique prescribes a
low � ight speed through narrow regions where the wind velocity
is not constant. Such a low speed is needed to increase the effect
of microlift with respect to conventional lift force. Furthermore,
in comparison with the ultralight vehicle a conventional sailplane
cannot � y slow enough to take advantage of the microlift effect,
even though a microlift force is always developed.

Because of its dependence on the wind gradient, the microlift
force will result in a � eeting and rapidly changing force. Hence, the
pilot, in order to use themicrolift technique,must act on the controls,
depending on wind gradient characteristics, that is direction and
length, to realize timely variations of velocity and heading.

A � nal conclusion concerns the main limitation of the proposed
method. As for the model of the microlift force, the results are valid
under the assumption of potential � ow about the aircraft. Also, in
all of the calculations the in� uence of the virtual masses on the
sailplane moments was neglected so that the possible effects on the
attitude motion of the aircraft were not accounted for.
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