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Abstract. A sea-skimming unmanned aerial vehicle (UAV) is a specialized type of aircraft capable of performing
tasks at low altitudes above sea level. However, under extreme sea conditions, wave disturbances introduce
significant errors in measuring the relative distance between the UAV and the sea surface, which complicates the
control system and degrades flight performance. While existing research primarily relies on filtering or adaptive
control methods, their effectiveness in handling non-Gaussian disturbances remains limited. In this paper, a
mathematical model for the altitude and pitch motion of a sea-skimming UAV is established, taking into account
external disturbances caused by sea wave height. A control method integrating Backstepping theory with a nonlinear
disturbance observer (NDO) is designed to ensure system stability. The key innovation of this work lies in using the
NDO to estimate and compensate for aggregated disturbances, thereby enabling the Backstepping controller to
achieve exponential stability without a parameter adaptation process. Furthermore, a quasi-adaptive coefficient
function is incorporated into the NDO to adjust its gains in real time, improving estimation performance. The stability
of the proposed method is rigorously proven using Lyapunov theory. Simulation results demonstrate the effectiveness
of the NDO-based Backstepping control scheme, showing that it maintains a tracking accuracy of 98.52% even
under severe level 7 sea condition.

Keywords: backstepping control; lyapunov theory; nonlinear disturbance observer; sea-skimming UAV;
UAV

1. Introduction

A sea-skimming UAV is a specialized type of UAV, which is able to finish flight of short or
long distance across sea surface with a certain low altitude above sea level [1]. On the contrary to
the other UAVs, the flight height of sea-skimming UAYV is at an obvious low zone, where the
effect of sea waves and regarding to sea waves the sea condition cannot be ignored, sometimes it
even may have to finish a steep descent stage [2] or be faced with the ground effect [3]. Under
certain sea conditions the height of sea waves may have such serious effect that the measured
distance between UAV and sea surface will obtain a nonneglected error/bias [4]. Hence, designing
an effective method to reject/counteract external disturbances has become a significant and
promising research focus.
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Nowadays, focuses of researches are mostly on filters or linear systems. For example, work of [4]
utilizes a predictive filter to estimate the relative distance between UAV and sea surface, and [5]
also take extended Kalman filter into account to design an altitude controller for sea-skimming
UAVs. Their works have practical meaning: they regard the disturbance of sea wave as noise
signals, based on which they present into algorithm filters to smooth these noises. However,
filtering methods treat disturbances as noise for smoothing, but it is difficult to cope with the
deterministic, large-amplitude, and low-frequency disturbances caused by sea waves. [6] tried to
introduce an altitude combined filter in order to fit different stages of flight, and [7] designed an
optimized hybrid filter system. However, once filter is considered, one has to think about its
properties, sometimes in a perspective of statistic. Other works [8], [9], [10], [11], [12] choose to
utilize adaptive theory combined with other control theories on UAV. It is a workable method,
while adaptive law requires the adjustments of more parameters, which makes the parameter
tuning a difficult task. Others proposed control methods based on modern control theory, like [13]
proposed a Backstepping method, Qin et al. [14] also utilized Backstepping method but only on
supercavitating vehicles; Zhou et al. [15], [16] applied super-twisting sliding mode control for
high-speed vehicles and UAVs; these researches focused more on modern control theory itself
other than disturbance-resisting solutions, or only considered ideal disturbances without random
signals or high signal-to-noise ratio.

In this paper, we regard the disturbance as a centralized term that can be observed and
compensated, and thus we propose a nonlinear-disturbance-observer-augmented Backstepping
control method (NDOAB) in order to compensate the external disturbance. This architecture has
the following advantages:

1) Decoupling design: The controller design and nonlinear disturbance observer (NDO) are
relatively independent, which simplifies stability analysis and parameter adjusting.
2) Efficiency of calculation: The NDO has a simple structure and is easy to implement on the
airborne computing platform.
3) Strong robustness: The proposed NDOAB control method can provide theoretical stability
guarantee for bounded disturbances and performance robustness.
We first design a Backstepping controller without considering disturbance and prove its stability.
Afterwards we take disturbance into account and renew the Backstepping control signal, based on
which we redesign Lyapunov function and finish its proof on stability. It is proved that with the
help of NDO our system will reach a uniformly exponential stability and is final consistent
bounded. Related simulation results are shown in figures.
This paper contains following sections:

1) Mathematical model of sea-skimming fixed-wing UAV and its dynamical maneuvers;

2) Introduction and design of disturbance observer;

3) Design of controlling signals without and with consideration of disturbance from sea waves;
4) Proof of stability based on the meaning of Lyapunov theory;

5) Simulation and results.

