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Autonomous Flight of the Rotorcraft-Based UAV Using RISE Feedback and
NN Feedforward Terms

Jongho Shin, H. Jin Kim, Youdan Kim, and Warren E. Dixon

Abstract—A position tracking control system is developed for a
rotorcraft-based unmanned aerial vehicle (RUAV) using robust in-
tegral of the signum of the error (RISE) feedback and neural net-
work (NN) feedforward terms. While the typical NN-based adap-
tive controller guarantees uniformly ultimately bounded stability,
the proposed NN-based adaptive control system guarantees semi-
global asymptotic tracking of the RUAV using the RISE feedback
control. The developed control system consists of an inner-loop and
outer-loop. The inner-loop control system determines the attitude
of the RUAYV based on an adaptive NN-based linear dynamic model
inversion (LDI) method with the RISE feedback. The outer-loop
control system generates the attitude reference corresponding to
the given position, velocity, and heading references, and controls
the altitude of the RUAV by the LDI method with the RISE feed-
back. The linear model for the LDI is obtained by a linearization
of the nonlinear RUAV dynamics during hover flight. Asymptotic
tracking of the attitude and altitude states is proven by a Lya-
punov-based stability analysis, and a numerical simulation is per-
formed on the nonlinear RUAV model to validate the effectiveness
of the controller.

Index Terms—Adaptive position tracking control system,
asymptotic stability, neural networks (NNs), robust integral of the
signum of the error (RISE) feedback, rotorcraft-based unmanned
aerial vehicle (RUAV).

NOMENCLATURE

z°,y°, 25  Position about the spatial coordinate
(measurable).

u, v, W Velocity in z, y and z-direction about the body
coordinate (measurable).

P, q, T Roll, pitch, and yaw rate about the body
coordinate (measurable).

¢, 0, Roll, pitch, and yaw angles (measurable).

ay, by Longitudinal and lateral flapping angles of
main rotor (unmeasurable).

g, m Gravity acceleration, mass of the RUAV.

Xeol, Xtaii  Main- and tail-rotor collective sticks.

Xion, Xiat Longitudinal and lateral cyclic sticks.

F,,F,, F. Forcein z,y, and z-direction about the body

coordinate.
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I. INTRODUCTION

ROTORCRAFT-BASED unmanned aerial vehicle

(RUAV) is a versatile machine which can perform hover
and vertical take-off and landing (VTOL) maneuvers. These
characteristics have led to interests in the deployment of au-
tonomous RUAV for military and civilian applications. Such
applications involve low-speed tracking maneuvers in law-en-
forcement, reconnaissance, and operations where no runway is
available for take-off and landing. While a fixed-wing aircraft
is generally internally stable [1], [2], the RUAV dynamics are
naturally unstable [3]-[5] without closed-loop control, which
makes the control system design for the RUAV more chal-
lenging. To effectively overcome this difficulty, various control
methods have been studied such as robust control [6], propor-
tional-integral-differential (PID) control [7], model predictive
control [8], [9], adaptive control [10]-[12], and learning-based
control [13].

The RUAV control system can usually be divided into
two parts, similar to the fixed-wing UAV control system: an
inner-loop for controlling the attitude of the RUAV and an
outer-loop for generating the attitude reference corresponding
to the given position and velocity references [1], [2]. An altitude
tracking controller is also designed for the vertical axis. There-
fore, the dynamic behavior of the RUAV is largely determined
by the inner-loop control system. Performance improvements
of the attitude control system have been enabled through
adaptive control. In particular, neural network (NN)-based
adaptive control methods have shown excellent performance
in the presence of uncertainties through various simulations
and flight tests [10], [11]. In addition, the altitude control
system has been also designed by augmenting adaptive NN
terms [12]. NN-based methods have proven to be useful, yet
the function approximation yields uniformly ultimate bounded
results because of the residual approximation error. A simple
method for removing the inherent error is to augment the NN
with a robustifying term such as sliding mode control, but this
approach leads to a discrete control law [14], [15].

