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ADAPTIVE WIND ESTIMATION,
TRAJECTORY GENERATION, AND FLIGHT
CONTROL FOR AERIAL SYSTEMS USING
MOTION DATA

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 62/611,319 filed Dec. 28, 2017. The

subject matter of this earlier filed application 1s hereby
incorporated by reference 1n 1ts entirety.

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovalties thereon or therefore.

FIELD

The present invention generally pertains to aerial system
control, and more particularly, to adaptive wind estimation,
trajectory generation, and flight control for aerial systems
using motion data.

BACKGROUND

Small unmanned aerial systems (sUASs) are becoming
increasingly popular for research, commercial use, and
military use. This 1s 1n part because of their relative afford-
ability as compared to other aircraft due to their small size,
low cost, and less complex hardware. One of the critical
aspects ol sUAS usage 1s reliability while maintaining
relative simplicity in design.

However, designs with lightweight structure and limited
power are vulnerable to wind disturbances. Hence, it 1s
conventionally dithcult to provide accurate navigation and
control outdoors, especially 1in urban environments where
the wind field tends to be more complex and have more
uncertainties. Most existing approaches are related to adap-
tive and robust control strategies to follow desired trajecto-
ries by considering the wind as an external disturbance.
These approaches assume that the desired trajectories have
already been provided. Few approaches consider trajectory
generation problems in the wind, assuming that wind field 1s
known and 1s steady and umiform.

Limitations of conventional approaches can be grouped
into two categories: (1) assumptions on the available hard-
ware/sensors; and (2) assumptions on the controller capa-
bilities. It 1s assumed that the dynamic pressure or the
three-axis velocity relative to the surrounding air can be
measured onboard 1n real-time. It 1s also assumed that the
accurate measurements of the linear and angular accelera-
tions are available through IMU umits. The available adap-
tive and robust controllers, which are designed to directly
compensate for the wind eflect 1n the tracking of desired
trajectories, are not able to handle the limits on the required
thrust.

Accordingly, an improved navigation approach for sUASs
and other aircraft that facilitates safe and effective naviga-
tion may be beneficial.

SUMMARY

Certain embodiments of the present mvention may pro-
vide solutions to the problems and needs 1n the art that have
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2

not yet been fully identified, appreciated, or solved by
conventional aerial system control technologies. For

example, some embodiments of the present invention per-
tain to adaptive wind estimation, trajectory generation, and
flight control for aerial systems using motion data. Some
embodiments may provide real-time estimation of atmo-
spheric drag and wind components using data from onboard
sensors including, but not limited to, an inertial measure-
ment unit (IMU), rate gyros, etc. The estimation approach
may be implemented using onboard computing power, may
rapidly converge to true values, may be relatively compu-
tationally 1mnexpensive, and/or may not require any specific
hardware or specific vehicle maneuvers for the convergence
in some embodiments.

In an embodiment, a computer program 1s embodied on a
non-transitory computer-readable medium. The program
configured to cause at least one processor to perform adap-
tive wind estimation by identifying acrodynamic drag coet-
ficients 1n still-air tlight of an aircraft and estimating wind
components 1n moving and variable air based on the 1den-
tified aerodynamic drag coetlicients. The program 1s also
configured to cause the at least one processor to generate a
feasible trajectory that takes the estimated wind components
into account and generate motor and thrust commands based
on the generated feasible trajectory, thereby compensating
for wind disturbances. The computer program i1s further
configured to cause the at least one processor to control the
aircraft based on the generated motor and thrust commands.

In another embodiment, A computer-implemented method
includes performing adaptive wind estimation, by a com-
puting system, by identilying aecrodynamic drag coeflicients
in still-air flight of an aircrait and estimating wind compo-
nents 1 moving and variable air based on the identified
aerodynamic drag coeflicients. The estimated wind compo-
nents include wind velocities and accelerations. The com-
puter-implemented method also includes generating a fea-
sible trajectory, by the computing system, that takes the
estimated wind components i1nto account. The computer-
implemented method further includes generating motor and
thrust commands, by the computing system, based on the
generated feasible trajectory by determiming center of grav-
ity (CG) control of the aircraft and determining attitude
control of the aircraft, thereby compensating for wind dis-
turbances. Additionally, the computer-implemented method
includes controlling the aircraft based on the generated
motor and thrust commands, by the computing system. No
information from one or more wind sensors 1s available to
the computing system.

In yet another embodiment, a computer-implemented
method 1includes performing adaptive wind estimation for an
aircrait, by a computing system, and generating a feasible
trajectory, by the computing system, that takes the estimated
wind components into account. The computer-implemented
method also includes generating motor and thrust com-
mands, by the computing system, based on the generated
feasible trajectory and controlling the aircraft based on the
generated motor and thrust commands, by the computing
system.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated 1n the appended drawings. While it should be
understood that these drawings depict only typical embodi-
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ments of the mnvention and are not therefore to be considered
to be limiting of its scope, the mvention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, 1n which:

FIG. 1 1s a perspective view illustrating a sUAS, accord-
ing to an embodiment of the present invention.

FIG. 2A 1s a flowchart illustrating a process for perform-
ing adaptive wind estimation and flight control for aerial
systems using motion data, according to an embodiment of
the present ivention.

FIG. 2B 1s a flowchart illustrating a process for perform-
ing adaptive estimation, according to an embodiment of the
present mvention.

FI1G. 2C 1s a flowchart illustrating a process for generating,
a trajectory based on the adaptive estimation of FIG. 2B,
according to an embodiment of the present invention.

FIG. 2D 1s a flowchart 1llustrating a process for control-
ling an aircraft to track to the trajectory generated i FIG.
2C, according to an embodiment of the present invention.

FIG. 3 1s a graph illustrating a generated 3D trajectory and
corresponding waypoints, according to an embodiment of
the present imvention.

FIG. 4 1s a block diagram 1illustrating a computing system
configured to perform adaptive wind estimation, trajectory
generation, and flight control for aerial systems using

motion data, according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

Some embodiments of the present invention pertain to
adaptive wind estimation, trajectory generation, and flight
control for aenal systems using motion data. The estimation
approach of some embodiments 1s i1mplemented using
onboard computing power, rapidly converges to true values,
1s computationally inexpensive, and does not require any
specific hardware or specific vehicle maneuvers for the
convergence. Some embodiments are particularly effective
tor sUASs, which are more aflected by wind disturbances 1n
complex wind fields, such as those of urban environments.
Furthermore, rotorcraft create large amounts of local airflow,
which makes wind measurements more difficult or even
impossible with the typically less power hardware of sSUASs
as compared to military drones, for example. There 1s no
prior knowledge of the wind field in some embodiments,
using the motion of the aircraft itself rather than wind
sensors, which requires less computing power, complexity,
and cost than conventional approaches. It should be noted
that the approaches of some embodiments may be applied to
rotorcraft, fixed wing aircrait, manned aircraft, unmanned
aircraft, small aircraft, large aircrait, or any combination
thereot without deviating from the scope of the invention.

