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Abstract
Three phases—Entry, Steady-descent, and Flare—of a unique technique for autorotation trajectory develop-
ment for rotorcraft are presented in this research study. In the Entry and Flare stages, nonlinear optimal control
programming is used to build trajectories, which are then stored in a library for selection according to flight
conditions. The Steady-descent phase integrates the conditions of the Entry and Flare phases using spline
interpolation. After that, a single trajectory is created by integrating the resulting trajectories from each phase.
The behavior of the rotorcraft during autorotation is simulated using high-fidelity rotorcraft flight dynamic mod-
els, and an incremental backstepping control law is selected to track the trajectory that has been constructed.
The suggested method, despite certain drawbacks, performs well in sample situations and offers prospective

direction for further study.

1. INTRODUCTION

The motivation of the current research begins with the
research about the multiple Rotorcraft Unmanned
Aerial Vehicles (RUAVs) operation. During the re-
search, the author found out that excessive research
about autonomous flight has been performed from the
past to the present. Meanwhile, research about au-
tonomous flight, including emergency landing, espe-
cially all engine failure situations, is hard to find based
on the author’s limited knowledge [1-6]. Despite their
successful accomplishment, however, some limita-
tions like the lack of vehicle states used for the opti-
mization [1], and the requirement of the additional
computation power [3]. During the previous research
of the current research like Ref.[7], some points are
found to be important topics to be considered in the
emergency landing of autonomous rotorcrafts for fu-
ture research: 1) complex dynamic behaviors, 2) flya-
ble steady-descent trajectory generation, 3) consider-
ation of the obstacles, and 4) robust control design.
Ref.[7] tried to consider those effects, however, the
decision-making process for landing site identification
is not considered and One Engine Inoperative (OEI)
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In this research, the entire autorotation trajectory is
divided into three phases as presented in Ref.[7]: En-
try, Steady-descent, Flare. For the entry and flare
phase, the Direct Dynamic Simulation Approach
(DDSA) [8,10] optimized the trajectory using flight dy-
namic models proposed by NASA[11]. For steady de-
scent, a spline-interpolation-based approach will be
used to generate the trajectory between the entry and
flare phases to smoothly connect those two phases.
And proposed trajectory will be validated based on
the simulation environment. A high-fidelity flight dy-
namic model, HETLAS [12], with engine rpm dynam-
ics is used to represent the response of the autorota-
tion during the simulation. And Incremental Backstep-
ping Control (IBSC) laws are applied to track the gen-
erated trajectory.

2. FRAMEWORK

2.1. Problem Definition
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Figure 1: Possible Scenarios for Emergency Landing
Scenarios for Unmanned Aerial Vehicles Operation
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As mentioned in the introduction, current research is
in the context of the multiple RUAVs’ mission auton-
omy. However, in this research, interaction with other
RUAVs are not considered here to simplify the re-
search. To perform research, AEI condition occurs to
the single RUAV which operates automatically as
shown in Figure 1. After the AEI situation occurs,
RUAYV automatically selects the landing site and es-
tablishes autorotation maneuvers toward the selected
landing site. Detailed explanations will be presented
in the corresponding sections or subsections below.

2.2. 3 Phase Approach for Trajectory Generation

Therefore, the engine-failed RUAV then automatically
searches the possible landing site from the current
position stabilizing the attitude and recovering RPM.
This will be assumed as the ‘Entry Phase’. Then, it

continually descends to the selected landing site with
steady descent. This will be assumed as the ‘Steady-
Descent Phase’. After the RUAV reaches a certain al-
titude near the selected landing site, the RUAV will
perform landing maneuvers to establish the required
attitude for a safe landing. This will be assumed as
the ‘Flare Phase’. The overall Summary of the 3
phases is shown in Table 1, and visualization of the
total trajectory integration is shown in Figure 2.

Table 1 Summary of 3-Phases (I~Ill) of Autorotation
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Figure 2 Visualization of the Total
Integration for 3-Phase Approach.
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2.3. Trajectory Generation for Entry and Flare

The trajectory for the entry and flare phases are cal-
culated using the nonlinear optimal control problem.
In this research, the DDSA [8,10] method which is
mentioned in the introduction is used to solve the for-
mulated optimal control problem. Here, the flight dy-
namic model proposed by NASA [11] will be imposed
as dynamic constraints during the calculation for time
duration ¢ e [t.2/]. Here,

(1) x(@) =f(x(®),u(?),1)



For detailed information about the flight dynamic
model used here, see Ref.[11].