To improve the performance of the RUAV control system with
a continuous control law, this study and the preliminary work in
[16] propose the NN-based adaptive control system with robust
integral of the signum of the error (RISE) feedback [17]-[22].
The RISE feedback control can compensate for disturbances
or uncertainty while ensuring a semi-global asymptotic results
with a continuous controller. When augmented with an adap-
tive feedforward term, the sufficient high gain conditions of the
RISE feedback are reduced, and the performance of the com-
bined methods has been validated through simulation and exper-
iment [17]-[19]. While the adaptive terms in [17] and [19] have
been designed using a general adaptive control concept [14], a
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NN-based adaptive feedforward term is used in [18]. In this re-
search, a linear dynamic model inversion (LDI) method is em-
ployed to reduce the design load of the control gain for the RISE
feedback and adaptive feedforward term. The advantage of the
LDI method is that, by utilizing a nominal model information,
the need for heavier design efforts and large control gains for
the RISE feedback can be avoided.

The proposed RUAV control system is divided into the
outer-loop and inner-loop control systems. The outer-loop
control system is composed of translational dynamics inversion
and altitude control. In the translational dynamics inversion
terms, roll and pitch commands (¢ef,fref) are generated
corresponding to the given position (zif, g/fef7 zfef) velocity
(j:fef, yfef, Zif), and heading commands (), [23], [24],
where (-)yer denotes the reference. To follow the given z2.,
Orefs Orer, and e, altitude and inner-loop control systems
are designed by the LDI method with the RISE feedback.
The linear model for LDI is obtained by linearization of the
nonlinear RUAV model at hover flight. The altitude and atti-
tude tracking control systems are designed by differentiating
25, ¢, 0, and 1) twice with respect to time. Therefore, their
second time derivatives have to include the control inputs for
designing the LDI. That is, the input gain matrix obtained in
the linearization has to be invertible because the LDI method
requires an inversion of the input gain matrix. However, while
the control inputs X, and Xy,;; directly affect the dynamics
on the vertical velocity (w) and yaw rate (r), the dynamics
on the pitch rate (¢) and roll rate (p) are determined only by
the flapping angles a1, b; and other states. The longitudinal
and lateral cyclic control inputs X, and X, directly decide
the motion of a; and b; only [3]-[5]. To invert the input gain
matrix, this study rearranges it such that the dynamics of ¢ and
p are directly influenced by X,, and Xj.¢, and the dynamic
effect on a1 and b, is included in the uncertainty. Because this
rearrangement increases the uncertainty that has to be removed
by the RISE feedback, the NN-based adaptive feedforward term
is added to the inner-loop control system to reduce the load of
the RISE feedback. An adaptive rule for the NN approximator
is designed to permit zero initial values by injecting more in-
formation (NN estimation terms) into the adaptive rule, without
the need to design the initial values of the NN estimator [18].

This brief is organized as follows. In Section II, the nonlinear
RUAYV model is reviewed briefly and linear models for the atti-
tude and altitude control systems are obtained at the hover con-
dition. In Section III, we design the NN-based adaptive control
system with RISE feedback and prove semi-global asymptotic
tracking using a Lyapunov stability analysis. A detailed numer-
ical simulation result is presented in Section I'V. Finally, con-
clusions are included in Section V.

II. DYNAMIC MODEL OF RUAV

This section describes the general nonlinear dynamic model
of the RUAV and its linearization at hover flight. Then, to de-
sign the attitude and altitude control systems separately, the lin-
earized system is divided into two subsystems: the first one for
the attitude control and the other for the altitude control system.
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Generally, the dynamics for the RUAV are given as

x(t) = f(x(t),u(t)) ey

where x(= [uvwp qr ¢ 0 ar bi]T) is a state vector and
u(= [Xeol Xion Xiat Xtant]T) is a control input vector [3]. The
kinematics are represented as

).(1 = (D(Xl)XQ (2)
[CLSySZS]T — LB—)S[,UI v U)]T (3)

where x; = [¢ 0 )7, %2 = [pqr]’, and ®(x;) and LB~ are
the direction cosine and transformation matrices from the body
coordinate B to the spatial coordinate S, respectively [1].

To derive our control law, the dynamic equations in (1) are
linearized at hover flight condition

X =Ax+ Bu+d 4
y =Cx (5)

where A and B are the Jacobian matrices for a given flight con-
dition [3],y = [uv w p qr ¢ 0 )T is a measurable output,
and C is the output matrix for extracting y from the state vector
x. The term d is considered as the uncertainty, which is com-
posed of trim information and high order term derived by the
linearization. It is defined as d £ — Axg — Bug + ©, where the
subscript zero denotes a trim value, and © is a high order term.

