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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. 
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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 UAV 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. 

 
∗Corresponding author, Ph.D., E-mail: briansjmoma@outlook.com 
a Professor, E-mail: ms.selezneva@bmstu.ru 



 
 
 
 
 
 

Yunpeng Ji, Maria S. Selezneva 

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 𝑿ሶ ଵ = 𝒇ଵሺ𝑉, 𝛾, 𝜒ሻ𝑿ሶ ଶ = 𝒇ଶሺ𝛼, 𝛽, 𝛾, 𝜇, 𝑉, 𝐿, 𝑌, 𝐷, 𝑇ሻ𝑿ሶ ଷ = 𝒇ଷሺ𝛼, 𝛽, 𝛾, 𝜇, 𝑝, 𝑞, 𝑟, 𝐿, 𝑌, 𝑇ሻ𝑿ሶ ସ = 𝒇ସሺ𝑝, 𝑞, 𝑟, 𝑉, 𝛿௔, 𝛿௘, 𝛿௥ሻ  

where 𝑿ଵ = ሾ𝑥 𝑦 ℎሿ் , 𝑿ଶ = ሾ𝑉 𝛾 𝜒ሿ் , 𝑿ଷ = ሾ𝛼 𝛽 𝜇ሿ் , 𝑿ସ = ሾ𝑝 𝑞 𝑟ሿ் . x, y, h – 
position coordinates, V – velocity, 𝛾 – flight-path angle, 𝜒 – heading angle, 𝛼 – attack angle, 𝛽 – 
angle of sideslip, 𝜇 – roll angle, p, q, r – angular velocities, L – lift, Y – side load, D – resistance, T 
– thrust, 𝛿௔, 𝛿௘, 𝛿௥ – rudder control angles of fixed-wing UAV. 

These dynamic equations can be rewritten in the following expanded form 

⎩⎪⎪
⎪⎪⎪
⎪⎪⎪
⎪⎪⎨
⎪⎪⎪
⎪⎪⎪
⎪⎪⎪
⎪⎧𝑥ሶ = 𝑉 cos 𝜒 cos 𝛾𝑦ሶ = 𝑉 sin 𝜒 cos 𝛾ℎሶ = −𝑉 sin 𝛾𝑉ሶ = 𝑇 cos 𝛼 cos 𝛽 − 𝐷𝑚 − 𝑔 sin 𝛾𝛾ሶ = 𝑇ሺsin 𝛼 cos 𝜇 + cos 𝛼 sin 𝛽 sin 𝜇ሻ𝑚𝑉 + 𝐿 cos 𝜇 − 𝑌 sin 𝜇𝑚𝑉 − 𝑔 cos 𝛾𝑉𝜒ሶ = 𝑇ሺsin 𝛼 sin 𝜇 − cos 𝛼 sin 𝛽 cos 𝜇ሻ𝑚𝑉 cos 𝛾 + 𝐿 sin 𝜇 + 𝑌 cos 𝜇𝑚𝑉 cos 𝛾Θሶ = 𝑞𝛼ሶ = 𝑞 − 𝛾ሶ = − 𝐿𝑚𝑉 cos 𝛽 + 𝑔 cos 𝛾 cos 𝜇𝑉 cos 𝛽 − sin 𝛼cos 𝛽 𝑇 − 𝑝 tan 𝛽 cos 𝛼 + 𝑞 − 𝑟 sin 𝛼 tan 𝛽𝛽ሶ = 𝑌𝑚𝑉 + 𝑔𝑉 cos 𝛾 sin 𝜇 − 𝑇 cos 𝛼 sin 𝛽 + 𝑝 sin 𝛼 − 𝑟 cos 𝛼𝜇ሶ = 𝑌 tan 𝛾 cos 𝜇𝑚𝑉 + 𝐿ሺtan 𝛽 + tan 𝛾 sin 𝜇ሻ𝑚𝑉 − 𝑔 tan 𝛽 cos 𝛾 cos 𝜇𝑉+𝑇ሺtan 𝛽 sin 𝛼 − tan 𝛾 cos 𝜇 cos 𝛼 sin 𝛽 + tan 𝛾 sin 𝛼 sin 𝜇ሻ+𝑝 sec 𝛽 cos 𝛼 + 𝑟 sec 𝛽 sin 𝛼𝑝ሶ = Γଷ𝑀௟଴ + Γସ𝑀௡଴ + Γଵ𝑝𝑞 − Γଶ𝑞𝑟 + 𝑞ത𝑏൫Γଷ𝐶௟ఋೌ + Γସ𝐶௡ఋೌ൯ ⋅ 𝛿௔ + 𝑞ത𝑏൫Γଷ𝐶௟ఋೝ + Γସ𝐶௡ఋೝ൯ ⋅ 𝛿௥𝑞ሶ = Γଽ𝑀௠଴ + Γହ𝑝𝑟 − Γ଺ሺ𝑝ଶ − 𝑟ଶሻ + 𝑞ത𝑐Γଽ𝐶௠ఋ೐ ⋅ 𝛿௘𝑟ሶ = Γସ𝑀௟଴ + Γ଼ 𝑀௡଴ + Γ଻𝑝𝑞 − Γଵ𝑞𝑟 + 𝑞ത𝑏൫Γସ𝐶௟ఋೌ + Γ଼ 𝐶௡ఋೌ൯ ⋅ 𝛿௔ + 𝑞ത𝑏൫Γସ𝐶௟ఋೝ + Γ଼ 𝐶௡ఋೝ൯ ⋅ 𝛿௥ ,