2. Model of problem

2.1 Model of UAV
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In this paper, a sea-skimming UAV is considered as a fixed-wing unmanned aerial vehicle.
According to Newton’s dynamic law, the movement of UAV could be described as follows in the
form of grouped physical parameters

X, =f1(V,v.0)
XZ = fz(a;ﬁ;%.u; VILF YIDl T)
X3 = f3(a:,3:]’:.u'p: CI,T,L, YrT)
X4 = f4-(p: q: T', V: 5a; 63; 61‘)
where X1 =[x ¥y A", Xo=[V v xI".Xz=[a B ul".Xyo=[P @ 7" x, y, h -
position coordinates, V' — velocity, y — flight-path angle, y — heading angle, a — attack angle, 5 —
angle of sideslip, u — roll angle, p, ¢, ¥ — angular velocities, L — lift, Y — side load, D — resistance, T’
— thrust, 8,4, 6., 8, — rudder control angles of fixed-wing UAV.
These dynamic equations can be rewritten in the following expanded form
x =V cosycosy
y =Vsinycosy
h=—Vsiny
P = Tcosacosf —D

= m —gsiny
._T(sinacosu+cosasin[>’sin,u)+Lcos,u—Ysin/1 gcosy
r= my my Vv
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B mV cosy mV cosy
0=gq
{ . . L gcosycosy sina )
a=q—-Yy=- - T—ptanficosa+q—rsinatanf 1)

mV cos Vcosp cosf

. Y
B =W+§cosysinu—Tcosasin,8+psina—rcosa

. _Ytanycospu + L(tanfB +tanysinu) gtanp cosy cosu
= mv v
+T(tan B sin@ — tany cos p cos @ sin 8 + tany sin & sin p)
+psecfcosa+rsecfsina
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where m and @ are the mass and pitch angle of UAV respectively; I;(i = 1,---,9) and g have the
following forms, in which Jy, Jy, ]z, Jx, are moments of inertia
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In order to simplify the fitting of aerodynamic coefficients, one most popular way is to ignore
higher-order terms and to take into account simplified fitted aerodynamic coefficients. Thus the lift,
side load, resistance and the aerial moments denote [17]

L=qC,(8ca) = q(Cpo + Crex + Crs, Se)

Y = qCy(B) = q(Cyo + CypB) ; )
D = qCp(a) = q(Cpo + Cpaa)

— b b
Ml = qb (Clﬁﬁ + Clpﬁ + Clré + C15a6a + Cl5r6T)
My, = qc (Cmo + Cpea + Cmq % + Cm636e) > (3)

— b b
My, = Gb (Cupl + Cup 2 + Cuy 32+ a8 + Cs, v

where p — density of air, S — relative area of UAV’s wing, C;,(8,, @) — lift coefficient, Cy(B) —
sideslip coefficient, Cp () — drag coefficient, §, — elevator deflection, Cy, Cyq, Cpo — constants; b,
¢ — characteristic lengths; C;;, C,,;(i = B,p,7,084,6;) and Cro, Cings Cmgs Cms, are aerodynamic
parameters.

When focusing on vertical channel (pitch and height), UAV moves alongside axis x and other
sideslip movements are ignored, i.e., 5,1, Y, x,p, v = 0. Since we shall not apply controls on
sideslip movements, 8, §,, = 0. Thus, upper Eq. (1) can denote as Eq. (4).

x =Vcosy
h=—Vsiny
V_Tcosa—D_ .
=— — —gsiny
. _Tsino:+L_gcosy
T omv v
<szVcosy > (4)
0=gq
0':=—L+M—Tsina+q
mV 14
q= Fng0+67CF9Cm58 - G,
}7=ﬂ=/l=f)=f'=0

From Eq. (4) we can come to the conclusion that the adjustment of flight height can be realized
by controlling elevator deflection §,, since the lift corresponds only with it. Based on this
conclusion the elevator deflection &, shall be selected as controlling signal. In this paper we
consider only vertical movements along the axis 4, in this case Eq. (2) denotes Eq. (5).