Certain embodiments have three components: (1) an
identification/estimation block; (2) a navigation block; and
(3) a control block. The 1dentification/estimation block 1den-
tifies aecrodynamic drag coetlicients in still air (e.g., indoor)
flight and estimates the wind components in moving and
variable air (e.g., outdoor) fhght. The navigation block
generates Ieasible trajectories taking into account the esti-
mated wind field. The control block generates motor/engine
thrust (e.g., spin rate for rotorcraft) commands necessary to
track the generated trajectories while compensating for the
wind disturbance. These blocks may not use information
from wind sensors in some embodiments. Indeed, wind
sensors may not be present 1n some aircratit.
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4

Such embodiments enable safe navigation in windy envi-
ronments while continuously estimating the wind field along
the trajectory, which may be broadcast for air trathic man-
agement 1n some embodiments. It should be noted that while
some embodiments are applicable to sUASs and other
rotorcrait, embodiments may be applied to any aircraft
regardless of size, design, propulsion type, and control type
(e.g., whether manned or unmanned) without deviating from
the scope of the mnvention. Characteristics of some embodi-
ments 1nclude, but are not limited to, fast and reliable
estimation of the wind and related aerodynamic drag com-
ponents without requiring expensive measurement units and
significant computational power, generating feasible trajec-
tories 1n real-time that take into account the estimated wind
field, and designing controllers capable of compensating for
the wind effects 1n tracking of the designed trajectories.

FIG. 1 1s a perspective view 1llustrating a sUAS 100,
according to an embodiment of the present invention. While
a sUAS 1s shown here, certain embodiments may be used for
any type and/or size of aircrait without deviating from the
scope of the mvention. In this embodiment, sUAS 100 1s a
rotorcrait that includes four rotors 110 that are spaced
equally about a body 120. Fach rotor 110 includes a pro-
peller 112, a motor 114 that drives propeller 112, and a shatt
116 that connects motor 114 to body 120. Motor 114, and
thus propeller 112, can rotate about shaft 116. For instance,
by rotating two opposite rotors 110 by a same amount,
lateral movement 1s possible. Other orientations would
cause at least some degree of rotation. In some embodi-
ments, only two opposing rotors are rotatable.

A computing system 130, such as computing system 400
of FIG. 4, controls operation of sUAS 100. sUAS 100 also
includes sensors 140, which provide data to computing
system 130 that can be used for tlight control. Sensors 140
may 1include, but are not limited to, IMUSs, rate gyros,
accelerometers, spin rate sensors, and/or any other suitable
sensor without deviating from the scope of the invention.

I. Rotorcraft Dynamic Model

An example dynamic model for a sUAS rotorcraft is
discussed below.

A. Equations of Motion

The dynamics of the center of mass of a multi-rotor
vehicle, such as sSUAS 100 of FIG. 1, 1n the East-North-Up

Earth (inertial) frame (F.) are given by:
F{E)=v(1)

(1)

mv(1)=R g e(Des ) +fp(H+mg (2)

where r(t)=[x(t) y(t) z(t)]” is the position of the center of
mass in F ., V(t):[vx(t)vy(t)vz(t)]T 1s the 1nertial velocity, m 1s
the mass, 1{t) 1s the total thrust generated by the rotors,
Rz (1) 1s the rotation matrix from the body frame Fj,
(Forward-Left-Up) to F,., e,°=[0 0 1]” is the third unit vector
of F,, f,,(t) is the aerodynamic drag force, and g=[0 0 —g]*
1s the acceleration of gravity.

The rotational dynamics of the vehicle about the center of
mass are given in the frame F 5 by:

Ry s()=R g, () () (3)

J(b(r)=—m(r)xjm(r)+Jmmm (N (O+T(D+15(0)

(4)

where w(t)=[p(t) q(t) r(t)]” is the angular rate of F, with
respect to the 1nertial frame F,. expressed in I ., J=diag(J,,
1,,J5) 1s the 1nertia matrix of the vehicle (the body frame 1s
aligned with the principal axes of inertia), J  1s the rotor
inertia about the axis of rotation (assuming this 1s 1dentical

for all rotors), w(t)=[-q(t) p(t) 0]°,
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(1) = ) (=110, ()
=1

is the angular rate of the i” rotor about its axis of rotation,
T(t) 1s the torque generated by the rotors, and T,(t) 1s the
aecrodynamic rotational drag torque.

It 1s assumed that all motors generate thrust in the positive
z-direction in F, frame e,”, and

frin =) £,
i=1

where f(1) is the thrust generated by the i” rotor at time t.
B. Aerodynamic Drag

The quadratic model

L
D= —EﬁngCD

for the translational drag (i1.e., drag force) 1s used herein,
where p 1s the air density, v _ 1s the speed of the body relative
to the air, S 1s the cross sectional area, and C,, 1s the drag
coellicient. It can reasonably be assumed that the air density
1s constant at the altitude corresponding to an urban envi-
ronment. However, S and C,, depend on the body configu-
ration and orientation with respect to air speed. In other
words, S and C,, are constants 1n the body frame. Therefore,
the drag force can be modeled in the body frame as ;"=

5 5 5 5 5 5
[-v, v, "lep - Vo v, "lep =v, "y, . ICD]B Whgre super-
scrlpt B indicates body frame quantities, v, s Va, Vﬂ are

the components of the body relative to the air Velocny in the
body frame, and the coeflicients ¢, ="2pS,C,, are constant
for each axis 1=x, vy, z. The drag force 1, 5 should be
translated 1n the inertial frame 1n order to apply to the
translational dynamics. In other words, f,,=R,.f,;°, which
can be written 1n vector-matrix form as:

(5)

_ B B _
_vﬂxlvﬂxlcﬂ}(

B [\? BB B
Jp Va};‘va},‘cﬂy = —Rgs®(; | v2 ep = —Rgp®(cp v v,

= Rp/E

B | B
_ —1,r’ﬂf_|vﬂ,z|:':Jr_;.z _

where the notation ®(b)=diag (b, b
duced for a vector b.