(1)

where m and Θ are the mass and pitch angle of UAV respectively; 𝛤୧ሺi = 1, ⋯ ,9ሻ and 𝑞ത have the 
following forms, in which J୶, J୷, J୸, J୶୸ are moments of inertia 𝛤ଵ = ௃ೣ೥൫௃ೣି௃೤ା௃೥൯௰ , 𝛤ଶ = ௃೥൫௃೥ି௃೤൯ା௃ೣ೥మ௰𝛤ଷ = ௃೥௰ , 𝛤ସ = ௃ೣ೥௰ , 𝛤ହ = ௃೥ି௃ೣ௃೤ , 𝛤଺ = ௃ೣ೥௃೤𝛤଻ = ௃೥൫௃ೣି௃೤൯ା௃ೣ೥మ௰ , 𝛤 = ௃௰ೣ , 𝛤ଽ = ଵ௃೤𝛤 = 𝐽௫𝐽௭ − 𝐽௫௭ଶ ,        𝑞ത = ଵଶ 𝜌𝑉ଶ𝑆

, 
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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 = 𝑞ത𝐶௅ሺ𝛿௘, 𝛼ሻ = 𝑞ത൫𝐶௅଴ + 𝐶௅ఈ𝛼 + 𝐶௅ఋ೐ ⋅ 𝛿௘൯𝑌 = 𝑞ത𝐶௒ሺ𝛽ሻ = 𝑞ത൫𝐶௒଴ + 𝐶௒ఉ𝛽൯𝐷 = 𝑞ത𝐶஽ሺ𝛼ሻ = 𝑞തሺ𝐶஽଴ + 𝐶஽ఈ𝛼ሻ , (2)

𝑀௟ = 𝑞ത𝑏 ቀ𝐶௟ఉ𝛽 + 𝐶௟௣ ௕௣ଶ௏ + 𝐶௟௥ ௕௥ଶ௏ + 𝐶௟ఋೌ𝛿௔ + 𝐶௟ఋೝ𝛿௥ቁ𝑀௠ = 𝑞ത𝑐 ቀ𝐶௠଴ + 𝐶௠ఈ𝛼 + 𝐶௠௤ ௖௤ଶ௏ + 𝐶௠ఋ೐𝛿௘ቁ𝑀௡ = 𝑞ത𝑏 ቀ𝐶௡ఉ𝛽 + 𝐶௡௣ ௕௣ଶ௏ + 𝐶௡௥ ௕௥ଶ௏ + 𝐶௡ఋೌ𝛿௔ + 𝐶௡ఋೝ𝛿௥ቁ, (3)

where 𝜌 – density of air, S – relative area of UAV’s wing, 𝐶௅ሺ𝛿௘, 𝛼ሻ – lift coefficient, 𝐶௒ሺ𝛽ሻ – 
sideslip coefficient, 𝐶஽ሺ𝛼ሻ – drag coefficient, 𝛿௘ – elevator deflection, 𝐶௅଴, 𝐶௒଴, 𝐶஽଴ – constants; b, 
c – characteristic lengths; 𝐶௟,௜, 𝐶௡,௜ሺ𝑖 = 𝛽, 𝑝, 𝑟, 𝛿௔, 𝛿௥ሻ  and 𝐶௠଴, 𝐶௠ఈ, 𝐶௠௤, 𝐶௠ఋ೐  are aerodynamic 
parameters. 