In this study, the attitude and altitude control systems are de-
signed separately using (4) and (5). To facilitate this, the ma-
trices A, B in (4) are divided into two parts: one for the atti-
tude control and one for the altitude control. This is motivated
by the fact that the attitude states x; of the RUAV are mainly
connected to the control input u, which is composed of Xjq,,
Xiat and Xi,;1, while the altitude dynamics are dominated by
the main-rotor collective stick X.o; [5].

A. Dynamic Equation for the Attitude Control System

The attitude states x; are mainly dominated by the control
input u, [5]. To utilize this property in the attitude control
system design, the attitude states are partitioned as

X1 2 O1X, X2 2 Ohx (6)
where C7, C are output matrices for extracting x; and x from
the state vector x, respectively. Differentiating (2) yields

%1 = ®(x1)x2 + ®(x1)Cs (AX + Byuy + By Xeol + d)
= (i)(xl)XZ + Aay + (I)(Xl)C2Bchol + Ba (ua - uao)
+ A, @)

where u, 2 [Xion, Xiat, Xeait] 7> 4a 2 O(x1)C2ACT, B, £
®(x1)C2B,, A, 2 ®(x1)Ca(d + Byug, ), the subscript a de-
notes attitude, u,, is trim control input at hover condition, B, is
a submatrix of the matrix B corresponding to the control input
u,, B, is a submatrix of the matrix B corresponding to the
control input X1, and CT(€ R11*9) is the pseudo inverse of
C which is composed of the identity matrix (€ R?*?) and zero
matrix(€ R2*?). The term ®(x;) is computed using (2) and
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Xcol 1s designed in the altitude control system. Therefore, all
the elements in (7) are known except for the uncertainty A, .

The remaining concern is that B, is a matrix of rank 1 be-
cause while the control input Xt,; directly affects the dynamics
on the yaw rate (r), the dynamics on the pitch rate (¢) and roll
rate (p) are not directly connected to the longitudinal and lat-
eral cyclic sticks Xj,,, and Xj,¢. As shown in [3]-[5], X, and
Xlat determine just the motion of the flapping angles ai, b1,
and the dynamics on the pitch rate (¢) and roll rate (p) are de-
termined by a1, b; and other states only. Since the inverse of B,
is required for the LDI, B, is rearranged such that the control
effectiveness for a; and b; dynamics with respect to X0, Xiat
directly affects q and p. It is achieved by substituting the steady
state flapping angles into ¢ and p dynamics, which is obtained
by setting the time derivative a1, by to zero in the flapping dy-
namics [5]. Then, it is possible to invert the matrix B,.

B. Dynamic Equation for the Altitude Control System

While the longitudinal and lateral cyclic sticks affect just the
motion of the flapping angles a1 and by, the dynamics of the
vertical velocity w is directly affected by the main rotor collec-
tive stick input X1 [3]. Thus, the LDI method can be directly
applied to the design of the altitude control system, unlike the
attitude control system.

To design the LDI-based altitude controller, the following dif-
ferential equation is developed using (3) [1]:

25 = —usinf + vsin ¢ cos f + w cos ¢ cos f. )

The time derivative of (8) can be written as
35 = fu, +wcosgcost + A 9)

where A 2 —1l_sin0 + Q}Sincpcos 0, fu é. —uf cosh
+v¢ cos ¢ cosd — vl sing sinf —we¢ sin ¢ cos @ —wb cos ¢ sin b.
Then, (9) is rearranged as

és = fw + Gw (AX + By Xeol + Bou, + d) X COS¢COSH
+ A
= fuw + (Awy + Buw(Xecol — Xeoly)) X cos ¢ cos 6

+ A, (10)
where A, 2 C,ACY, By, £ CuBy,, Ay = Cu(d +
By Xcol,) cospcosf + A, C,, is a output matrix for extracting
w from x, and X, is trim control input at hover condition.
Since C,, B, becomes a zero row vector [5], the effect with
the control input u, is removed. As pointed out previously,
the control effectiveness B,, of X is a real constant value
because X, directly affects the dynamics on the vertical
velocity w. Thus, the LDI method can be directly utilized for
the altitude control system with B,,. To design the attitude and
altitude control systems with the RISE feedback, we need the
following assumption on the uncertainties A,, A,, in (7) and
(10).