A stmilar model 1s adopted herein for rotational drag (1.e.,
drag torque) using the body angular velocity w_ with respect
to the air. In the body frame, the rotational drag can be

b_) has been intro-

expressed as ’I:DB—[— “lo “lc, —w_ Zlw_ “lc,
Ly ty Ty ty ty
-w, “lw, “lc_]%, where , , @, “, w,” are the components

C

3 3
T, ’E}, T

of the body relatwe to the 511' angular Velocﬂy and ¢ z
are rotational drag coeflicients, which are constant in the
body frame. In this case, there 1s no need to express the
rotational drag in the inertial frame. The following expres-
sions for the translational and rotational drag are used
herein:

By, B (6)

Jo=—Rgg®(v, ? |""’ Nep=—RprP(cpiv,

1,=—P(0 %o ?He=—d(c ) %o ?

(7)
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where ¢, and c_ are constant vectors of translational and
rotational drag coeflicients, respectively.

Adaptive Estimation, Trajectory Generation, and Flight
Control

FIG. 2A 1s a flowchart illustrating a process 200 for
performing adaptive wind estimation and flight control for
aerial systems using motion data, according to an embodi-
ment of the present mmvention. The process includes per-
forming adaptive estimation at 210 and generating a trajec-
tory at 220 based on the adaptive estimation. The process
also includes controlling an aircrait to track to the generated
trajectory at 230. In some embodiments, steps 210, 220, and
230 may include part or all of the steps shown in FIGS. 2B,
2C, and 2D, respectively.

II. Adaptive E

Estimation

FIG. 2B 1s a flowchart illustrating a process 210 for
performing adaptive estimation, according to an embodi-
ment of the present invention.

A. Drag Estimation

First, the translational drag coeflicient ¢, 1s estimated at
211 when the airspeed and the inertial velocity are equal,
1.¢., when the rotorcraift tlies in still air (such as indoors). To
this end, the inertial velocity and orientation angle measure-
ments of the rotorcratft are used, which are available from the
sensors of the rotorcraft. In addition, it 1s assumed here that
the total thrust generated by the rotors 1s available from the
rotor models and spin rate measurements. By representing
the translational dynamics in the form:

my()=f{(DR g e(D)es" +mg-Rpe(DP (W, O v, () ey

the following prediction model results:

(8)

m
é(f):f HORp (D)3 +mg—Rp g ()P, (D)Iv,2(DNEp O+ AT(@)  (9)

where V(1) 1s the velocity prediction, ¢,(t) 1s the transla-
tional drag coeflicient estimate, A, 1s the error feedback gain,
and V(t)=v(t)-v(t) 1s the prediction error. The adaptive law
for ¢5(t) 1s derived from the Lyapunov stability analysis for
the prediction error dynamics:

m V(@) ==MP(O)-R (P20, 0))Ep() (10)

where C,(t)=c,—C,(t) 1s the estimation error. The
Lyapunov function 1s chosen as:

m | (11)

=¥ (WD) + s—2p(DEp(D)

Lo == Y

where v,>0 1s the adaptation rate. It 1s straightforward that:

(12)

] 1 .
Lin = =45 (0v@) + eh @) @0 V2 O RE 5 (09 (1) + }:@Bm

Therefore, defining the adaptive law as:

(==Y @OE OB O Rz 5(D7(1) (13)

renders L(t) negative semidefinite, implying that ¥(t) and
C,(t) are globally bounded. In addition, application of Bar-
balat’s lemma ensures that v(t)—=0 as t—=c0 when v(t) 1s
bounded. Since Eq. (10) 1s a linear time invariant (LTT)
system with the input R, (0)D(v_“(1)Iv, Z(t))c,(1), it fol-
lows that R, (O)®(v “(O)lv_“(1)DHE,(1)—0 as t—w if d(v ?
(D)Iv,Z (1)) is nonsingular (i.e., if the airspeed components
v.2(1), v,°(t), v.°(t) are nonzero). In fact, in this case, the
convergence 1s exponential.
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Next, the rotational drag coeflicient 1s estimated at 212
using the prediction of the angular rate dynamics:

JoO) = OxJo O+ o, (1

o(O+T()-D(w 20w BONE () +ho) (14)

where w(t) is the prediction of the vehicle’s angular rate,
c.(t) 1s the estimation of the rotational drag coeflicient, A,>0
1s the error feedback gain, and w(t) 1s the prediction error.
The adaptive law for the estimate ¢_(t) 1s given by:

& (==, D(0, 200 2(0))o )

which results 1n the error system:

(15)

Jo(=—ho0-B(w, 20w, BONE.(5) (16)

(0=, P(0 200, 20O No)

As 1n the previous case, 1t can be shown that the error
system 1 Eq. (16) 1s globally stable, and w(t)—=0 as t—cc
when o(t) 1s bounded. Additionally, 1f all of the components
of w(t) are nonzero, C_(1)—0 exponentially as t—o00. It should
be noted that 1n the case of rotational drag, partial conver-
gence 1s possible. In other words, 1t all components are not
nonzero, the rotational drag coeflicients corresponding to the
nonzero components exponentially converge to their true
values since Eqgs. (16) and (17) are decoupled.

B. Wind Estimation

Once the translational and rotational drag coeflicients
have been estimated, wind velocities and accelerations are
estimated at 213. To this end, the dynamics equations can be
written as:

(17)

fr(1) 1

18
V() = TRB;E(I)E‘E +g - aRB}E(IJ(D(CD)VE(INVE(IM -

o) = —J 1w X Jwl(t) + (19)

T () + T () = T (e )wB (0|0 (1)

where the airspeed v_?(t)=v”(t)-w”(t) also includes the

wind velocity w”(1) expressed in the body frame, and the
relative angular rate m “(t)=w(t)-w_“(t) includes the air
mass circulation rate (i.e., vorticity) m_“(t) expressed in the
body frame. The terms -m™' R, .(t)®(c,)v “(t)lv_“(t)l and
I d(c ), (H)lw (1) are treated as external disturbance
signals s (t) and s_(t), respectively, so Egs. (18) and (19)
take the form:

_ 1 B (20)
V() = EfT(f)RBJE(I)E:a + g +5,(7)

(1) = =J L@ X J(D) + T (D L) + I 1) + 5,,(1) (21)

Similar to the drag estimation case, the prediction model
and adaptive law for the translational dynamics are intro-
duced as:

. . ) (22)
v(r) = afT(f)RBjE(f)% + g +8,(1) + Av(7)

3,(1) = 7, 9(0) (23)

where A >0 and v, >0 are design parameters, V(t)=v(t)-v(t)
is the inertial velocity prediction error, and s (t) 1s the
disturbance estimate. For the rotational dynamics:
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(=T O+ o (DT
o)+ T (O+S, (D+h,0(F) (24)

S (DY, 0() (25)

where A_>0 and v, >0 are design parameters, m(t)=m(t)—
w(t) is the angular rate prediction error, and §_(t) is the
disturbance estimate. Denoting the estimation errors as
S (t)=s (t)-s (1) and S_(t)=s_(t)-S (1), the error system can
be derived as:

V()= D(0)+3,(0) (26)

S, (==, 9(0)+5, (1) (27)
for the translational dynamics and

OO O30 (28)

S =Y OO+ (1) (29)

for the rotational dynamics.