When focusing on vertical channel (pitch and height), UAV moves alongside axis x and other 
sideslip movements are ignored, i.e., 𝛽, 𝜇, 𝑌, 𝜒, 𝑝, 𝑟 = 0. Since we shall not apply controls on 
sideslip movements, 𝛿௔, 𝛿௥ = 0. Thus, upper Eq. (1) can denote as Eq. (4). 

⎩⎪⎪
⎪⎪⎪
⎨⎪
⎪⎪⎪⎪
⎧𝑥ሶ = 𝑉 cos 𝛾ℎሶ = −𝑉 sin 𝛾𝑉ሶ = ் ୡ୭ୱ ఈି஽௠ − 𝑔 sin 𝛾𝛾ሶ = ் ୱ୧୬ ఈା௅௠௏ − ௚ ୡ୭ୱ ఊ௏𝜒ሶ = ௒௠௏ ୡ୭ୱ ఊΘሶ = 𝑞𝛼ሶ = − ௅௠௏ + ௚ ୡ୭ୱ ఊ௏ − 𝑇 sin 𝛼 + 𝑞𝑞ሶ = Γଽ𝑀௠଴ + 𝑞ത𝑐Γଽ𝐶௠ఋ೐ ⋅ 𝛿௘𝑦ሶ = 𝛽ሶ = 𝜇ሶ = 𝑝ሶ = 𝑟ሶ = 0

, (4)

From Eq. (4) we can come to the conclusion that the adjustment of flight height can be realized 
by controlling elevator deflection 𝛿௘ , since the lift corresponds only with it. Based on this 
conclusion the elevator deflection 𝛿௘  shall be selected as controlling signal. In this paper we 
consider only vertical movements along the axis h, in this case Eq. (2) denotes Eq. (5). 𝐿 = 𝑞ത𝐶௅ሺ𝛼ሻ ≈ 𝑞തሺ𝐶௅଴ + 𝐶௅ఈ𝛼ሻ𝐷 = 𝑞ത𝐶஽ሺ𝛼ሻ ≈ 𝑞തሺ𝐶஽଴ + 𝐶஽ఈ𝛼ሻ, (5)

 
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 𝑆ଵሺ𝜔ሻ = 155 ுೞమభ்రఠఱ exp ቀିଽସସభ்రఠరቁ 𝛾௒భ𝑌ଵ = exp ൤− ቀ଴.ଵଽଵఠ భ்ିଵ√ଶఙ ቁଶ൨ , (6)

𝑆ଶሺ𝜔ሻ = 𝛼𝑔ଶሺ2𝜋ሻସ𝑓ହ exp ൥−1.25 ቆ 𝑓𝑓௣ቇିସ൩ 𝛾௒మ,
𝑌ଶ = exp ቈ−0.5 ൬௙ି௙೛ఙ௙೛ ൰ଶ቉ , 

(7)

Eq. (6) and Eq. (7) are equivalent in describing sea waves via frequency 𝜔 or f. Here in Eq. (6) 𝜔 is the frequency of sea waves, 𝑇ଵ is the average wave period, 𝐻௦  is the significant sea wave 
height, 𝛾 is constant (usually be taken as 𝛾 = 3.3), 𝜎 is constant also (usually 𝜎 = 0.07 or 𝜎 =0.09); in Eq. (7) 𝑓௣ is peak frequency, f is sea wave period; 𝛼 is constant and its value satisfies 𝐻௦ = 4ඥ𝑚଴ 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., 𝐻୫ୟ୶ = ሺ1.6~1.8ሻ𝐻ୱ୧୥. 

 
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 0m. We 
assume that the sea wave higher than the initial sea level has positive value 𝜂 > 0, and the sea 
wave lower than the initial level has negative value 𝜂 < 0, thereby the actual height h shall be 
described as follows ℎ = ℎ௖௔௟ − 𝜂, (8)

here h is the actual height relative to local sea wave, ℎ௖௔௟ is the calculated height relative to initial 
sea level (we consider the initial level as 0 m), 𝜂 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 ℎሷ = ஽ ୱ୧୬ ఊି௤തሺ஼ಽబା஼ಽഀఈሻ ୡ୭ୱ ఊ௠ + 𝑔 − ଵ௠ 𝑇 sin Θ − 𝜂ሷ= 𝑓௛ሺ𝑉, 𝛼, 𝛾ሻ + 𝑔௛்ሺΘሻ𝑇 + 𝑑 , (9)

where 𝑑 = −𝜂ሷ . 
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Figure 2. Model of flight height