Assumption 1: The nonlinear uncertainties A,, A,
are the functions of x;, x; and z°, %, respectively, i.e.,
A, 2 Au(x1,%1), Ay 2 A (2%, 2%). Then, if X1, X1, 2° and
2% € Lo, A, and A,, are bounded, and the first and second
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partial derivatives of A, (with respect to x; and x7) and A,,
(with respect to 2% and %) exist and are bounded.

In (7) and (10), A, is composed of x;, constant trim states
and high order terms, while A,, is mainly dominated by con-
stant trim states and high order terms under small pitch and roll
angles. This means that they are deviation from the specific trim
point, and their magnitude is very small comparing to the known
terms in (7) and (10). Therefore, A, and A, are dominated
by Euler angle, their rates and vertical position, its velocity, re-
spectively, because they are just small uncertainties generated
in the motion of the rotational and vertical acceleration. More-
over, the fact that any planar translational motion of the RUAV
is obtained through rolling or pitching the aircraft [5], and the
control system of the RUAV can be properly designed by de-
coupling the vertical and translational motions [6], [7] makes
the above assumption reasonable.

III. LDI-BASED NN ADAPTIVE CONTROL FOR THE RUAV
‘WITH RISE FEEDBACK

This section presents the LDI-based NN adaptive control
for the RUAV with the RISE feedback. The objective of
the proposed control system is to follow the given position
(@5t Yros Zret)> VeloCity (Zpg, Unug, Zrue) and heading com-
mands (1),f). The control system is divided into outer-loop and
inner-loop control systems. In the outer-loop control system, the
reference attitudes ¢t and 6,.¢ are generated corresponding to
the given position, velocity, and heading commands [23], [24],
and the altitude controller is designed using the LDI-based
RISE feedback control. Then, the LDI-based NN adaptive
control with the RISE feedback for the inner-loop system is
designed to track ¢ref, Oret, and Pof.

A. Design of the Outer-Loop Control System

The outer-loop control system is divided into two parts: the
translational dynamics inversion and altitude control. The trans-
lational dynamics inversion component generates ¢,or and ..,
while the altitude control system is designed by the LDI method
with the RISE feedback.

1) Translational Dynamics Inversion for ¢rer and Ores:
Generally, the relationship between the accelerations
(#5,9°,#%) in the spatial coordinate frame and accelera-
tions (F,/m,F,/m,F./m) in the body coordinate frame is
expressed using the transformation matrix LZ~% in (3) [1]. If
#5, /% and #° are substituted for the pseudo control variables

Vg, Uy, and v, respectively, the following equation holds:

T
ELE)N gy

[vs vy 0.]7 +[00 - g7 = LB=S [
m o m m

Since the forces generated by the cyclic sticks Xon, X1at and
tail rotor collective stick Xy,; are relatively smaller than the
force due to the main rotor collective stick X, the forces F,,,
F,, I, are approximated as ﬁ’x, Fy, F ", which are related to the
main rotor collective stick X, only. Rearranging (11) yields

~ 2 - 2 o 2
() + (%) (%)
m m m
=vl+v,+ (v:—g)° (12)
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- Cos ¢ref -= sin ¢ref
m m

= —w, sin 1/}r0f + Uy COS 1/}r0f (13)
F,
— = (Vg COS YPref + Uy SIN Pyef) COS et
m
— (v, — g)sinbper (14)

where the reference signal 1),¢ is given. To obtain an approxi-
mate value of ¢.or and O,¢ analytically, Fz and Fy can be ig-
nored because they are relatively smaller than F.. Based on this
assumption [23], [24]

~ 2
F,
(—) 802 4R 4 (on - g)?