L=qgC,(a) = q(Cp + Croa) 5)
D = gCp(a) = g(Cpo + Cpe)’

2.2 Model of sea waves

The sea waves can be regarded as series of randomly combined sinusoid signals, given the fact
that the amplitude and frequency of wave depend largely on researched sea situation. According to
work of [18], different sea situations can be described as the following Table 1
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Table 1. Sea conditions and their sea wave heights

Condition 1-2 3 4 5 6 7 8
Height, m 0-0.5 0.5-1.25 1.25-2.5 2.5-4 4-6 6-9 9-14

There are actually several ways to propose sea waves models. Some researches prefer to
describe them as a single sinusoidal wave with a certain height and certain frequency, for example
the Gerstner model and JONSWAP spectrum [19]; some more complicated researches propose the
widely used Pierson-Moskowitz spectrum to generate the simulated sea waves [20]; other possible
ways to simulate sea waves are superposition of sinusoidal waves [21], synchronizing of low and
high spectrums [22], Longuet-Higgins model [23], simulation waves nearshore [24] and so on.
Among all the above methods the JONSWAP spectrum method has a broad use in researches and
practical usages, thus in this paper alternatively the simulation of different waves is calculated by
JONSWAP spectrum.

The JONSWAP spectrum theory was founded in a measurement program in the North Sea
between Germany and Iceland in 1968-1969 years, which was named as “Joint North Sea Wave
Project” (JONSWAP). The results have been adopted as the ITTC standard and are meaningful to
represent sea waves generated by winds under limited water depth [25]. The spectral density of sea
waves can be written as

HZ —-944
S;(w) = 155Wexp( )le

4,4
Ty w

, (6)
¥ = exp| - (22220
Sy ( ——a‘gz - i - Y2
S (W) = (27t)4f58Xp[ 1.25<fp) l}/ )
7
Y, = exp [—0.5 (%)2] , @

Eq. (6) and Eq. (7) are equivalent in describing sea waves via frequency w or f. Here in Eq. (6)
w is the frequency of sea waves, T, is the average wave period, H, is the significant sea wave
height, y is constant (usually be taken as y = 3.3), o is constant also (usually ¢ = 0.07 or o =
0.09); in Eq. (7) fp is peak frequency, fis sea wave period; a is constant and its value satisfies
H; = 4\/m_0 with m being the zero-order moment of spectrum [26]. Considering achievability we
utilize Eq. (7) to simulate the sea waves. The relative parameters are shown later in Section 6.

In Fig. 1 we present examples of sea waves of conditions 7, 5, 4, generated by Eq. (6). It should
be noticed that the sea conditions in Table 1 describes significant wave height, which is the
average height of the highest one-third of the waves. Generally the maximum height of waves is
higher than significant wave height, i.e., Hpax = (1.6~1.8)Hg;g.

2.3 Flight altitude and attitude model with disturbance of sea waves

Originally it is reasonable for a sea-skimming UAV to divide its flight process into three stages:
launch stage, cruise stage, target stage. At launch stage a UAV is launched from a certain kind of
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Figure 1. Examples of sea waves of conditions 7, 5, 4

platform in order to gain an initial velocity and initial height. At cruise stage a UAV usually flies
with certain velocity and height, and at this stage UAV will seldom finish manoeuvres in order to
save fuel. But in some occasions UAV will change its flight height to avoid detection. At target
stage UAV will finish target manoeuvres or land at target point. Obviously, the ability to descend
from the initial height to a desired height smoothly and stably presents a challenging point for
UAV [2].

Nowadays existing literatures focus on control algorithms under steady flights — in other words
flights where height of sea waves can be ignored. In these situations, sea-skimming flight can be
regarded as ordinary flight, control algorithm of which is simpler, respectively. In this paper the
height of sea wave will be considered, as a result of which we detailly established the model of
flight height (Fig. 2). Assuming the measured height at launch point is the initial height h, then
the sea level at launch point can be considered as the initial sea level with the altitude of Om. We
assume that the sea wave higher than the initial sea level has positive value n > 0, and the sea
wave lower than the initial level has negative value n < 0, thereby the actual height /# shall be
described as follows

h = hea =1, (®)

here /4 is the actual height relative to local sea wave, h.g; is the calculated height relative to initial
sea level (we consider the initial level as 0 m), n is the height of sea wave. Eq. (8) gives us
relatively real value of actual height.