 
 

On the other hand, from Eq. (4) we shall get the attitude movement of pitch angle Θሷ = 𝑞ሶ = Γଽ𝑀௠଴ + 𝑞ത𝑐Γଽ𝐶௠ఋ೐ ⋅ 𝛿௘= 𝑓஀ሺ𝛼, 𝑞ሻ + 𝑔஀ఋ೐ሺ𝑉ሻ𝛿௘ , (10)

Eq. (9) and Eq. (10) denote the vertical movement of UAV. 
 
 
3. Design of backstepping control method 

 
Assuming the desired flight height as ℎௗ, the desired pitch angle as Θௗ, we can establish the 

state vectors as follows 𝑿ଵௗ = ൤ℎௗΘௗ൨,    𝑿ଵ = ቂℎΘቃ,    𝑿ଶ = ൤ℎሶΘሶ ൨ ,    𝑼 = ൤ 𝑇𝛿௘൨ ,𝑭ሺ𝑉, 𝛼, 𝛾, 𝑞ሻ = ൤𝑓௛𝑓஀൨ ,    𝑮ሺ𝑉, Θሻ = ൤𝑔௛் 00 𝑔஀ఋ೐൨𝑿ሶ ଵ = 𝑿ଶ,    𝑿ሶ ଶ = 𝑭ሺ𝑉, 𝛼, 𝛾, 𝑞ሻ + 𝑮ሺ𝑉, Θሻ𝑼  

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. 𝑲ଵ, 𝑲ଶ > 0 𝑼 = ൤ 𝑇𝛿௘൨ = 𝑮ିଵሺ𝑉, Θሻൣ−𝑭ሺ𝑉, 𝛼, 𝛾, 𝑞ሻ + 𝑿ሷ ଵௗ − 𝒅 − 𝑲ଵሺ𝒆ଶ + 𝑲ଵ𝒆𝟏ሻ + 𝒆ଵ − 𝑲ଶ𝒆ଶ൧, (11)

where 𝒆ଵ = 𝑿ଵௗ − 𝑿ଵ = ሾ𝑒௛ 𝑒஀ሿ் is the error between desired state (height and pitch angle) and 
actual state, 𝒆ଶ = 𝑿ଶ − 𝑿ሶ ଵௗ − 𝑲ଵ𝒆ଵ = ሾ𝑒ଶ௨ 𝑒ଶௗሿ்  is the auxiliary error item; the matrices 𝑲ଵ, 𝑲ଶ ∈ ℝଶ×ଶ  are symmetric and diagonal, i.e., 𝑲ଵ = diagሺ𝛼ଵ, 𝛼ଶሻ , 𝑲ଶ = diagሺ𝛼ଷ, 𝛼ସሻ . 
Meanwhile the disturbance matrix 𝒅 = ሾ𝑑 0ሿ் 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 = 12 𝒆ଵ் 𝒆ଵ,𝑉ሶ = 𝒆ଵ் 𝒆ሶ ଵ = 𝒆ଵ൫𝑿ሶ ଵௗ − 𝑿ሶ ଵ൯ = 𝒆ଵ൫𝑿ሶ ଵௗ − 𝑿ଶ൯ 

On this step we can control the Lyapunov function only by controlling 𝑿ଶ. With the target of 
setting 𝑉ሶ < 0 the measured height should have followed form (we mark it as 𝑿ଶ௩): 𝑿ଶ௩ = 𝑿ሶ ଵௗ + 𝑲ଵ𝒆ଵ                ሺ𝑲ଵ > 0ሻ 

Thus, the derivative of Lyapunov function shall be smaller than zero and the UAV will obtain 
flight stability 𝑉ሶ = 𝒆𝟏൫𝑿ሶ ଵௗ − 𝑿ଶ௩൯ = −𝒆ଵ் 𝑲ଵ𝒆ଵ < 0 

Unfortunately, the actual value of 𝑿ଶ௩ doesn’t match the value we designed above. In this sense 𝑿ଶ௩ represents the virtual control. Thus, we have to claim the error between derivative of actual 
value 𝑿ଶ and virtual control 𝑿ଶ௩ as an augmented (auxiliary) item 𝒆ଶ = 𝑿ଶ − 𝑿ଶ௩ = 𝑿ଶ − 𝑿ሶ ଵௗ − 𝑲ଵ𝒆ଵ 