The error system of Egs. (26)-(29) 1s a stable LTT system
with mputs s (t) and s_(t). Thus, these equations have
bounded solutions 11 the signals s (t) and s, (t) are essentially
bounded (1.e., bounded everywhere except for on the sets
that measure zero). Assuming that the thght control system
provides a bounded and continuous inertial velocity and
angular rate (or at least provides these sufliciently fre-
quently), the approach of some embodiments can produce
valid estimates of any wind field, even 1f the wind compo-
nents abruptly change during a significant number ol mea-
surement nstances over time.

To derive the upper bounds on the components of the
estimation errors, it should be noted that Egs. (26) and (27)

and Egs. (28) and (29) are decoupled. Accordingly, the
following generic system may be itroduced:

X1 ()= hx () +%2(2) (30)

Xo(D)==1x (D) (31)

where X, (1) represents any component of the linear veloc-
ity prediction errors ¥(t) or angular velocity prediction errors
(1), and x,(t) and 1(t) represent the corresponding compo-
nents of S (t) or §_(t), and § (1) or s_(1), respectively.

It should be noted that it 1(t)=0, then x,(t) and x,(t)
exponentially converge to zero from all mitial conditions,
which means that translational and rotational drag estimates
exponentially converge to true values on any interval where
the corresponding linear or angular drag components are
constant.

Next, 1ignoring the exponentially decaying eflects of the
initial errors, the rate of decay for which 1s given by the
design parameters k., and k_,, the solution of EQs. (30) an
(31) can be represented 1n the operator form as:

) ; __sHAd (32)
XI(S)— 52+z15+’}»' (S)a XZ(S)_ ,5*2+z15+’}»' (S)
Since
| _ | H S+ A H _H, (33)
sSE+As+ylly o oy s +As+yll, oy
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1t can be concluded that

(34)
|x1(2)] < ;E’SS supl fronl, 1x1 ()] =< ;E’SS sup| fio.1|

where ess suplt,, 4 denotes the essential supremum of
[1(t)| on the [0, t] interval. It follows that the drag estimation
errors S (t) or S (t) can be decreased as desired by the proper
choice of design parameters v and A.

The translational and rotational drag estimates s (t) and
S.,(t) will be used for the trajectory generation and control
design purposes. Their respective rates of change are gen-
erated according to the corresponding adaptive laws.

The wind linear and angular change velocities can be
computed from the equations:

1 35
$,(0) = ——Rp (0 @(cp w2 )3 (1) 59)
m E
S,(0) = —J 10w (D)W (1) (36)

Since §,(t) 1s in the inertial frame, it 1s first translated to
the body frame s, °(t)=R,, (1) (t). Once this is done, it
should be noted that the components of s _“(t) have signs
opposite to those of the corresponding components of v, (1)
in the body frame. Therefore, the following equations can be
written:

cp v B2 =mls B0 (37)
cﬂ},lva},ﬁ(r) 2 =m ISFWB(I)I (38)
cn v, 20 1P=mls, 2 (39)

Solving for the wind components in the body frame
yields:

(40)
Wy (1) = vE (1) — sign(3y, (1) \/ — 350
CDx
(41)
Wy (1) = vy () = sign(3,, (1) \/ %lﬁfy(m
¥
(42)

W2 (1) = vB(n) — sign(3] (1) \/ 18 o
Chs

The wind angular velocity components are found in a
similar manner:

B . B 1 \.B (&3)
G0 = po) = sign(8g, (1), | —13,(0)
] (44)
Gy (1) = 4(0) - sign(ﬁf,y(r))\/ — Vs, (@)
Ty
(45)

o2 (1) = (1) - sign(ﬁi(r))\/ j—?’ 32 (1)

Next, the wind linear and angular accelerations are com-

puted using év(t) and §m(t) from the prediction models of
Eqgs. (22)-(25). Differentiating Eqgs. (35) and (36) with
respect to time:
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. 1 2 46
5,(0) = — ;Rgfg(r)wx(r)cb(m)vf(r)lvf ()] — ;Rgfg(r)@(cwﬁ (O] () (#0)
3,(1) = =20 d(c)eB (0l (1) (47)
Taking 1nto account
Vg (1) = V2 (0) =W (1) and 05 (1) = & (1) - &2 (1), (48)
: 1
$() + — Ry (D x (DD(cp W2 Ve ()] +
2
iy — Ry (D®(cp)v (Dlvg (1)
i (1) = 5
— R (D)®(cp)|vE(D)|
I
B B0+ 207 (e )P (0w (0) (49)
b (1) =

207 1®(c) | WE (D)

where division i1s understood to be component-wise. It
should be noted that the wind acceleration estimates ivolve
the inertial linear and angular accelerations of the rotorcraft
expressed 1n the body frame.

III. Trajectory Generation

FIG. 2C 1s a flowchart illustrating a process 220 for
generating a trajectory based on the adaptive estimation,
according to an embodiment of the present mmvention. In
some embodiments, generating a trajectory through way-
points may take less than one millisecond. However, the
processing time depends on the computational power of the
given rotorcraft. The trajectory may be re-planned periodi-
cally (e.g., every five seconds). Each re-planning may
involve executing process 220 of FIG. 2C again.

The trajectory generation algorithm takes into account the
atmospheric eflects 1 multi-copter dynamics using the
estimates W(t), o (t), §.(t), §..(t), and their derivatives from
step 210 of the process described above. For this purpose,
the following simplified equation of motion 1s considered:

V(O R g, £()es"+g+3,(1) (50)

where the rotation matrix R, (t) evolves according to:

Ry p(D)=Rp (D)@ (1) (51)

and the mass-normalized total thrust

m

f@

and the angular rate w(t) are viewed as control inputs. The
justification of this simplification 1s that the controller
designed for the angular rate dynamics

o(@)=—=J 'o(OxJo()+], o, (OJ To(@)+] T()+S s (52)

can provide fast and accurate tracking of the angular rate
commands in the presence of rotational drag with or without
wind. The design of the controller in some embodiments 1s
presented 1n the next section.