Taking into account the influence of sea wave, we can mathematically get the first and second
derivative of flight height based on Eq. (4). Aligned with Eq. (5) we shall substitute them and get

ﬁ __ Dsiny—-q(Cro+Crqa)cosy

+g——Tsin®—jj

" 9
= f,(V,a,v) + gnr(®)T + d )

where d = —7j.



Disturbance-observer-augmented Backstepping control for sea-skimming UAV:s... 51

Figure 2. Model of flight height

On the other hand, from Eq. (4) we shall get the attitude movement of pitch angle

0 =q=ToMpo + qcloCms, Se
= fo(a, @) + gos, (V)4 ’
Eq. (9) and Eq. (10) denote the vertical movement of UAV.

(10)

3. Design of backstepping control method

Assuming the desired flight height as h;, the desired pitch angle as ©4, we can establish the

state vectors as follows
_[ha _[h _[h [T
de‘[@d]' X =gl XZ‘[@]' ”‘[69]'

F(V,a,v,q) = ]j:g] G(V'@)=[93T ggse]

X,=X,, X,=FWV,a,v,9)+G(V,0)U

Theorem 1: for the sea-skimming situation discussed in this paper, the UAV will obtain its
flight stability without consideration of external disturbance, only when the control thrust and
elevator deflection claim as follows, s.t. K;, K, > 0

T .
U= [6 ] =G '(V,0)|-F(V,a,y,q) + X1y —d — K;(e; + Kieq) + e, — Ke,|, (11
e

where e; = X;4 — X; = [én  €e] is the error between desired state (height and pitch angle) and
actual state, e, = X, — X4 — K1e; = [€2u  €24]" is the auxiliary error item; the matrices
K, K, € R?*? are symmetric and diagonal, i.., K; = diag(a;,a;) , K, = diag(as, a,) .
Meanwhile the disturbance matrix d = [d 0]7 since the sea wave disturbance affects only the
height of UAV with the second component of zero.

Proof. Claim a Lyapunov function and its derivative
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V= Ee{el,
V= e’:{él = el(de _Xl) = el(de _Xz)
On this step we can control the Lyapunov function only by controlling X,. With the target of
setting V < 0 the measured height should have followed form (we mark it as X%):
X12]=X1d+K1e1 (Kl >0)

Thus, the derivative of Lyapunov function shall be smaller than zero and the UAV will obtain
flight stability

Unfortunately, the actual value of X3 doesn’t match the value we designed above. In this sense
Y represents the virtual control. Thus, we have to claim the error between derivative of actual
value X, and virtual control X¥ as an augmented (auxiliary) item

€, =X2—X’2’=X2—X1d—K161

In this case we get X;; — X, = —K,e; — e,. Taking into account the error e, we shall
organize augmented Lyapunov function and its derivative
1 1
V= Ee{el + Eegez,

V=elée +ele,
= el (X;q—X,) +e5(X, — X1q — Kq&))
=—el(K,e; +e,) +el[F(V,a,7,q) + G(V,0)U — X1, + K, (K, e, + e,)]
Since the Lyapunov function is influenced only by control signal U, we can take the designed
control Eq. (11) into account and get
V=—elKe, —elK,e, <0

By meaning of Lyapunov theory, system will be stable. This ends the proof.
Considering that the height and pitch movements of UAV are not coupled, it’s more practical to
separately calculate control signals on each channel from Eq. (11)

1 .
T:E[—fh+hd—d—(ll(aleh+32u)+eh—a’3€2u], (12)

1 ..
8e = Jdes [_fe + 04 — az(azep +e3q) + €9 — a462d]’ (13)

4. Design of nonlinear disturbance observer

Nonlinear disturbance observer (NDO) is regarded as an effective way to estimate and
compensate disturbance in system and to achieve improved performance of it. Compared with the
so-called extended state observer (ESO) [27], [28], [29], [30], NDO has simpler structure and
vectors with lower dimensions [31], [32], [33], [34]), which benefits the calculation on UAV. For
a system which has the following standard Cauchy form with X = [x¥;  x2]T



Disturbance-observer-augmented Backstepping control for sea-skimming UAVs... 53

X =X
{x: =f2(t,X)+g(t,X)U+d’ (14)

one can design a disturbance observer with the coefficient L [32]

{z‘ =—L(X)z—LX)(LX)x, + (£, X)) — LX) g(t, X)U

d =z+ L(X)x, ’ (15)

where z is the state of the observer, L(X) is the coefficient function, d is the estimation of the
disturbance d. According to the dimension of x, f, U, d the coefficient function L(X) could take
with different dimensions. In this paper given to the fact that we research on the altitude channel of
UAV, here L(X) € R! is a scalar function.