In this case we get 𝑿ሶ ଵௗ − 𝑿ଶ = −𝑲ଵ𝒆ଵ − 𝒆ଶ . Taking into account the error 𝒆ଶ  we shall 
organize augmented Lyapunov function and its derivative 𝑉 = 12 𝒆ଵ் 𝒆ଵ + 12 𝒆ଶ்𝒆ଶ,𝑉ሶ = 𝒆ଵ் 𝒆ሶ ଵ + 𝒆ଶ்𝒆ሶ ଶ= 𝒆ଵ் ൫𝑿ሶ ଵௗ − 𝑿ଶ൯ + 𝒆ଶ்൫𝑿ሶ ଶ − 𝑿ሷ ଵௗ − 𝑲ଵ𝒆ሶ ଵ൯= −𝒆ଵ் ሺ𝑲ଵ𝒆ଵ + 𝒆ଶሻ + 𝒆ଶ்ൣ𝑭ሺ𝑉, 𝛼, 𝛾, 𝑞ሻ + 𝑮ሺ𝑉, Θሻ𝑼 − 𝑿ሷ ଵௗ + 𝑲ଵሺ𝑲ଵ𝒆ଵ + 𝒆ଶሻ൧ 

Since the Lyapunov function is influenced only by control signal 𝑼, we can take the designed 
control Eq. (11) into account and get 𝑉ሶ = −𝒆ଵ் 𝑲ଵ𝒆ଵ − 𝒆ଶ்𝑲ଶ𝒆ଶ < 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) 𝑇 = ଵ௚೓೅ ൣ−𝑓௛ + ℎሷ ௗ − 𝑑 − 𝛼ଵሺ𝛼ଵ𝑒௛ + 𝑒ଶ௨ሻ + 𝑒௛ − 𝛼ଷ𝑒ଶ௨൧, (12)

𝛿௘ = ଵ௚౸ഃ೐ ൣ−𝑓஀ + Θሷ ௗ − 𝛼ଶሺ𝛼ଶ𝑒஀ + 𝑒ଶௗሻ + 𝑒஀ − 𝛼ସ𝑒ଶௗ൧, (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 = ሾ𝑥ଵ 𝑥ଶሿ் 
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൜𝑥ሶଵ = 𝑥ଶ𝑥ሶଶ = 𝑓ሺ𝑡, 𝑿ሻ + 𝑔ሺ𝑡, 𝑿ሻ𝑈 + 𝑑 , (14)

one can design a disturbance observer with the coefficient L [32] ቊ𝑧ሶ = −𝐿ሺ𝑿ሻ𝑧 − 𝐿ሺ𝑿ሻ൫𝐿ሺ𝑿ሻ𝑥ଶ + 𝑓ሺ𝑡, 𝑿ሻ൯ − 𝐿ሺ𝑿ሻ𝑔ሺ𝑡, 𝑿ሻ𝑈𝑑መ = 𝑧 + 𝐿ሺ𝑿ሻ𝑥ଶ , (15)

where z is the state of the observer, 𝐿ሺ𝑿ሻ is the coefficient function, 𝑑መ is the estimation of the 
disturbance d. According to the dimension of x, f, U, d the coefficient function 𝐿ሺ𝑿ሻ could take 
with different dimensions. In this paper given to the fact that we research on the altitude channel of 
UAV, here 𝐿ሺ𝑿ሻ ∈ ℝଵ is a scalar function. 

