friried applied
e sciences

Article

Curved-Line Path-Following Control of Fixed-Wing Unmanned
Aerial Vehicles Using a Robust Disturbance-Estimator-Based
Predictive Control Approach

Weiwei Qi 12, Mingbo Tong "*, Qi Wang 3, Wei Song 3 and Hunan Ying 2

check for
updates

Citation: Qi, W.; Tong, M.; Wang, Q.;
Song, W.; Ying, H. Curved-Line
Path-Following Control of
Fixed-Wing Unmanned Aerial
Vehicles Using a Robust
Disturbance-Estimator-Based
Predictive Control Approach. Appl.
Sci. 2023, 13, 11577. https://doi.org/
10.3390/app132011577

Academic Editors:

Andrzej Lukaszewicz,
Wojciech Giernacki,
Zbigniew Kulesza, Jaroslaw
Alexander Pytka and
Andriy Holovatyy

Received: 25 September 2023
Revised: 12 October 2023
Accepted: 19 October 2023
Published: 23 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics,

Nanjing 211106, China; 70720@nchu.edu.cn

School of General Aviation, Nanchang Hangkong University, Nanchang 330063, China; 58102@nchu.edu.cn
School of Aircraft Engineering, Nanchang Hangkong University, Nanchang 330063, China;
wangqi439@126.com (Q.W.); songwei@nchu.edu.cn (W.S.)

*  Correspondence: tongw@nuaa.edu.cn

Abstract: In this research, the design of a robust curved-line path-following control system for fixed-
wing unmanned aerial vehicles (FWUAVs) affected by uncertainties on the latitude plane is studied.
This is undertaken to enhance closed-loop system robustness under unknown uncertainties and
derive the control surface deflection angle directly used to control FWUAVs, which has rarely been
studied in previous works. The system is formed through the mass center position control (MCPC)
and yaw angle control (YAC) subsystems. In the MCPC, the desired yaw angle, which is treated as
the reference signal for the YAC subsystem, is calculated analytically using path-following errors,
current flow angles, and the yaw angle. In the YAC, a disturbance estimator is designed to estimate
uncertainties such as nonlinearities, couplings, time variations, model parameter perturbations, and
unmodeled dynamics. Predictive functional controllers are designed to target nominal systems in the
absence of uncertainties, such that the estimations of the uncertainties can be incorporated through
feedback for closed-loop system robustness enhancement. The simulation results show that higher
path-following precision and stronger robustness for the FWUAVs based on the proposed approach
can be achieved using only rough model parameters compared with the conventional nonlinear
dynamic inversion, which requires detailed model information.

Keywords: fixed-wing unmanned aerial vehicles; path following; disturbance estimator; predictive
functional control; nonlinear dynamic inversion

1. Introduction

Due to the advantages of long endurance, fast flight, and high energy availability, fixed-
wing unmanned aerial vehicles (FWUAVs) have become increasingly attractive in many
areas, such as reconnaissance, patrol inspection, and monitoring. When executing missions,
FWUAVs are required to follow a prescribed reference path. The mission execution effect
relies on the path-following control performance, making the design of the path-following
control system important with engineering significance.

Path-following errors are adjusted via attitude angles. According to the path-following
errors, the mass center position controller generates the desired attitude angles, which are
regarded as the references for the attitude controller so that the control surface deflection
angles as well as the control laws of FWUAVs can be derived.

In the MCPC, establishing a motion model is quite important. By considering aerody-
namic complexities, variable couplings, fast time variations, and high nonlinearities, the
geometric approach and control technique are mainly applied for model establishment.
The two approaches have the advantages of a simple model structure and irrelevant model
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information, such that their superiority is obvious when compared with conventional
modeling methods [1].

The commonly utilized geometric approaches include the line-of-sight (LOS) [2-7],
vector field [8-14], virtual target following [15-21], and L; guidance approaches [22-28].
Analytical solutions of the desired attitude angles or body rates regarded as reference
signals can be derived through the relationships among the path-following errors, the
current flow angles, and the current attitude angles.