Assumption 1: it is assumed that the derivative of disturbance d shall satisfy |d| < 1, where
1 > 0 is a constant.

Assumption 1 indicates that the velocity of disturbance is bounded. It explains the practical
realizability of designed later algorithm, because during the flight of UAV the height of sea waves
present themselves with a continuous wave signal, which indicates the derivative of their height is
bounded and have the upper range.

Assumption 2: the coefficient function L(X), its derivative and the velocity x, are bounded, i.e.
L(X) = Liin > 0, |LX)| < p, |x5] < M.

Assumption 2 indicates that the changing rate of coefficient function and velocity of height
should not be infinite, which is in line with the reality, given the fact that the NDO estimates the
disturbances only with a continuous coefficient function, and the flight velocity practically will not
sharply change its value. Additionally, we give the lower bound of coefficient function in order to
get a better dynamic process, and the stability analysis will be conducted later.

Theorem 2: the designed state observer Eq. (15) will guarantee the estimation of external
disturbance on the base of Lyapunov meaning, and meanwhile holds its stability during the
process of estimation.

Proof. Assume the NDO error as d = d — d. We can get the derivative of the NDO error as

i=d-d
=d—z-L(X)x, — L(X)x,
=d+LX)z+LX)(LX)x; + f(6,X) + LX) g, X) — LX)x,
—-LX)(f (&, X)+ g, X)U +d) ) (16)
=d+L(X)(z+ L(X)xy) — L(X)x, — L(X)d
=d+L(X)d - L(X)x, — L(X)d
=d—-LX)d - L(X)x,

Claim a Lyapunov function and get its derivative

v =2dz (17)

d
d — L(X)d — L(X)x,)
—L(X)d? + d(d — L(X)x,)

Il
Qi Qu

, (18)
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considering that L(X) > Ly,in > 0 in Assumption 2 we have
V=-L(X)d?+d(d—L(X)x,)

—L(X)d? +d@ + pM)

—Lpind? + |d| (@ + pM)

IA A

5 = wﬂ_)M

min

let . The system obviously turns into

V < —Lyind? + |d|@ + pM) = —Lpin(d? — §|d|)
Consider the following set
s ={d||d| = ¢}, (19)

when d is in §, V < —Lmin((iz ) |d |) < 0, according to Lyapunov theory, derivative of
Lyapunov function is strictly non-positive, the NDO will hold its stability.

As for d € § (S is the complement set of §), V > 0, leading to the rising of d until |d| > §; at
this moment d falls back into set S, which gives V < 0, thus system is stable. Thus, the NDO is
stable and uniformly bounded in a certain bound, i.e. the NDO is final consistent bounded. This
ends the proof.

Remark 1: Throughout Egs. (16)-(19) there is no requirements on L(X) except for its
boundedness. Thus in this paper we design L(X) as follows

L(X) = Lyayay,
1

= 1+Knlell | (20)
1

= 1+K; |h|

ap
ap

where Kp, K;; > 0 are constants, e; = h — hy is the error between actual height and desired height;
Ly > 0 is the upper bound of L(X). One can easily notice that 0 < aj, a;, < 1, thus the coefficient
function L(X) is bounded in 0 < L(X) < Ly, which can automatically adjust its value based on e;
and h — the larger the error or the height velocity, the smaller L(X), creating a quasi-adaptive
coefficient function. The changes of L(X) will be shown later in Section 6.

5. Consideration of evaluated disturbance based on NDO

Eq. (12) gives the Backstepping control of thrust 7 considering the actual disturbance of sea
waves. However, for a UAV in practical situations only evaluated disturbance d can be taken into
account, thus the difference of disturbance is brought into system. As is shown in Eq. (11) d =
[d 0]", the height of sea waves affects only the flight height of UAV, we will take the
compensatory measures especially for height channel, i.e., for thrust 7.