- (15)
Goog & . Vg SIN Pref — Vy COS Pref
ref = arcsin z
m
cos si
Orer 2 arctan (“x Yret vy Sin Wf) . (16)
v, — g

To define the pseudo control variables v, vy, v., the error in
each axis of the spatial coordinate is defined as

A S S A S S A S S
€x = Tyof =T 5 €Ey = Ypef =Y 5 €2 = Zpef — 2 - (17)

Then, PD-type pseudo control variables are defined as

Uy ékfeZ —f—kmDéz
Uy ékfey +kféy
v, 2kPe. + kPe. (18)
where the proportional (k) and derivative (k) gains are de-
signed by satisfying the system requirement such as settling
time, overshoot, etc., [15]. ¢ref, Orer in (16) and the given t,q¢
are used as the reference commands for the attitude control
system.

To develop the altitude and attitude control systems, the first
four time derivatives of zfef, OPref, Oref, and 1),¢ have to be
bounded all the time. Therefore, we utilize the following as-
sumption.

Assumption 2: To make ¢ref, Orer and their time derivatives
bounded all time, 4, uy, u., and ¢ are designed to satisfy
the following conditions:

1
U 7é 9, zuzuy (1 - 5 SiIl 2¢ref) S (uz - .(7)2- (19)

The condition u, # ¢ is reasonable because u. cannot be the
same as g unless the RUAV falls free. Then, the bounded time
derivatives (up to the fourth-order) of zfef, Drefs Orer, and Yyef
can be generated by fourth-order command filters.

2) LDI-Based Altitude Control Design With RISE Feedback:
To design the altitude control system, the filtered error 7, is
defined asr, £ v,+k,v,, where k is a positive constant. Using
the dynamic (10) and e, and v, in (17) and (18), the following
open-loop error equation can be determined:

r. =k.v, + kLe, + kP53

ref
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— kP (Awy + Buy(Xeol — Xmlo)) cos ¢ cos
- kszw - kzDAm
=S. — kP(Auy + Bu(Xeol — Xeol,)) cos pcos @ — kP £,
(20)

where

S. 2 kv, +kPe. +kPzS

S —kPA,. 1)
The LDI-based altitude control law X, with the RISE feed-

back is defined as

1 - 2 — kP fu
—<_Amy+ M Zf

A
X 1= = _—
«© kD cos ¢ cos b

B ) + X(‘,olo (22)

where A,y/B, and kP f, /B, are used for eliminating the
nominal model information, and X, is the trim control input.
The RISE feedback term p is given as [20]

p=(t) = (k2 + 1vo(t) — (k3 + 1)v2(0) + 2 (23)

where 7)., is the generalized solution to 7, = (k5 +1)k.v.(t) +

B.sgn(v.), and k2, 3. are positive control gains.

B. Design of the Inner-Loop Control System: LDI-Based NN
Adaptive Control With the RISE Feedback

To quantify the inner-loop control performance, a tracking
error e, (t)(€ R?) is defined as e,, = x¢ — x;, where xd(=
[Pref Oret ’l/)ref]T) is the reference command vector. Filtered
tracking errors e,, (¢) and r,(t) are also defined as

€q, = €4, + Kieg, ry 2 &4, + Kreg, (24)

where K1, K> are diagonal positive constant matrices.
Similar to the altitude control system, an open-loop error
system is developed as

. .d
r, = Kié,, + Koey, + X

—(®(x1)%x0 + Ayy 4 Bo(ug — ug,)) — Ag. (25)

As explained in Section II-A, A, includes not only the uncer-
tainty related to measurable states but also the flapping angle
dynamics. To reduce the load on the RISE feedback for elim-
inating the larger A,, the attitude control system includes the
NN feedforward compensation. In a similar manner as in [18],
the open-loop error system (25) is rearranged by adding an aux-
iliary function AZ(x4, x4 x?)

r, =S, — (®(x1)x2 + A,y + Ba(u, — u,,)) — AL (26)
where AZ(-) is C2, and S, is defined as

Sy 2 Kié,, + Koe,, + %% — A, + AL 27)

The auxiliary function A? can be represented by a three-layer
NN as
A = WTa(VTx4) + e(x4) (28)

where W (€ RN*3) and V(€ R1°*Y) are bounded constant
ideal weight matrices for representing A%, N is the number of
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Fig. 1. Overall structure of the LDI-based adaptive control system for the RUAV with the RISE feedback.

the neurons in the hidden layer, o(+) is the sigmoid activation
function [18], €(x4) is the inherent error of the NN estimator,
and x4(€ R1°) is defined as x4(t) £ [1, x4, x¢, XZ]T Since
the desired command x4 is bounded in Assumption 2, e(xq),
€(xa,%q) and €(xg4, X4, X4) are bounded with real positive con-
stants (., (: and (;, respectively.