2.3.1 Entry Phase Trajectory Design
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Figure 3 lllustration of Entry Phase

The purpose of the trajectory optimization for the en-
try trajectory is to establish a stable attitude and re-
cover the rotor RPM. Therefore, the cost function J
is defined as below:

1 tr 1 2
(@) =3 v+ jt(-)f E[25(9 ~Q, ) + xTQem,yx}dt
(3) Q. =100%
(4) x=[p,q,r]"
(5) Qentry =151

And total flight velocity 7,

otal

and altitude %, atthe

engine failed point are given as the initial conditions.
(6) V)=V

(7) h(to) =hyy

And total flight velocity at the engine failed point and
desired rate of descent RoD,,,,,, are given as the final

teady
conditions.
(8) Vwat (1) =V
(9) h(t; )= RoDyy,

2.3.2 Flare Phase Trajectory Design

In the meanwhile, the purpose of the trajectory opti-
mization for the flare trajectory is to establish a stable
attitude and decrease the flight speed at the final
point.

1
(10) J=yi+ j;f ExTQ e Xt

Xl = [p7 q7 r]T

Qﬂare =3I

(11)
(12)

Total flight velocity 7,

ota

,and initial flare altitude 4,

are given as initial conditions.

(13) V)=V
(14) h(ty) = RoDyypygy
(1 5) h (tO) = hﬂare

And final conditions related to the final altitude h(tf)

and vertical landing speed #,,,, are given below:

(16) 0fi <h(t;)<3fi

(17) Oknot < h(t, ) <2.96knot

And final velocity at the landing stage 7},,..ona » @nd
roll angle ¢, and pitch angle 6, are given as

inequality conditions to prevent structural damage.

(1 8) |Vhorizonta1| <15knot
(19) || <30deg
(20) 10/] <20deg

Safe Landing

Flare maneuver

Figure 4 lllustration of Flare Phase

2.4. Trajectory Generation for Steady-Descent
2.4.1 Determination of the Rate of Descent Rate

In the above equations, the determination of the rate
of descent speeds are critical issue to make a suc-
cessful maneuver. To achieve this, autorotation kine-
matics are developed and used for the autorotation
trim analysis. The below equations are developed kin-
ematics for autorotation flight.



(21) fi=u=V,
(22) fr=v-",
(23) 3= B =0

After the trim analysis is performed, the rate of de-
scent speed is used for a) the final constraint of the
entry phase, and b) the initial constraints of the flare
phase.

2.4.2 Trajectory Generation using Interpolation.

Figure 5 lllustration of the Steady-Descent Phase

For Steady-Descent trajectory generation, the final
condition of the entry phase trajectory and the initial
condition of the flare phase are used as the initial and
final conditions for the spline interpolation to generate
the steady descent trajectory. In this research, coor-
dinates of the position, and corresponding roll and
pitch angle and their derivatives are used for the con-
ditions of interpolation. At initial point,

(24) x(t0)=[x0 Yo Zo %o ‘90]T

25)  %(6)=[Vy Vi Ko P0 @]

(26)  %()=[0 0 Jy 0 0]
Atfinal point,

@7 x(t)=[x v, oz 4 Hf]r
@) x()=|r, v, b op qu
29)  x(;)=[0 0 i 0 o]

However, as flare phase trajectories were generated
by assuming the initial flare point as the initial point,
conversion work is required to generate the smooth
path. Therefore, the below equations are used to de-
termine the steady descent time and horizontal
steady descent distance.

(30) At hentz'} hﬂaz re

Loy =)
steady — ( hermy + hﬂwe J
(

( 31 ) d Vﬂar@ ent}y )

steady —
Vﬂare Ventr}
At

steady

3.5.3 Landing Site Selection
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Figure 6 Visualization of the Concept for landing site
search

For selecting the landing site, as shown in Figure 6,
possible points are surveyed within the predefined
search area. This predefined area is defined with
search length [, and search angle Ay, . Figure 7

shows the detailed concepts of the grid search inside
the search area. In Figure 7, two types of grid points
are defined: ‘Candidate Landing Site’ (Diamond
shapes) and ‘Obstacle Check for Flare’ (Square
Shapes). Here, 3 strategies are applied. First, the
obstacle collision check of the ‘Candidate Landing
Site’ is checked. Second, obstacle collision check of



the ‘Obstacle Check for Flare'. Finally, the obstacle
collision check of the trajectory is checked first. The
trajectory used here will be the result of the
interpolation described in the previous subsection. As
a result, final candidates for the landing sites are
selected.
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Figure 7 Grid Search Approaches for Landing Site
Selection

After the candidates are selected, the load factor of
the trajectory will be checked and the trajectory that
has the minimum load factor is selected as the final
trajectory. To check the load factor, the curvature of
the trajectory k is calculated based on the geometry
of the trajectory like position r and their derivatives.

d2 .
(32) K(f) = er = %
(33) r(t)=[x(t) »(t) =(z)]
(34) (1) = Vi,
(35) l‘(t) = I}Fsut + VFYﬁt = VFsut + KVI*gsun
_r®
(36) W=y
(37) u, =
[
(38) K= ”K”

Therefore, the final load factor will be:

K‘V},%S

g

(39) u, +u

n g

In current research, trajectories that have less than
1.5 will be selected as feasible trajectories.