Theorem 3: The considered system of UAV with the skimming-sea flight holds its stability, if
control thrust T is organized as follows, s.t. a1, @, > 0

1 .. ~
T:E[—fh‘khd—d—al(aleh+62u)+eh_a292u], (21)
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Proof. The existence of evaluated disturbance means the existence of the evaluation error,
which is marked by d = d — d. Compared with thrust Eq. (12), thrust Eq. (21) utilizes the
estimation of disturbance d other than its real value. Changing the control thrust, one augmented
Lyapunov function especially for height shall be reconsidered, including the estimation error d

1 1 15
V=§€}21+E€22u+5d2, (22)
where e, = hy — h, ey, is the first component of e, = X, — X;, — K, €.
Given the thrust control Eq. (21) and taking into consideration Assumption 1 and 2 we have

V = —ep(ex + ayen) +dd + exy[fu + gnrT + d — by + ay(eay, + azen)]
= —ajef — aye?, + ey d + d(d — L(X)d) — dL(X)x,
= —ajef — ae?, — L(X)d? + d(d — L(X)x,)

< —ajef — azed, — L(X)d* + || + pM)
= —aef — aye?, — L(X)d? + Liyin|d|0 , (23)
2 2 32 d?+62
< —ajef —ayes, — L(X)d* + LminT
< —2min {alﬁ aZIL(X) - %Lmin} V+ %Lmin62
=-KkV+q
2
where = 2 min {0_’1, @2 L(X) - lein}’ (1 = ll’minS2 = —(1/l+pM) .
2 2 2Lmin
~ 2 )
For the set W = {(eh’ €au d)||eh|2 + legl? +]d|” = Z,i_l}, when (ep, €5,,d) € W
1
1 1 1. 4
V=cef+-el +-d*>>=

VS_K1V+(1S_K1'}€_1+(1=O
1

Thus, Lyapunov function become non-positive and system is stable. Similarly when
(en, €2u,d) € W (W is the complement of set W), the Eq. (23) claims

V() = b (1 —e™b), (24)
K1
which indicates that the Lyapunov function will exponentially converge to W with the rate of
e ¥1t holding the upper bound of tlim sup V(t) = i—l Thus the system is final consistent bounded
“®vew 1
[35]. This ends the proof.

In next chapter we will utilize the control thrust in Eq. (21) and controlling elevator deflection
in Eq. (13) to fulfil the simulation.

6. Simulations and results
In this paper we focus on a certain type of fixed-wing UAV and in Table 2 its parameters for

simulation are listed. Other than that, we use parameters in Table 3 for sea wave simulation,
regarding Eq. (7).
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Table 2. Parameters of UAV

m, kg 13 Crno -0.02

S, m? 0.63 Cma -0.41

p, kg/m3 1.27 Cng 3.8
Jy, kg - m? 1.129 Cms, -0.5
Coo 0.03 c 0.18
Cpa 0.30 hg,m 15
Cro 0.27 T 800
Cra 34 S, 30°

Table 3. Parameters of JONSWAP spectrum method

Sea states Level 7 Level 5 Level 4
Y 33
g,m/s? 9.81
fo 0.02
o 0.07
a 2x107° 1.3x107° 3.4x107°
H;, m 8 5 2
Simulated Hg 5;,, m 7.62 4.04 1.69

Table 4. Parameters of NDOAB method

Sea states Level 7 Level 5 Level 4

a of T 6

az of T 2

a, of T 5

a, of T 12
Lo 2
K, 0.3 0.5 0.5
Kj, 0.05 0.03 0.03

Design the coefficient of proposed NDOAB method as given in Table 4, according to Eq. (13),
Eq. (20) and Eq. (21).

Fig. 3 shows the height trajectory along the 4-axis, in which the control algorithm is processed
without NDO. The sea condition is of level 7, where significant sea wave height is 7.62 m. It is
obvious that fixed-wing UAV flies along an unstable and unsmooth trajectory, which presents
frequent oscillations in height. The descent stage of desired trajectory pulls in distance from the
UAV to sea level, whereas the influence of disturbance (sea waves height) enhances, considering
the SNR from 7.62/50 = 15.24% to 7.62/15 = 50.8%. Without NDO we shall not claim the
extended state and its estimation, so the lack in disturbance resistance method leads to severe
trajectory oscillation or even crush. On the other hand, despite of the crushing risk, during its flight
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Trajectory without NDO
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Figure 4. Trajectories under sea conditions of levels 7, 5, 4

the tracking error once reaches 4.44 m and the accuracy rate of only 70.4%. However, such a
tracking error is neither receptable nor practical in usage.