The LDI-based NN adaptive attitude control law with the
RISE feedback u, is defined as

U, é B_l(_Aay_ é(XI)XQ _(I)(XI)C2B1UX(‘,01 - Ag'i’ll/a)

+ g, (29)
where B! (/iay + ('p(XI)XQQ is used for eliminating the nom-
inal model information, ®(x;)C5B,, X0 cancels the effect of
the main-rotor collective stick in the yaw rate dynamics [5], and
u,, is the trim control input. The RISE feedback term 1, (€ R?)
is defined as [20]

Ha(t) £ (K7 +13)eq, (1) — (K7 +13)eq, (0) + 1. (30)

A

where 7, is the generalized solution to 7, (K f +
13)K2ea,(t) + Ba,sgn(e,,), the diagonal matrices K7, 3.,
are chosen by the stability analysis, and [3 is a 3 X 3 identity
matrix. The NN feedforward term Afll in (29) is generated as

AL 2 WTa(VTxy) (31)

where the adaptation rules for the weight matrices W and V are
given by

W 2 Proj (V.11 - &' Vka)el )

V 2 Proj (V,Tokea(6"7 W Ke,, )T ) (32)

6= U(V'T'xd), o = dO'(Z)/d%/|Z=VT?(d, I'y, and T'; are con-
stant positive definite symmetric matrices, and Proj(-,-) is a

projection operator [14]. The overall control system proposed
in this study is given in Fig. 1 and its stability is briefly ana-
lyzed in the Appendix.

The adaptation rules (32) include &, which enables the zero
initial value of the weight matrices W and V, unlike the adap-
tive rule proposed in [18] where the estimation terms always
become zeros if the initial weight values are set to zeros. Since
the design of the initial matrix W or V is not trivial, the fact
that the initial values of W and V can be chosen as zero ma-
trices is a desirable property. In addition, the term & improves
the transient characteristics of the adaptation process because
more information is utilized in the adaptation rule, as illustrated
in Section IV.

IV. SIMULATION RESULTS

In this section, numerical simulation is performed using the
nonlinear RUAV model to validate the performance of the pro-
posed control system. The nonlinear RUAV model has been ob-
tained from the flight test data [25].

To design the LDI-based control law, the nonlinear RUAV
model is linearized at the following trim condition for hover
flight:

states trim: u, v, w, p, q,7,0,1% = 0,¢ = 3.99 deg, h = 40m
input trim: X, = 0.085, X},, = 0.000, X}, = 0.006
Xian = —0.199

where the nonzero trim value of ¢ is for eliminating the anti-
torque generated by the main-rotor and, thus, Xj,; and Xia;
have nonzero trim input values.

The objective of the numerical simulation is to perform an au-
tomatic landing maneuver, where the scenario is given in Fig. 2.
At the first step, the heading of the RUAV is controlled from 0
to 45 deg, which is determined by the initial position (0,0,40)
and reference position (20,20,40). In the second step, the RUAV
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Stepl : Heading control
= From 0 deg to 45 deg

A v 1/"{/

Step2 : Position( z,y, h) control
1
h =20m 4
h=2m {

= From (0,0,40) to (20,20,20)
flies from (0,0,40) to (20,20,20). Then, the RUAV vertically de-
scends to 2 m and touches down.

The design parameters for the proposed control system have
to satisfy the condition that minimal values for kf , K1, k., and
K are set larger than 1/2, 1/2, 1 and 1 + (3,,, respectively, and
k% and K2 are sufficiently large, as addressed in the Appendix
and [18]. With these conditions, the control design parameters
are chosen as

4'

Step3 : Altitude( /) control
= From (20,20,20) to (20,20,2)

~_ 1

Step4 : Touch down
= From (20,20,2) to (20,20,0)

Fig. 2. Automatic landing scenario.

kD =k} =0.188
kY =k =0.613

kP =06

kP =0.6

k.=1.1

kS =2

B. =0.01 (33)
K, =diag([4,5,0.6])

K, =diag([4,5,1.1])
K? =diag([3,3,5])
Ba, =diag([0.01,0.01,0.01]) (34)

where the proportional and derivative gains for the pseudo con-
trol variables v,,, v, are designed for a settling time of 15 s and
the maximum overshoot of 4%. The number of the neurons in
the hidden layer, N, is set to 5 and the initial values of W and
V are set to zero matrices.