Being different from the geometric approach, the control technique assumes that there
is a virtual target point attached to the prescribed reference path. A natural frame also
named the Frenet frame [21,29-32], whose origin coincides with the virtual target point, is
established; in this case, the Frenet frame overlaps with the body frame if the FWUAYV can
strictly follow the path. In the control technique, path-following error kinematic models
whose inputs are the error angles (also called error attitude angles) between the Frenet frame
and the body frame are built without using any plant model information. The advantages
of the control technique are that the error attitude angles can be designed through different
control theories, such as L; adaptive control [33], L; state feedback control [34], nested
saturation control [35], linear model-based predictive control [36], optimal control [37], and
nonlinear model predictive control [38], and that the approach has been studied widely.

By considering that FWUAVs are easily influenced via external wind fields, approaches
such as a new guidance law combined with pure pursuit and the LOS [39], a VTP-based
nonlinear guidance law [15], optimal control with the wind amplitude available [16],
feedback control with wind estimation and compensation [37], and adaptive backstepping
control [40] have been presented.

However, the existing path-following control schemes are incomplete since they mainly
focus on the establishment of a path-following error kinematic model and the design of
mass center position controllers. Once the desired attitude angles/body rates have been
obtained, the studies are ceased, meaning that the design of the attitude controllers is
ignored and that the final deflection laws of the control surfaces actually used to steer the
FWUAUVs are not given. It is well known that attitude control plays a decisive role not only
in path-following control but also in the field of flight control. Hence, the design of an
attitude control system and control performance enhancement cannot be ignored.

To address these problems, targeting the movement of FWUAVSs on the latitude plane,
a robust path-following control approach is presented in this paper. The path-following
control performance can be improved using only a small amount of rough dynamic model
information. The main outcomes and contributions of this paper are twofold:

(1) A path-following control scheme for FWUAVs is perfected.

Being different from most existing studies, this paper aims to improve attitude system
performance via improving path-following control performance. Effective deflection angles
of the control surfaces as well as the control laws are designed;

(2) A robust control approach is proposed for attitude control.

A novel disturbance estimator (DE) [41,42] is applied to estimate uncertainties, such
as nonlinearities, strong couplings, and system unmodeled dynamics, so that, in the design
of controllers, only a small amount of model information is used. As pointed out in the
two literatures, the novel DE has better performance than the commonly used extended
state observer [43—48]. In addition, a predictive functional controller (PFC) is designed
for the nominal system in the absence of uncertainties to improve system input/output
performance. The estimation of the uncertainties is incorporated into the PFC for feedback
compensation so that the closed-loop system’s robustness can be improved.

2. System Modeling

In this section, a movement model based on the latitude plane is established. The
fundamentals of the curved path following the latitude plane are illustrated in Figure 1.
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Figure 1. Path following on the latitude plane.

Here, Ox1y; and Pxpy;, represent the inertia frame and body frame, respectively. P
represents the current mass center position of the FWUAYV, which is denoted as (x,y).
P, represents the desired position denoted as (xp,y;), which the FWUAV should locate.
u and v are the velocities along Px; and Py, respectively. f = arctany represents the
side-slip angle. V, = v u? + v? is the air speed. ¥ is the yaw angle. x, and y, represent
the components between the current position P and the desired position P, in the frame
Ppxpyp. Ais the look-ahead distance, which is a positive number.

2.1. Computation of Desired Attitude Angles

The prescribed reference path is denoted as P, = [x,(s), yp(s)]T, with s representing
the path parameter and x,(s) and y,(s) being the second-order derivatives with respect to
s. Then, the desired path angle can be written as

pp = arctan2(y,(s), xp(s)) 1)

where arctan2(*) represents the quadrant function.
The transformation matrix from Ox;y; to P,xpy, can be given using

_ |cosp  — sin, @)
P$ 7 |sing, cosy,

The following errors can be computed using Figure 1:
e= [xwye]T = Lpg(P - PP) ®)

Differentiating Formula (3) relative to time yields

e=Lyg(P—Py) +Lpg <P - pp> )
One can also have _
Lpg = SpLpg (5)
. )
5y = P ®)

—le 0
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The transformation matrix from Pxgyx to Ppx,y, can be given using

Ly = [ cos Py sint/)r} %

—siny, cosi;,

By considering the wind velocities along Px;, and Py; denoted as 1, and vy, respectively,

the perturbed airspeed denoted by V, can be calculated using V, = \/ (1 + ) + (0 4 00) ™

Since Vi, = [V, 0] T we can have

P = Ly LyVig ®)
The velocity of the desired path in prpyp can be expressed as Vpg = [Vp, 0] T ; then, we
can derive _
T
Py = Lngpg 9)
and
) T
Pp| = ’LPgVPg’ (10)

where |*| represents the norm of a vector.
It can be determined from Formula (10) that
: %
5= - P - (11)
xXp7(s) +yp~(s)

9xp(s Yy (s
where x),(s) = gs( ) and yp(s) = ya‘“—s().