Fig. 3 proves strongly practical meaning of NDO in control algorithm. Thus, one may lead to a
conclusion that the designed NDO can not only estimate the disturbance in system, but also
maintain the stability of system under serious SNR. Fig. 4 shows the flight trajectories of fixed-
wing UAV under different sea conditions of level 7, 5, 4 with the significant sea waves height of
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Table 5. Accuracies of tracking

N, =7.62m Ns = 404 m N,=1.69m
98.52% 99.71% 99.30%

Level 7, H,=7.62 m
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Figure 5. Thrust

7.62 m, 4.04 m, 1.69 m. The initial height of UAV is 50 m, after cruise stage the desired height is
15 m. It is not difficult to find out that designed Backstepping control algorithm maintains its
stability under all sea conditions. Under condition of sea level 7 with wave height of 7.62 m,
tracking error can be observed in the beginning of flight, two or three wave curves in the tracking
trajectory indicate noticeable estimation error. The reason of them lies in 2 aspects: 1) it is
impossible for one to pre-estimate the disturbance and give an appropriate value as the initial
condition; 2) in the designing of control signal Eq. (21) we take into account e, e,,, d%, while
during initial stage the tracking errors ey, e, are relatively large. Seg. 1 in Fig. 4 shows details of
this stage.

When it comes to severe sea condition (7.62m) on trajectories one can always observe small
oscillations, which is showed in subfigure Seg. 3 in Fig. 4 in details. Considering that during such
sea condition waves introduce into system large disturbance, the flight height is influenced in
some ways. However, since the error in steady stage does not exceed 0.1m, the system still
maintains its stability.

Sea condition of level 7 with the wave height of 7.62 m can be considered as one of the worst
conditions during flight. We also checked the behaviour of system for sea condition of level 5 and
4. Since the flight condition and wave height are much better than level 7, tracking trajectories
have better results. In Seg. 1 the orange, purple and red curves are trajectories of level 4, 5, 7,
respectively, which indicates the relationship between sea condition and tracking error: the worse
sea condition is, the larger tracking error becomes.
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Figure 7. Error of height

If we claim the error area of +3%, i.e. the difference between flight height and desired height
shall not be larger than 3%, then the accuracies of tracking can be listed as follows in Table 5.

Table 5 shows that the designed NDOAB method possesses a satisfying accuracy, even under
one of the worst conditions it can still reach an accuracy of over 98%.
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Table 6. Maximum errors and RMSE of level 7, 5, 4

Sea condition N, =7.62m N; = 4.04m N, =1.69m
Max. Error, m 3.1876 2.7838 2.6424
RMSE, m 0.2512 0.2269 0.2112

T Lyapunov Function Criteria \/F
T I T

—Lyap. func. of Level 7 = 2.459 x 10°
Lyap. func. of Level 5 = 1.202 x 10°
121 — Lyap. func. of Level 4 = 0.742 x 10° -

10|

Time, s

Figure 8. Lyapunov functions

Fig. 5 and Fig. 6 show control thrust and controlling elevator deflection, respectively. The
thrust reaches its upper bound T = 800 several times. It can be discovered that the change of
upper bound of thrust approximately does not affect the behaviour of system. On the other hand,
the changing range of §, doesn’t over exceed its upper bound 30°, which indicates the safety of
control.

Fig. 7 shows the error of flight height of level 7, 5, 4. It can be observed that the flight error
decreases with the decrease of sea condition. The maximum error and RMSE (root mean squared
error) of each sea condition are listed in Table 6. Other than that, during some fixed periods of
time the error enlarges (we mark them in Fig. 7 with red colour). The same periods are marked in
trajectory, and we can notice that such patterns occur when there are descent stage and climbing
stage in trajectory. Apparently, they occur also, in other words, when UAV finish certain
manoeuvres, posing to system serious disturbance.

Fig. 8 shows the Lyapunov function of sea condition level 7, 5, 4 according to Eq. (22). For the
convenience of data showing in Fig. 8 we plot the root of Lyapunov function vV other than its
original value. As predicted in Eq. (24) Lyapunov function strive to zero with the error decreases
to 0 (ep, €5y, d — 0). Moreover, we calculated the integration of Lyapunov function, indicating
that the integration decreases from 1.139 x 107 to 1.268 x 107 with the sea condition level.
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Comparison of Methods
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Figure 9. Comparison of different control methods

Fig. 9 is the comparison of different control methods — PID, SMC (sliding mode control), NDI
(nonlinear dynamic inverse), ESO (extended state observer) with the proposed Backstepping
method based on NDO (NDOAB). Here we list the following analysis:

(1) As a classical control method for linear systems, PID lost its stability in shorter than 500m

(the first 2.82% distance of total flight), although it behaves strongly for linear systems.
Turns out that when facing severe nonlinear and coupled systems such as fixed-wing UAV,
PID cannot guarantee the system stability.