Assumption 1: it is assumed that the derivative of disturbance 𝑑ሶ  shall satisfy ห𝑑ሶห < 𝜓, where 𝜓 > 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 𝐿ሺ𝑿ሻ, its derivative and the velocity 𝑥ଶ are bounded, i.e. 𝐿ሺ𝑿ሻ ≥ 𝐿୫୧୬ > 0, ห𝐿ሶ ሺ𝑿ሻห ≤ 𝜌, |𝑥ଶ| ≤ 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 𝑑ሚ = 𝑑 − 𝑑መ. We can get the derivative of the NDO error as 𝑑ሚሶ = 𝑑ሶ − 𝑑መሶ= 𝑑ሶ − 𝑧ሶ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ − 𝐿ሺ𝑿ሻ𝑥ሶଶ= 𝑑ሶ + 𝐿ሺ𝑿ሻ𝑧 + 𝐿ሺ𝑿ሻ൫𝐿ሺ𝑿ሻ𝑥ଶ + 𝑓ሺ𝑡, 𝑿ሻ൯ + 𝐿ሺ𝑿ሻ𝑔ሺ𝑡, 𝑿ሻ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ−𝐿ሺ𝑿ሻሺ𝑓ሺ𝑡, 𝑿ሻ + 𝑔ሺ𝑡, 𝑿ሻ𝑈 + 𝑑ሻ= 𝑑ሶ + 𝐿ሺ𝑿ሻሺ𝑧 + 𝐿ሺ𝑿ሻ𝑥ଶሻ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ − 𝐿ሺ𝑿ሻ𝑑= 𝑑ሶ + 𝐿ሺ𝑿ሻ𝑑መ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ − 𝐿ሺ𝑿ሻ𝑑= 𝑑ሶ − 𝐿ሺ𝑿ሻ𝑑ሚ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ
, (16)

Claim a Lyapunov function and get its derivative 𝑉 = ଵଶ 𝑑ሚଶ, (17)

𝑉ሶ = 𝑑ሚ𝑑ሚሶ= 𝑑ሚ൫𝑑ሶ − 𝐿ሺ𝑿ሻ𝑑ሚ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ൯= −𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝑑ሚ൫𝑑ሶ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ൯, (18)
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considering that 𝐿ሺ𝑿ሻ > 𝐿୫୧୬ > 0 in Assumption 2 we have 𝑉ሶ = −𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝑑ሚ൫𝑑ሶ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ൯≤ −𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝑑ሚሺ𝜓 + 𝜌𝑀ሻ≤ −𝐿୫୧୬𝑑ሚଶ + ห𝑑ሚหሺ𝜓 + 𝜌𝑀ሻ  

let 𝛿 = టାఘெ௅ౣ౟౤ . The system obviously turns into 𝑉ሶ ≤ −𝐿୫୧୬𝑑ሚଶ + ห𝑑ሚหሺ𝜓 + 𝜌𝑀ሻ = −𝐿୫୧୬൫𝑑ሚଶ − 𝛿ห𝑑ሚห൯ 

Consider the following set 𝒮 = ൛𝑑ሚหห𝑑ሚห ≥ 𝛿ൟ, (19)

when 𝑑ሚ  is in 𝒮 , 𝑉ሶ ≤ −𝐿୫୧୬൫𝑑ሚଶ − 𝛿ห𝑑ሚห൯ ≤ 0 , according to Lyapunov theory, derivative of 
Lyapunov function is strictly non-positive, the NDO will hold its stability. 

As for 𝑑ሚ ∈ 𝒮̅ (𝒮̅ is the complement set of 𝒮), 𝑉ሶ ≥ 0, leading to the rising of 𝑑ሚ until ห𝑑ሚห > 𝛿; at 
this moment 𝑑ሚ falls back into set 𝒮, which gives 𝑉ሶ ≤ 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 Eqs. (16)-(19) there is no requirements on 𝐿ሺ𝑿ሻ  except for its 
boundedness. Thus in this paper we design 𝐿ሺ𝑿ሻ as follows 𝐿ሺ𝑿ሻ = 𝐿଴𝛼௛𝛼௛ሶ𝛼௛ = ଵଵା௄೓|௘భ|𝛼௛ሶ = ଵଵା௄೓ሶ ห௛ሶ ห

, (20)

where 𝐾௛, 𝐾௛ሶ > 0 are constants, 𝑒ଵ = ℎ − ℎௗ is the error between actual height and desired height; 𝐿଴ > 0 is the upper bound of 𝐿ሺ𝑿ሻ. One can easily notice that 0 < 𝛼௛, 𝛼௛ሶ ≤ 1, thus the coefficient 
function 𝐿ሺ𝑿ሻ is bounded in 0 < 𝐿ሺ𝑿ሻ < 𝐿଴, which can automatically adjust its value based on 𝑒ଵ 
and ℎሶ  – the larger the error or the height velocity, the smaller 𝐿ሺ𝑿ሻ, creating a quasi-adaptive 
coefficient function. The changes of 𝐿ሺ𝑿ሻ will be shown later in Section 6. 