The results of the position tracking are given in Figs. 3 and 4.
The tracking performance of the LDI-based NN adaptive control
with the RISE feedback is satisfactory, and the attitude ¢ and 6
of the RUAV follows the reference commands generated in the
outer-loop control system as shown in Fig. 5. Although there is a
small deviation of the yaw angle 1 caused by the descent of the
RUAY, because the anti-torque by the main rotor is counteracted
by the tail rotor collective stick, it is negligible. Fig. 6 shows the
control input history.

The LDI-based RISE feedback control system with the above
control gains, without the adaptation logic in the inner-loop
control system, has failed the automatic landing maneuver of
the RUAV. This is because the uncertainty A,, which includes
the flapping angle dynamics, is too large to be compensated by
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Reference
Output

h(m)

30 30

y(m)

Fig. 3. Results of the position tracking in 3-D space.

Reference ||
Output

—~ 30

0 10 20 30 40 50 60 70 80
Time(sec)

Fig. 4. Results of the position tracking.

the RISE feedback with (34) only. The adaptive rule without &
in [18], which needs the random selection of the initial weight
values, has also made the RUAV unstable in the automatic
landing maneuver, even though it could track the sinusodial
attitude commands [16]. The reason is that, unlike the sinuso-
dial reference presented in [16], the desired commands ¢,cf,
Oret through the outer-loop control system are more difficult
to follow using the NN estimation without &, based on the
random initial value. Through the automatic landing simulation
the performance of the LDI-based NN adaptive control with
the RISE feedback has been validated, whose adaptation rules
include ¢ and, thus, do not require efforts for choosing the
initial values of the NN weight values.

By increasing the control gains of the RISE feedback, the
automatic landing maneuver of the RUAV could be achieved
without the NN feedforward terms. However, in this case, the
RISE method yields high-gain sufficient conditions, thus, its
performance can be significantly degraded in flight test, be-
cause there are sensor noise and sample time delays. As shown
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TABLE I
ROOT MEAN SQUARED ERROR OF THE POSITION () AND HEADING (DEG) TRACKING PERFORMANCE
LTref — & Yref — Y Zref — % 1/)ref_'(p
Only RISE feedback 1.1319 1.1228 0.5040 4.4758
RISE feedback with NN 0.9761 1.0473 0.5039 1.2912
6
TABLE II
i ROOT MEAN SQUARED CONTROL EFFORTS
Reference
Output X X X X
: : : : : N N col lon lat tail
oo 10 20 30 40 50 60 70 80
Only RISE feedback 0.0803 | 0.0111 | 0.0119 | 0.1901
RISE feedback with NN 0.0803 | 0.0100 | 0.0066 | 0.1900

Time(sec)

-0.1 - - - -
< -02 LERRRRR - g :
> : : : :
-0.3 -
10 20 30 40 50 60 70 80
Time(sec)

Fig. 6. Control input histories.

in Table II and 3, root mean squared errors of e,, ey, €., €,
and root mean squared control efforts have degraded due to the
omission of the NN feedforward terms and the increment of
the RISE feedback gains. In those simulations, velocity, angular
rate, Euler angle and position states are corrupted with sensor
measurement noise (having zero mean and 1.5 m/s, 3 deg/s, 3
deg, 1.5 m variances, respectively) and 4 sampling time delays
(100 Hz sampling rate).

V. CONCLUSION

An LDI-based NN adaptive controller is developed with the
RISE feedback for autonomous flight of a RUAV. While the al-
titude controller in the outer-loop control system is designed by

the LDI-based RISE feedback control, the inner-loop attitude
control system requires the NN feedforward term to reduce the
load of the RISE feedback for eliminating the uncertainty of
the flapping angle dynamics. By utilizing the RISE feedback,
semi-global asymptotic tracking of the NN-based adaptive con-
trol for the RUAV has been enabled with continuous control.
Moreover, an adaptive rule for permitting zero initial values of
the weight matrices of the NN estimator has been designed by
adding the NN feedforward term. Finally, numerical simulation
for the automatic landing of the RUAV has been performed to
validate the effectiveness of the proposed algorithm.