To generate trajectories, the jerk minimization approach
of Egs. (26) and (27) is modified so that the estimate s (t) of
the aerodynamic drag can be directly taken into account. For
the given trajectory r(t)=[x(t) y(t) z(t)]*, the mass-normal-
ized thrust vector T(t)=f()R ,,.(t)e,” can be expressed as:

T(6)=F (£)-g-5,(1)

(33)
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which implies that
|T@I=I17 @)-g-3,@l=A2)

In other words, the mass-normalized total thrust magni-
tude to traverse the given trajectory 1s defined by Eq. (54).
The orientation of the thrust vector 1s defined by roll and
pitch angles, the rate of change of which 1s related to the jerk
(1.e., the third derivative of the position) of the given
trajectory through Eqgs. (50) and (51). Differentiating Egs.
(50) and (54) vields:

(54)

P (=R g2(Des” )R g z(D) 0™ (1)es"+8,(1) (55)
Fy~(es®) Ry(t) F (1)-5,(1) (56)
Solving for angular rates results in:
W, (1) 1 1 0 0° (57)
—wy() | = —| 0 1 0 |Rge@(7(0)=3,)
0 TOlg g o
which implies that:
(58)

\/ W2 (1) + W2(1) < _L 17#(0) = 5, @)
;@

Eq. (57) defines the angular rates w, and w,, required to
traverse the given trajectory. A given trajectory can be
traversed using the control inputs f, w,, and ®,. In other
words, only these three control inputs are needed to generate
a three-dimensional (3D) trajectory in some embodiments.
Then, w_ can be used to control the onboard sensor direction
(1.e., the rotation of the rotorcrait around the thrust vector)
tor surveillance, mapping, package delivery, etc. herein, it 1s
assumed that w_=0.

The total thrust generated by the motors satisfies the
physical constraint:

0 Efm fnﬂﬁr) Efmax

and the angular rate mput 1s bounded due to sensor
limitations as:

(59)

_mmaxﬂmag(r)ﬂmmﬂx (60)

which directly takes into account the estimate of wind
vorticity m 2(t).

Following the steps of Eqgs. (26) and (27), single axis
motion primitives are generated using a third order system:

§ (D=u D) (61)

with performance index

t
J:ffuz(*r)dr
0

initial conditions s,(0),s,(0).5,(0) and final conditions s (t,),

§ (12,8 (1o for each j=x, y, z, Where t-1s the time to traverse.
The resultmg closed form s; 1s a 5" order polynomial in time,
the coeflicients of which depend on final time t, and ﬁnal
conditions. Therefore, to fully define s(t)=[s, (1) s (t) s_(1)].
the 1itial state s(0),5(0),5(1) needs to be selected which 1s
assumed herein to be coincident with the current state r(t),
v(t), a(t) of the rotorcrait (assuming all measurements are
available), the final time t, and the final state s(t,),§ (t,),5(t )
represent the final p051t1011 velocity, and aeeeleratlen

(62)

5 1=1,...,
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Velocity and acceleration at the final time may be free or
specified without deviating from the scope of the invention.

The following algorithm 1s used for trajectory generation
in some embodiments. Let a series of waypoints p,
N, be provided by any desired planner as a matter
of design choice without deviating from the scope of the
invention, and let p,=r(t), where r(t) 1s the position of the
vehicle at a current time t. An example of waypoints along
a trajectory 1s shown in graph 300 of FIG. 3 with arbitrary
coordinates. As can be seen, each pair of adjacent waypoints
1s connected by a respective line segment.

For each line segment of the trajectory, the minimum
possible time-to-go 1s computed at 221 by dividing the
distance between the waypoints by the maximum possible
velocity V. If V_ __ 1s not available from the specifica-

FrLCEX

tions of the vehicle, the following equation may be solved:

Jnan€3"+Max Ry p(0)g=D(cp) (V2 (6)-w2(0) V2 (1)-w"
()] (63)

for v2(t) and set V___=|[v?(t)||, using the available wind

velocity estimate w”(t). The resulting time-to-go t,, may be
used as a first iteration tor the final time t .=t

A trajectory for a segment s(1) 1s generated at 222 on the
interval t=m=t, according to the optimal control problem in
Egs. (61) and (62). The mass-normalized thrust vector T(n)
required to traverse the trajectory s(m) component-wise 1s
then computed at 223 using the equations:

T =S (-5, (1) (64)
I,n)=S ,M)-3,,* () (65)
Tz(n):S E(TI )_§VE$(I)+8- (66)

M

where s *(t) 1s the worst case prediction of the maximum
drag force, since the estimates of the drag force s(t) and the
wind velocity w(t) are available only at current time t. This
prediction can be computed as SF*(‘[):§V(‘[)+1]§V(‘[)5 assuming,

a constraint ép(t) on the interval tsmst.. The total mass-
normalized thrust 1s computed as

Fn) = T2() + T2(p) + T2 ()

and f___ are
numerically are numerically computed on the interval
l=m=l,.

The thrust feasibility conditions of Eqg. (59) 1s then
checked for £ and f . at 224. If the conditions are

FrIEH

satisfied, then the following equation 1s computed:

and the minimum and maximum values T

;{(r, Ifl ) = (67)

2

ma e \/ 5.0 = 5]+ 5,00 -4, 0]+ [s:00 -]

assuming that év(‘[) 1s constant on the mterval t=m=t,, and
the rate feasibility 1s checked at 225. If the rate 1s feasible,
the trajectory s(n), t=m=t, 1s marked as a feasible trajectory
between waypoints p, and p, at 226, and the algorithm 1s
advanced to the next waypoint at 227 taking s(t, ), S(t.), S(t,)
as the initial state of the next segment of the trajectory.

However, if any of the above checks fail, the algorithm
sets t =t +1At at 228 for some time step At and 1=1, . . ., N.
The algorithm then returns to step 222. This iteration 1s
continued until a preset reasonable number N 1s reached. If
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no feasible trajectory 1s found, then the algorithm may exit
with no feasible trajectory generated for the corresponding
waypoint. The algorithm may then wait to receive a new set
of waypoints from the planner. In the meantime, the rotor-
craft can execute the generated segment of the trajectory if
one exists, or hover or land 1f not. Landing may also be
selected as an option 1f insuflicient battery power or fuel
remains.