 
 

5. Consideration of evaluated disturbance based on NDO 
 

Eq. (12) gives the Backstepping control of thrust T considering the actual disturbance of sea 
waves. However, for a UAV in practical situations only evaluated disturbance 𝑑መ can be taken into 
account, thus the difference of disturbance is brought into system. As is shown in Eq. (11) 𝒅 =ሾ𝑑 0ሿ் , 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 T. 

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. 𝛼ଵ, 𝛼ଶ > 0 𝑇 = ଵ௚೓೅ ൣ−𝑓௛ + ℎሷ ௗ − 𝑑መ − 𝛼ଵሺ𝛼ଵ𝑒௛ + 𝑒ଶ௨ሻ + 𝑒௛ − 𝛼ଶ𝑒ଶ௨൧, (21)
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Proof. The existence of evaluated disturbance means the existence of the evaluation error, 
which is marked by 𝑑ሚ = 𝑑 − 𝑑መ . Compared with thrust Eq. (12), thrust Eq. (21) utilizes the 
estimation of disturbance 𝑑መ other than its real value. Changing the control thrust, one augmented 
Lyapunov function especially for height shall be reconsidered, including the estimation error 𝑑ሚ 𝑉 = ଵଶ 𝑒௛ଶ + ଵଶ 𝑒ଶ௨ଶ + ଵଶ 𝑑ሚଶ, (22)

where 𝑒௛ = ℎௗ − ℎ, 𝑒ଶ௨ is the first component of 𝒆ଶ = 𝑿ଶ − 𝑿ሶ ଵௗ − 𝑲ଵ𝒆ଵ. 
Given the thrust control Eq. (21) and taking into consideration Assumption 1 and 2 we have 𝑉ሶ = −𝑒௛ሺ𝑒ଶ௨ + 𝛼ଵ𝑒௛ሻ + 𝑑ሚ𝑑ሚሶ + 𝑒ଶ௨ൣ𝑓௛ + 𝑔௛்𝑇 + 𝑑መ − ℎሷ ௗ + 𝛼ଵሺ𝑒ଶ௨ + 𝛼ଵ𝑒௛ሻ൧= −𝛼ଵ𝑒௛ଶ − 𝛼ଶ𝑒ଶ௨ଶ + 𝑒ଶ௨𝑑ሚ + 𝑑ሚ൫𝑑ሶ − 𝐿ሺ𝑿ሻ𝑑ሚ൯ − 𝑑ሚ𝐿ሶ ሺ𝑿ሻ𝑥ଶ= −𝛼ଵ𝑒௛ଶ − 𝛼ଶ𝑒ଶ௨ଶ − 𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝑑ሚ൫𝑑ሶ − 𝐿ሶ ሺ𝑿ሻ𝑥ଶ൯≤ −𝛼ଵ𝑒௛ଶ − 𝛼ଶ𝑒ଶ௨ଶ − 𝐿ሺ𝑿ሻ𝑑ሚଶ + ห𝑑ሚหሺ𝜓 + 𝜌𝑀ሻ= −𝛼ଵ𝑒௛ଶ − 𝛼ଶ𝑒ଶ௨ଶ − 𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝐿୫୧୬ห𝑑ሚห𝛿≤ −𝛼ଵ𝑒௛ଶ − 𝛼ଶ𝑒ଶ௨ଶ − 𝐿ሺ𝑿ሻ𝑑ሚଶ + 𝐿୫୧୬ ௗ෨మାఋమଶ≤ −2 min ቄ𝛼ଵ, 𝛼ଶ, 𝐿ሺ𝑿ሻ − ଵଶ 𝐿୫୧୬ቅ 𝑉 + ଵଶ 𝐿୫୧୬𝛿ଶ= −𝜅ଵ𝑉 + 𝜁ଵ

, (23)

where 𝜅ଵ = 2 min ቄ𝛼ଵ, 𝛼ଶ, 𝐿ሺ𝑿ሻ − ଵଶ 𝐿୫୧୬ቅ, 𝜁ଵ = ଵଶ 𝐿୫୧୬𝛿ଶ = ሺటାఘெሻమଶ௅ౣ౟౤ . 