3. SIMULATION RESULTS
3.1. Trajectory Tracking Control Law Design
3.1.1 Development of the Incremental Dynamics

The flight dynamic of the rotorcraft can be repre-
sented as the following equation. f, and m, are

forces and moments in a body-fixed frame.

(40)

. 1
v, =—f, —oxv,
m

(41) O =J"(m, —oxJo)

Their states for linear and angular velocity will be:

(42)

Vb=(u v W)T
(43) o=(p q r)

The above equations are rewritten as:

(44) izf(x,)k,up)
(45) X = (x,y,z,¢, 9,(//)T
(46) u, =(6).6,0.85.57)"

To design the trajectory tracking control law, incre-
mental dynamics are derived. By assuming that con-
trol update times are Ar at specific times ¢, , incre-

mental dynamics are shown as:

(47) X=X, +Ax

(48) X =X, +AX

(49) u,=u, +Au,
(50) X, =1, =1(x;,x;,u,,)

RPM dynamics also included to consider the autoro-
tation. RPM dynamics are presented as:

.1
Q=——(P-F)

(1) T 10
R

(52) Py =Py +KppAS,, —K,AQ-K, | AQdt



Therefore, the entire dynamics will be presented as
below equation. Here, RPM Q is explicitly repre-
sented to clarify it more clearly.

X f 7"97
(53) [%j:fuuw(x,x’ﬂ’up):(k'(XX. up)]
Q fQ(X,X,Q,up)

Approximation of dynamics using the Taylor series
expansion, dynamics will be rewritten as below equa-
tion. h, is higher order term of the Taylor series ex-

pansion.
. AX
B )
Q f,
(54) fQ Q fAQ AO
[ Jores
+ u,+
gf )
(55) Fk:(% %)
of
(56) FQ=£
oy O
(57) fw(% %)
d
(59 T~

The corresponding control effective matrix will be:

f

(59) G, = e
aup
o

(60) g =Jo
6up

3.1.2 Incremental Dynamic Inversion

By assuming Atis small enough, incremental dynam-
ics are estimated as:

e Mg o

To cope with the critical assumption for A¢, angular
acceleration prediction techniques proposed in Ref.
[13].

(61)

To design the control law, the inverse of the total con-
trol effective matrix should be required to apply

dynamic inversion. However, as the matrix is a non-
square matrix, additional methods should be required.
Therefore, the slack-variable approach proposed in
Ref. [14,15] is applied. Therefore, dynamics will be
transformed as below:

i io Gauto Av
(62) A= ] f Au,,, +
Q QO Sauto A Yo

The detailed form of the control effective matrix will
be:

(63) Gauto = (Gk GS )
(64) gauta = (gk gs )
1000 0 0)
(65) G,={0 10000
0 00 0O0O O
(66) g, =(0 0 1)

Control input due to the slack variable will be:

T

(67)

ug =(ul,u2,u3)

Au
V4
Auaum = (Au J
s

Additional terms and v, will be:

(68)

(69) Av =-G Au,

(70) Avg =—g Au;
3.1.3 Incremental Backstepping Control Design

To design the backstepping control, error dynamics
will be defined as below. For trajectory tracking errors,
(71) Z, =X—-X,
(72) Z,=X—0

The first derivatives of those error dynamics will be:
(73) Z,=2,+0-X%X,
(74) 2, =X, +GAu, +A§-a

To stabilize the RPM, error dynamics and its deriva-
tives will be:

(75) zo =Q-Q,



(76) 2o =Q-ag

Here, subscription d is the desired trajectory or the
reference value to be tracked or stabilized by control
law. And a and o indicates the pseudo-control
which will be determined to satisfy the Lyapunov sta-
bility [16].