When the algonthm of FIG. 2C exits with a feasible
trajectory, 1t 1s a sub-minimum time trajectory. This means
that for each segment of the trajectory, the time to traverse
1s within a At margin of a true minimum time trajectory.

With.respect to the final state s(t,), S(’Efl),.§(tﬁ) selection 1n
the optimal control problem formulation 1n Egs. (61) and
(62), the first state (position) s(t.), 1=1, . . ., N 1n each
direction j=X, vy, z 1s set to a corresponding waypoint p,=[X,
y. z,]* provided by the planner. The third (acceleration) state
S(t;) 1s set to zero for all waypoints. The second (velocity)
state, $(t,) 1s selected as follows. The algorithm sets

5(:pr) =

and

E(IfNP) =0

at the final waypoint p,, (arriving at rest). For all other
waypoints, set §,(t.)=0 if X;,1—X,I=¢, and leave s (t,) free
(unspecified) otherwise. Here, €>0 1s a design parameter that
the designer can choose according to the scale of the
distance to be traveled 1n the x direction. For the remaining
two directions (1.e., y and z), the waypoint velocity is set in
a similar manner. This setup enables the rotorcraft to travel
along the straight (or approximately straight) trajectories
with maximal speed without slowing down at waypoints and
engaging 1n excessive cross-track maneuvers.
IV. Trajectory Tracking Controller
In this section, a controller 1s described for the rotorcraft
to track the 3D trajectory r___ (=[x )y (1) z__ (O]
and the heading angle (y___ (1)) commands generated in the
previous section. FIG. 2D 1s a flowchart illustrating a
process 230 for controlling an aircraft to track to the
trajectory generated 1n FIG. 2C, according to an embodi-
ment of the present invention.

A. Center of Gravity (CG) Control

The motion of the CG of the rotorcrait 1s controlled at 231
by the thrust vector TR, .(t)e;” or by the magnitude of
total thrust f(t) and the orientation angles ¢(t) and O(t)
according to the force equation mm Eqg. (50), which are
designed from the perspective of tracking the trajectory
command r___(t) or the velocity command v_.__(t), depend-
ing on the preference of the designer. When the objective 1s
to track r___ (1), the corresponding v___(t) can be generated

COFH

using a backstepping approach as:

vcam(r):":l [Pcam (f)—?(f)]+f"cﬂm(f) (68)

where ¢,>0 1s a design parameter, otherwise:

vcam (r) :};cam (I) (6 9)

The control law 1s defined according to the equation:

.]_((I)REIE(I) "E?E';E :_ﬁv(r)_ﬁv(r)_g-l_cE [vcc:rm (I)_ v(r)]+1}com(r) (70)
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where ¢,>0 1s a design parameter and v___ (1) 1s computed
respectively from Eq. (68) or Eqg. (69). Substituting the
control law 1n Eq. (30) results 1n the exponentially stable
error dynamics:

Ev(r) —— (e, (f)

for the tracking error e (t)=v(t)-v___(1).

The requisite total thrust and orientation angle may be
obtained from Eqg. (70) assuming that —m/2<¢p, 0<m/2 (in
other words, assuming that there are no flip-over maneu-
vers). This assumption ensures that the functions cos ¢ and
cos O are nonzero, and that sin ¢ and sin 0 are one-to-one
invertible. It follows from Eq. (70) written component-wise
that:

f(H[cos @(f)sin O(2)cos P(B)+sin @(F)sin P(2)]=3§,(£)-

(71)

1 (D)=Coe (X, AL) LK, (1) (72)
f(D[cos ¢(2)sin O(f)cos P(#)+sin ¢(z)sin Y(6)]==5,,(1)-
€ éy(r)_EEEy(r)_l_j’;ref(r) ék_}?(r) (73)
fl)cos glt)cos B(1)=g-$,,(t)-c €, (t)-ce,(D+Z , A1)
Ak, (F) (74)
The total thrust can be obtained from Eq. (74) as:
&, (1) (73)
Jr(t)=m cosp(r)cost(r)

which basically controls the altitude or vertical speed of
the rotorcraft. Next, multiplying Eq. (72) by cos (1),
multiplying Eq. (73) by sin (t), and then adding and
subtracting yields:

Ky (D)sinyr (1) — &, (r)cosy(r) ] (76)

_ il
beon) = sin” —

(77)

Ky (Dcosyr(r) — K},(I)Sil‘lt,b(f)]

il
Ceom(t) = s ( Fr(Dcosd(D

Changing ¢ and 0 changes the thrust direction, which
enables motion of the CG.

B. Attitude Control

The attitude control 1s determined at 232. The control
torque for the rotational dynamics can now be derived such
that the Euler angle E(t) tracks the reference signal E, (1)
generated through the dynamics:

E ref(r) ——Cg [E r&*f( I) —E COM (f)]

where ¢.>0 1s a design constant and E__ (t)=[¢__, (1)
6__ M)y _ (1)]" is the combination of roll and pitch angles
commands obtained from the perspective of the position
tracking and yaw angle command provided by the trajectory
generation algorithm. Using time scale separation and
dynamic mversion techniques, an expression for the desired
angular rates can be derived as follows:

mcam(r) =" : (f) [_ CmEE(I)-l_Eref(r)]

where e (t)=E(t)-E,_(t) 1s the attitude angles tracking
error, ¢,>0 is the control gain, and H™'(t) is the inverse
matrix of H(t) given by:

(78)

(79)

10 —sinf(1) (80)
H ') =|0 cosp(r) sing(ricosd(z)
0 —sing(r) cosp(r)cost(r) |
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The control torque can then be derived using Eq. (52) as
follows:

1:(rjzm(r)me(r)—J,GQ(I)E(r)—ﬁm(r)+J[—cmem(r)+(b}_€f(r)] (81)

where ¢,>0 1s the control gain and e, (t)=w(t)-w, A1) 1s
the angular rate tracking error, which satisfies the exponen-
tially stable dynamics:

ém(r :_Cmem(r) (82)

and the signal w, At) 1s generated through the reterence
dynamics:

(;)re [ :_Cm[mref(r)_mcam(r)] (83)

The individual motor mputs can be obtained by solving

the control allocation equation:
84
1 1 . 1 (52)
T ] f1]
| biy bz e b ||
T2 B :
5321 bzg “oo b?n
REN ! fn ]
D31 b3y e D3y
where the coetlicients b,, 1=1, 2, =1, . . . , n are derived
from the geometry of the rotorcraft, and b, =(-1Yd,
1=1, . . ., n, where d 1s the ratio between the drag and the
thrust coeflicients of the propeller blade for t, 1=1, . . . , n.