For the set 𝒲 = ቄ൫𝑒௛, 𝑒ଶ௨, 𝑑ሚ൯ቚ|𝑒௛|ଶ + |𝑒ଶ௨|ଶ + ห𝑑ሚหଶ ≥ 2 ఍భ఑భቅ, when ൫𝑒௛, 𝑒ଶ௨, 𝑑ሚ൯ ∈ 𝒲 𝑉 = 12 𝑒௛ଶ + 12 𝑒ଶ௨ଶ + 12 𝑑ሚଶ ≥ 𝜁ଵ𝜅ଵ ⟹𝑉ሶ ≤ −𝜅ଵ𝑉 + 𝜁ଵ ≤ −𝜅ଵ ⋅ 𝜁ଵ𝜅ଵ + 𝜁ଵ = 0 

Thus, Lyapunov function become non-positive and system is stable. Similarly when ൫𝑒௛, 𝑒ଶ௨, 𝑑ሚ൯ ∈ 𝒲ഥ  (𝒲ഥ  is the complement of set 𝒲), the Eq. (23) claims 𝑉ሺ𝑡ሻ = 𝜁ଵ𝜅ଵ ሺ1 − 𝑒ି఑భ௧ሻ. (24)

which indicates that the Lyapunov function will exponentially converge to 𝒲 with the rate of 𝑒ି఑భ௧, holding the upper bound of lim௧→ஶ sup௏∈𝒲ഥ 𝑉ሺ𝑡ሻ = ఍భ఑భ. Thus the system is final consistent bounded 

[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 𝐶௠଴ -0.02 𝑆, mଶ 0.63 𝐶௠ఈ -0.41 𝜌, kg mଷ⁄  1.27 𝐶௠௤ -3.8 𝐽௬, kg ⋅ mଶ 1.129 𝐶௠ఋ೐ -0.5 𝐶஽଴ 0.03 𝑐 0.18 𝐶஽ఈ 0.30 ℎௗ, m 15 𝐶௅଴ 0.27 𝑇ത 800 𝐶௅ఈ 3.4 𝛿௘̅ 30°  
 

Table 3. Parameters of JONSWAP spectrum method 
Sea states Level 7 Level 5 Level 4 𝛾 3.3 𝑔, m sଶ⁄  9.81 𝑓௣ 0.02 𝜎 0.07 𝛼 2 × 10ି଺ 1.3 × 10ିହ 3.4 × 10ିହ 𝐻௦, m 8 5 2 

Simulated 𝐻௦,௦௜௠, m 7.62 4.04 1.69 
 

Table 4. Parameters of NDOAB method 
Sea states Level 7 Level 5 Level 4 𝛼ଵ of 𝑇 6 𝛼ଷ of 𝑇 2 𝛼ଶ of 𝑇 5 𝛼ସ of 𝑇 12 𝐿଴ 2 𝐾௛ 0.3 0.5 0.5 𝐾௛ሶ  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 h-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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Figure 3. Height trajectory without NDO
 

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଻ = 7.62 m 𝑁ହ = 4.04 m 𝑁ସ = 1.69 m 
98.52% 99.71% 99.30% 

 

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௛, 𝑒ଶ௨, 𝑑ሚଶ, while 
during initial stage the tracking errors 𝑒௛, 𝑒ଶ௨ 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 6. Elevator deflection
 
 

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଻ = 7.62 m 𝑁ହ = 4.04 m 𝑁ସ = 1.69 m 
Max. Error, m 3.1876 2.7838 2.6424 

RMSE, m 0.2512 0.2269 0.2112 
 
 

Figure 8. Lyapunov functions
 
 
Fig. 5 and Fig. 6 show control thrust and controlling elevator deflection, respectively. The 

thrust reaches its upper bound 𝑇ത = 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 𝛿௘ 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 √𝑉 other than its 
original value. As predicted in Eq. (24) Lyapunov function strive to zero with the error decreases 
to 0 (𝑒௛, 𝑒ଶ௨, 𝑑ሚ → 0). Moreover, we calculated the integration of Lyapunov function, indicating 
that the integration decreases from 1.139 × 10଻ to 1.268 × 10଻ with the sea condition level. 

 

60



 
 
 
 
 
 

Disturbance-observer-augmented Backstepping control for sea-skimming UAVs… 

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 h-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 𝑑ሚ 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: 𝑥ሶଵ = 𝑥ොଶ + 𝛽ଵ|𝑒|଴.ହsgnሺ𝑒ሻ. Some researchers [36] have 
proved that the coefficient 𝛽ଵ 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 
 

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 𝐿ሺ𝑿ሻ is constant other than Eq. (20). It’s obvious that the nonlinear 𝐿ሺ𝑿ሻ 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 𝐿ሺ𝑿ሻ 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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