APPENDIX

By injecting the control laws (22) and (29) to (20) and (26),
the closed-loop error system is obtained as

T, =8, — U, ra:AZ—AZ—i—Sa—ua. (35)
Then, their time derivatives are determined as
Fo =8, — 1. = 8. — (k2 + D)r. — Bosgn(v.)  (36)
s d . .
i‘a:Aa_Ag'i'Sa_l)’a
2T R T R ~
=W 6+W'6'V x4+ WTs'VTx,
W'V kg — e+ Sy — fia (37)

where (1, = (K2 4+ 13)r, + Ba,5gn(eq,)-

To facilitate the subsequent stability analysis, we add and sub-
tract a new signal N4(2 kD%, — KPAL (25,25 55.)) to
(36) as

Ty = Sz - (kf + l)rz - ﬂzSgn(Uz) + Ng - Ng
=N. —v. — (k3 +1)r. — B.sgn(v.) + N (38)
where A% (.) is C2, and N. is represented as
N.=S.-N!=wv, +k.o.+kPe. +kPAL —EPA,,. (39)

In (39), N and N are L. since AY is C2. )
In a similar manner, the terms WTs'VTx, + WT(6 —
6'VTx,) are added and subtracted to (37). Then, (32) becomes

to =N, + N, —eq, — (K2 +13)r, — Ba,s9n(eq,) (40)
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where N,,, and N, are defined as

. R R T
N, =58, + eq, + Proj (W» I'y(6 - a'de)eZQ) d

s ~ N T
+ W75 Proj (V7 Fg)’(d(&’TWea2)T> xq, (41)
N, =N?4+ N?
Ni= —¢—WTo'VvTx,
N? =N 4 NP2 (42)

N =Wl VTx, + WT(6 - 6'VTx,)
NP2 = = (WTe'V 5+ WT (6 -6'VT5%4)) . 43)

Then, since Sz and Sa are continuously differentiable, we ob-
tain the following inequality by the Mean-Value Theorem [20]:

IN=(0)]] < p=(llz= Dl |
INa(O)] < pal]lZall) |zl

(44)
(45)

where z. = [e; v. r.]T(€ R3), z, = [eI eI rI]T(e R?),
and p.(]|z:)), pa(]|za]|) are globally invertible, nondecreasing
functions.

In a similar manner as in [18], the following inequalities hold:

||N;l t ||£oc SCZI
INY ()2 <Ca
||N¢;i 3 ||£0C SC(N

(t)
(t) (40)
(t)
ING Ol < Ca
(t)
(t)

||N<(Ll t ||£oc SCas

INa ()l 2o < Cas + Casllea, | (47)
where || - ||, is the Lo norm, and (,, (4 = 1,2) and (4, (j =
1,...,5) are real positive constants.

Theorem 1: The altitude and attitude control laws, X, and
u,, guarantee that the altitude and attitude errors, e, and e,,,
go to zero if the RISE feedback gains (k2, K) are sufficiently
large, and (3, the diagonal terms of the matrix 3,, and (., are
selected by the following sufficient conditions:

1
ﬂz > Czl + k_sz (48)
1 1
IBU«M > Cdl + Caz + _Ca3 + _Cau (L = 17273)7
k?i k21
Bas > Cas 49)

where (,, (1 = 1,2)and (,,(j = 1,..., 5) are given in (46) and

(47), k2; (1 = 1, ..., 3) are the diagonal terms of K5 in (24), and
Ba, is introduced in the proof.

Proof: See the details in [18] and [20].

Remark 1: The proposed control system in Fig. 1, which
is composed of (22) and (29), ensures asymptotic altitude and
attitude tracking using the RISE feedback and NN feedforward
terms. ¢rof and f.o¢ in (16) are generated using the given
position (x5, 45, 25 ), velocity (i3, 95, 25 ) and heading

commands (1ye¢). Therefore, e, e, in (17) go to zero.
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