Control allocation 1n general 1s specific to the design of the
aircraft. Once the CG control and attitude control are deter-
mined, the rotorcraft 1s then controlled based on these
determinations at 233. In some embodiments, the CG and
attitude control determinations may occur in parallel.

FI1G. 4 15 a block diagram illustrating a computing system
400 configured to perform adaptive wind estimation, trajec-
tory generation, and tlight control for aerial systems using,
motion data, according to an embodiment of the present
invention. In some embodiments, system 400 may be, or
may be integrated with, the fhght control system of an
aircraft, such as a rotorcraft. System 400 includes a bus 405
or other communication mechanism for communicating
information, and processor(s) 410 coupled to bus 405 for
processing mnformation. Processor(s) 410 may be any type of
general or specific purpose processor, including a central
processing unit (CPU) or application specific integrated
circuit (ASIC). Processor(s) 410 may also have multiple
processing cores, and at least some of the cores may be
configured for specific functions. System 400 further
includes a memory 415 for storing information and instruc-
tions to be executed by processor(s) 410. Memory 4135 can
be comprised of any combination of random access memory
(RAM), read only memory (ROM), tlash memory, cache,
static storage such as a magnetic or optical disk, or any other
types of non-transitory computer-readable media or combi-
nations thereof. Additionally, system 400 includes a com-
munication device 420, such as a transceiver, to wirelessly
provide access to a communications network.

Non-transitory computer-readable media may be any
available media that can be accessed by processor(s) 410
and may include volatile media, non-volatile media, remov-
able media, and/or non-removable media. The media may
store computer-readable instructions, data structures, pro-
gram modules, and/or other data.

Processor(s) 410 are further coupled via bus 405 to tlight
control systems 425 that facilitate physical control of the
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aircrait (e.g., rotors, ailerons, flaps, air brakes, etc.). As
computing system 400 computes new wing, trajectory, and
flight control information and solutions, flight control sys-
tems 425 may be controlled accordingly.

Memory 415 stores software modules that provide func-
tionality when executed by processor(s) 410. The modules
include an operating system 430 for system 400. The mod-
ules further include an adaptive wind estimation and tlight
control module 435 that 1s configured to perform the various
adaptive wind estimation, trajectory generation, and flight
control processes disclosed herein. System 400 may include
one or more additional functional modules 440 that include
additional functionality.

One skilled 1n the art will appreciate that a “system™ could
be any suitable avionics system for an aircraft, or a remote
computing system, such as a personal computer, a server, a
console, a personal digital assistant (PDA), a cell phone, a
tablet computing device, or any other suitable computing
device, or combination of devices, that 1s configured to
control the aircraft remotely. Presenting the above-described
functions as being performed by a “system” 1s not intended
to limit the scope of the present invention 1n any way, but 1s
intended to provide one example of many embodiments of
the present mvention. Indeed, methods, systems and appa-
ratuses disclosed herein may be implemented in localized
and distributed forms consistent with computing technology,
including cloud computing systems.

It should be noted that some of the system features
described 1n this specification have been presented as mod-
ules, 1n order to more particularly emphasize theirr imple-
mentation mdependence. For example, a module may be
implemented as a hardware circuit comprising custom very
large-scale integration (VLSI) circuits or gate arrays, ofl-
the-shell semiconductors such as logic chips, transistors, or
other discrete components. A module may also be 1mple-
mented 1n programmable hardware devices such as field
programmable gate arrays, programmable array logic, pro-
grammable logic devices, graphics processing units, or the
like.

A module may also be at least partially implemented 1n
soltware for execution by various types of processors. An
identified unit of executable code may, for instance, com-
prise one or more physical or logical blocks of computer
instructions that may, for instance, be organized as an object,
procedure, or function. Nevertheless, the executables of an
identified module need not be physically located together,
but may comprise disparate instructions stored in different
locations which, when joined logically together, comprise
the module and achieve the stated purpose for the module.
Further, modules may be stored on a computer-readable
medium, which may be, for imnstance, a hard disk drive, flash
device, RAM, tape, or any other such medium used to store
data.

Indeed, a module of executable code could be a single
instruction, or many instructions, and may even be distrib-
uted over several different code segments, among different
programs, and across several memory devices. Similarly,
operational data may be i1dentified and 1llustrated herein
within modules, and may be embodied 1n any suitable form
and organized within any suitable type of data structure. The
operational data may be collected as a single data set, or may
be distributed over different locations including over differ-
ent storage devices, and may exist, at least partially, merely
as electronic signals on a system or network.

The process steps performed i FIGS. 2A-D may be
performed by a computer program, encoding mstructions for
processor(s) to perform at least the processes described in

"y
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FIGS. 2A-D, 1n accordance with embodiments of the present
invention. The computer program may be embodied on a
non-transitory computer-readable medium. The computer-
readable medium may be, but 1s not limited to, a hard disk
drive, a flash device, RAM, a tape, or any other such
medium used to store data. The computer program may
include encoded instructions for controlling the processor(s)
to implement the processes described in FIGS. 2A-D, which
may also be stored on the computer-readable medium.

The computer program can be implemented in hardware,
soltware, or a hybrid implementation. The computer pro-
gram can be composed of modules that are 1n operative
communication with one another, and which are designed to
pass mformation or instructions to display. The computer
program can be configured to operate on a general-purpose
computer, or an ASIC.

Some embodiments provide a unified adaptive wind esti-
mation, trajectory generation, and flight control approach for
aircraft, such as multi-rotor drones, to facilitate eflective
navigation in environments with potentially rapidly chang-
ing wind conditions, such as urban environments. The
adaptive algorithms of some embodiments provide capabili-
ties for fast and reliable estimation of the aecrodynamic drag,
coeflicients of the aircraft in zero wind conditions, as well as
the wind components along the tlight trajectory. The navi-
gation algorithms of some embodiments generate sub-mini-
mum time and mimmum jerk trajectories between given
waypoints of the trajectory (1.¢., along segments ), taking into
account the estimated wind.

The algorithms of some embodiments are fast enough to
cnable real-time adaptive wind estimation, trajectory gen-
eration, and flight control, relying on the analytic solutions
of the single axis optimal control problem, the feasibility of
which 1s checked with respect to the dynamics of the
aircraft. The dynamics include real-time estimations of
acrodynamic drag. The control algorithms of some embodi-
ments are designed to track the generated trajectories as long,
as the aircrait retains controllability. The algorithms of some
embodiments are computationally effective and can readily
be i1mplemented using the relatively smaller amounts
onboard computing power available to sUASs as compared
to larger aircraft.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments of the present mnvention, as represented in the attached
figures, 1s not intended to limit the scope of the invention as
claimed, but 1s merely representative of selected embodi-
ments ol the mvention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner in one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment 1s 1included 1n
at least one embodiment of the present invention. Thus,
appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
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imply that all of the features and advantages that may be
realized with the present invention should be or are 1n any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present invention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized 1n
certain embodiments that may not be present 1n all embodi-
ments of the invention.