To make control laws to track the trajectory and to
stabilize the RPM, the Control Lyapunov Function
(CLF) will be defined as:

1 o1 1
V=—2'Q'% +§z§z2 +§kgzé

(77)
AV

+1A§TA;1A$+11
2 20

By taking the derivatives to the CLF,

78) V=2[Q 'z +2) 2, +kozozg
+AVTATAV + A0 ATV AT,

By substituting the above from eq.(71) to eq.(76),

V=2{Q ' (a-%,)+kqzo(Qy+g" Au, — )
(79)  +23(Q 'z, +%, +GAu, — @)
+AV (2, — AJ'AV) + Avg (ko zg — AgAVg)
By introducing the positive definite matrix K, >0 and
K, >0,

(80) -K,z, =Q71(0‘—"‘d)

(81) K,z, =Q 'z, +%, +GyAu, —a
(82) —zg =(Q +gfAu, —ag)
(83) 0=2,-A,'AV

(84) 0= koz — AgAvg

From eq.(80), eq.(81), and eq.(82), shapes of the
pseudo-controls are determined by making arrange-
ments. Therefore, Lyapunov stability will be satisfied
as below:

(85) V=-—2Kz -2.K,z, —knzd <0

Therefore, the designed control input will be:

(86) Au=-G ' (K,z, +Q'z] +%,—a)

3.2. Example Scenarios

Table 2 Coordinates of Engine Failure Point

X (m)
8000

Y (m)
2200

Z (m)
914.4

Table 3 Inserted No Fly Zone (NFZ) for Emergency
Landing Scenario

NFZ X(m) Y (m) Height Width Length
(m) (m) (m)
1 4250 2250 260 500 500
2 5150 5200 240 300 400
3 6250 1150 180 500 700
4 8250 1750 1500 500 500
5 7250 4700 180 500 400

Figure 8 Visualized 3D Terrain used as Example
Scenario

Example scenarios defined here are described in this
subsection. Engine failure point information is pre-
sented in Table 2 and inserted No Fly Zone infor-
mation is presented in Table 3. Figure 8 shows the
actual terrain and inserted NFZ which will be used in
the simulation. Figure 9 shows the example rotorcraft,
Bo-105, which is implemented in the HETLAS.

Figure 9 Bo-105 Rotorcraft as an Example Rotorcraft
for the Validation of the Proposed Framework

3.3. Analysis Results

In this subsection, some analysis results are repre-
sented.



3.3.1 Landing Site Selection Results

Figure 10 shows the load factor of the generated
candidate trajectories. The ‘Best Path’ presented in
Figure 10 means the selected final path which satis-
fies the ‘Geometric Feasible’ which means that the
trajectory is the obstacle-free trajectory and ‘Dynamic
Feasible’ which means that the trajectory satisfies the
maximum load-factor limits. Detailed information
about those limits is shown in Figure 11. Figure 12
shows the selected landing site and integrated trajec-
tory. It was found that the finally generated trajectory
successfully avoided NFZ (or obstacle) and reached
the landing area.
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Figure 10 Calculation of the Load Factor of the
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Figure 12 Description of the Integrated Path with 3D
Terrain

3.3.2 Trajectory Tracking Results
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Figure 13 Trajectory Tracking Results using IBSC

Trajectory tracking results using IBSC are presented
in Figure 13. In the results, except for the final few
seconds, most of them show some good tracking re-
sults. One of the reasons for those responses might
be explained by Figure 14 which shows the available
and required power of the rotorcraft and the corre-
sponding RPM of the rotor. During the entire maneu-
vers, except for the final few seconds, IBSC maintain
the RPM within 90% to 110% successfully. In the final
few seconds, however, control laws somehow failed



to maintain the RPM within a certain level and it de-
creased dramatically. Due to that reason, rotorcraft
cannot attain enough thrust from the rotor and fail to
maintain the attitude required for safe landing. There-
fore, further research will be performed to improve the
response at the final stage.
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Figure 14 Power and RPM as the results of the
Trajectory Tracking Results using IBSC

4. CONCLUSIONS

The most important results of the current research are
summarized below:

1. In this research, integration of the guidance and
control for autonomous emergency landing, espe-
cially for the AEI condition was proposed and val-
idated.

2. The proposed method shows successful results
for most of the autorotation maneuvers including
the autonomous landing site selection and suc-
cessful trajectory tracking results with RPM regu-
lations.

3. However, current research also has some limita-
tions like the failure to maintain a stable attitude
in the final few seconds. Therefore, further re-
search should be required to improve those prob-
lems.

4. Other factors like external disturbance are also
one of the topics to be considered in future re-
search. Therefore, some methodologies like
adaptive control and disturbance modeling might
be considered in future research.

5. As a result, even though some limitations exist,
the proposed method shows some reasonable re-
sults. Therefore, the author expects that current
research might give some insight.
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