(2) SMC is well known as a robust control method against external disturbance. One may find
in Seg. 2 and Seg. 3 in Fig. 9 that SMC has stronger oscillation along 4-axis during flight,
compared with proposed method, and even the shown behaviour from SMC is based on
NDO also. One of the probable reasons of this phenomenon is: SMC during steady stage
always demonstrates tiny but non-neglectable oscillation. Though the NDO can cancel the
effect from sea wave to a certain extent, the estimation error d enlarges the disturbance
effect itself, which consequently enlarges the oscillation in SMC. From Seg. 2 one of the
largest oscillations can reach 1.5m, which is not acceptable for a UAV.

(3) NDI is widely used nowadays, whereas it’s high sensibility to disturbance requires suitable
measures. In Seg. 2 and Seg. 3 it is shown that NDI can maintain the stability of steady
cruise stage, while in Seg. 1 in initial stage NDI shows more oscillations with height error
of 3m than proposed method. On the contrary the proposed Backstepping method based on
NDO converges to desired height in 13s.

As another disturbance-resisting method, ESO serves to estimate the disturbance in system as
an extended state. Generally it contains nonlinear coefficient function combined with sign function
to compensate the effect of disturbance: X; = £, + f;|e|%>sgn(e). Some researchers [36] have
proved that the coefficient §; may cause magnified gains on disturbance in signals, and is more
suitable for ramp- or sinusoidal-like disturbance other than sea waves; moreover the sign function
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Table 7. RMSE of different control methods

Method RMSE, m Method RMSE, m
NDOAB 0.2512 SMC 0.4361
Backstepping 1.2626 NDI 0.4634
PID 25789 (failed) ESO 0.6568

Error of LDO and NDO with RMSE; pp = 0.2599, RMSE ypp = 0.2512
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Figure 10. Comparison of LDO and NDO

shall also introduce into frequent switch of signal, which can be seen from Seg. 2 and Seg. 3. On
the contrary, the proposed method can nonlinearly adapt to the disturbance according to Eq. (20),
reducing the oscillations in system.

The RMSE of different control methods are shown in Table 7. Compared with widely used
disturbance-resisting method, such as SMC and ESO, the proposed NDOAB can improve the
performance for 42.40% and 61.75%.

We also compare the behaviour of linear disturbance observer (LDO) and NDO in Fig. 10. In
LDO the coefficient function L(X) is constant other than Eq. (20). It’s obvious that the nonlinear
L(X) used in this paper will adjust itself during flight within the bound L, = 2, while the LDO of
L = 2 may cause the overshooting due to the large gain in LDO for some moments of time. On the
other hand, the proposed L(X) can stimulate the flight error e;, converge to zero with a higher rate
and stronger stability, especially for the beginning 30s.

7. Conclusions

In this paper we proposed a reasonable mathematical model of sea-skimming fixed-wing UAV
with consideration of external disturbance on system. The main component of external disturbance
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is the height of sea waves. To improve the behavior of system under the effect of disturbance we
designed a Backstepping control algorithm based on Lyapunov stability theory. In order to
compensate the influence of disturbance we designed a nonlinear disturbance observer (NDO),
which can estimate the disturbance with an adaptive nonlinear coefficient function. By assuming
the existence of upper bound of disturbance we proved the stability of designed algorithm.
Meanwhile the Lyapunov function in time domain is found to prove the rationality on the meaning
of energy-saving. The simulated results Figs. 3-10 prove the stability and practicality of designed
algorithm. It is shown in results that the designed NDOAB algorithm can guarantee stability of
system under the sea condition of level 7 (significant wave height 7.62m); for better conditions
system has better performances. The NDO can adjust the coefficient function based on the flight
error information, bringing into system compensating information. Compared with other control
methods, the proposed NDOAB method has satisfying behavior and smallest RMSE, showing its
strong stability and high robustness. Some sharp fluctuations are still observed in the controlled
trajectory, and future work will focus on estimation smoothing and prior data-processing.
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