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps 1 a different order, and/or with hardware ele-
ments in configurations which are different than those which
are disclosed. Theretfore, although the imvention has been
described based upon these preferred embodiments, 1t would
be apparent to those of skill 1n the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaiming within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.

The mvention claimed 1s:

1. A computer program embodied on a non-transitory
computer-readable medium, the program configured to
cause at least one processor to:

perform adaptive wind estimation by identifying aerody-

namic drag coethicients 1n still-air flight of an aircraft
and estimating wind components 1n moving and vari-
able air based on the identified aerodynamic drag
coellicients;

generate a feasible trajectory based on the estimated wind

components;
generate motor and thrust commands based on said fea-
sible trajectory, wherein said motor and thrust com-
mands compensate for wind disturbances; and

control the aircraft based on the generated motor and
thrust commands.

2. The computer program of claim 1, wherein no infor-
mation from one or more wind sensors 1s used.

3. The computer program of claim 1, wherein the adaptive
wind estimation comprises:

estimating a translational drag coetlicient using an 1nertial

velocity and orientation angle measurements of the
aircraft; and

estimating a rotational drag coeflicient using a prediction

ol angular rate measurements.

4. The computer program of claim 1, wherein the wind
components comprise wind velocities and accelerations.

5. The computer program of claim 1, wherein the feasible
trajectory generation comprises a jerk minimization
approach that 1s modified to directly take an estimate of
acrodynamic drag into account.

6. The computer program of claim 1, wherein the feasible
trajectory generation comprises:

computing a minimum possible time-to-go for all seg-

ments of the trajectory, the trajectory comprising a
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plurality of waypoints and the segments defined as lines
between each pair of waypoints.

7. The computer program of claim 6, wherein the feasible
trajectory generation further comprises:

generating a segment trajectory on an interval between

two adjacent waypoints according to an optimal control
problem; and

computing a mass-normalized thrust vector required to

traverse the segment trajectory component-wise.

8. The computer program of claim 7, wherein the feasible
trajectory generation further comprises:

checking thrust feasibility conditions;

when the thrust feasibility conditions are satisfied:

computing and checking rate feasibility, and when the
rate 1s feasible:
marking the segment trajectory as a feasible trajec-
tory between the waypoints, and
advancing to the next segment of the trajectory, and
taking a final state of the current segment trajec-
tory as an initial state for a next segment.

9. The computer program of claim 8, wherein the process
of checking thrust feasibility and rate feasibility conditions
1s repeated until all segments of the trajectory are checked.

10. The computer program of claim 8, wherein when the
thrust feasibility conditions are not satisfied or the rate 1s not
teasible, time 1s advanced and the segment trajectory gen-
eration, thrust vector computation, and feasibility checks are
repeated.

11. The computer program of claim 1, wherein the gen-
crating of the motor and thrust commands comprises:

determining center of gravity (CG) control of the aircrafit;

and

determining attitude control of the aircrafit.

12. A computer-implemented method, comprising:

performing adaptive wind estimation, by a computing

system, by 1dentiiying aecrodynamic drag coeflicients 1n
still-air thght of an aircraft and estimating wind com-
ponents 1n moving and variable air based on the 1den-

tified aerodynamic drag coeflicients, the estimated
wind components comprising wind velocities and
accelerations;

generating a feasible trajectory, by the computing system,
based on the estimated wind components;

generating motor and thrust commands, by the computing,
system, based on the generated feasible trajectory by
determining center of gravity (CG) control of the
aircraft and determiming attitude control of the aircraft,
wherein the motor and thrust commands compensate
for wind disturbances; and

controlling the aircraft based on the generated motor and
thrust commands, by the computing system, wherein

no information from one or more wind sensors 1s avail-
able to the computing system.

13. The computer-implemented method of claim 12,

wherein the adaptive wind estimation comprises:

estimating a translational drag coetlicient, by the comput-
ing system, using an inertial velocity and orientation
angle measurements of the aircraft; and
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estimating a rotational drag coeflicient, by the computing
system, using a prediction of angular rate measure-
ments.
14. The computer-implemented method of claim 12,
wherein the feasible trajectory generation comprises:
computing, by the computing system, a minimum pos-
sible time-to-go for all segments of the trajectory, the
trajectory comprising a plurality of waypoints and the
segments defined as lines between each pair of way-
points.
15. The computer-implemented method of claim 12,
wherein the feasible trajectory generation further comprises:
generating, by the computing system, a segment trajectory
on an interval between two adjacent waypoints accord-
ing to an optimal control problem; and
computing, by the computing system, a mass-normalized
thrust vector required to traverse the segment trajectory
component-wise.
16. The computer-implemented method of claim 185,
wherein the feasible trajectory generation further comprises:
checking thrust feasibility conditions, by the computing
system;
when the thrust feasibility conditions are satisfied:
computing and checking rate feasibility, by the com-
puting system, and when the rate i1s feasible:
marking the segment trajectory as a feasible trajec-
tory between the waypoints, by the computing
system, and
advancing to the next segment of the trajectory, by
the computing system, and taking a final state of
the current segment trajectory as an initial state for
a next segment.

17. The computer-implemented method of claim 16,
wherein the process of checking thrust feasibility and rate
feasibility conditions 1s repeated until all segments of the
trajectory are checked.

18. A computer-implemented method, comprising:

performing adaptive wind estimation for an aircrait, by a

computing system;

generating a feasible trajectory, by the computing system,

that takes the estimated wind components 1nto account;
generating motor and thrust commands, by the computing,
system, based on the generated feasible trajectory; and
controlling the aircraft based on the generated motor and
thrust commands, by the computing system,
wherein the performing of the adaptive wind estimation
comprises 1dentitying acrodynamic drag coeflicients 1n
still-air tlight of the aircraft and estimating wind com-
ponents 1n moving and variable air based on the 1den-

tified aerodynamic drag coeflicients, the estimated
wind components comprising wind velocities and
accelerations.

19. The computer-implemented method of claim 18,
wherein no information from one or more wind sensors 1s
available to the computing system.
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