Bringing Formulas (5), (8), and (9) into (4) yields

by — T T
¢ = SpLpg (P = Pp) + Lyg (LEeLyiVig — LE Vig) 2

Then, the desired yaw angle can be calculated as

Ya = Pr+9p — P (13)
with ¢, defined as
Py= arctan<_Ay€> (14)
Take the following Lyapunov function:
V, = %eTe (15)

‘ (16)
(Spe+ LpkVig = Vig )

It is easy to prove that e!S,e = 0. Then, via carrying out a simple mathematical
operation, one can derive

Ve = xe (Vg cos iy — V) + ye Ve sinipy (17)
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To guarantee Ve < 0, we can take
Vy = Vg cos Py + T, (18)

where T > 0 is a tuning variable.
Bringing Formula (18) into (11) yields
R e Pt at (19)
X}2(s) + 1) (5)

Bringing Formulas (14) and (18) into (17) yields

. A 2
V, = —1x2 -V, Ye

S VT2

It can be seen from the definition that the velocity V, must be a positive number. A
is the look-ahead distance, which is a positive number and has also been defined before.
Aygz
Az+]/32
Formula (20) indicates that the real flight path of the FWUAYV can converge gradually to
the prescribed reference path under the designed desired yaw angle (14).

The complete curved path-following scheme can be summarized as follows:

<0 (20)

Thus,Vy > 0 and A > 0 can guarantee —V, < 0, which also implies Vg < 0.

Vg COS Py +TXe
2 () ¥ (s)
= arctan (_T%) 1)

lpd:lpr+lpp_ﬁ

Equation (21) describes the path-following error of the center of mass of the FWUAV.

S =

The first equation s describes the changing rate of the path variable s relative to time so that
the desired path to be followed can be digitalized and programmed in the flight control
hardware. The rest of the two equations afford reference signals to the yaw angle system to
design the deflection laws of the rudder.

2.2. Yaw System Model

In the yaw movement, the force acting on the FWUAYV is mainly the yaw torque, which
depends on the rudder. The expression of the yaw torque N is given by [49]:
— 1,72
N = 50pV;SbCy . 22)
Cl’l = CYIO + Ci’l‘B‘B + Cn,m + Cnb-rér

where p, S, b, and J, are the air density, wing area, wing span, and rudder deflection angle,
respectively. r is the yaw rate. Cy, is the zero yaw moment coefficient. C, Y Cy,,and C, 5
are derivatives of the yaw moment with respect to the side-slip angle, yaw rate, and rudder,
respectively, which can also be seen in [49].
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Then, by referring to [49] and considering uncertainties, the yaw movement model is
given using

p=r
%:%+@
~ Cug +Cuyp Cpbr dd Cus, 5 (23)
N L v, LT
~—~—
fr br
- fr + brfsr

where I, is the moment of inertia. d; represents the uncertainties, including the unmodeled
dynamics and model parameter perturbations.

Then, the remaining task of this paper is to design the deflection angle of the rudder
J; so that the yaw angle of the FWUAYV ¢ in Formula (23) can track the desired value of ¢,
derived from Formula (21) using the dynamic model (23).

2.3. Existing Approaches and Defects

To highlight the approach proposed in the paper, the existing approaches and their
defects are summarized in Table 1.

Table 1. The existing approaches and their defects.

Approach Category Literatures Defects
LOS [2-7] Poor robustness, no attitude control system
vector field [8-14] Complicated theories, Poor robustness, no

attitude control system
Too many virtual targets, poor robustness, no

virtual target following [15-21] attitude control system
L guidance [22-28] Poor robustness, no attitude control system
Frenet [21,29-32] Poor robustness, no attitude control system

3. Yaw Angle Control Design

In this section, based on the desired yaw angle derived in Section 2.1, a control scheme
for the yaw movement can be designed.

3.1. Design of DE

By referring to the literature [41], the design of the DE for estimating the nonlinear
term f, can be divided into the following steps:

Step 1: design of the nominal model

In the absence of f, in Formula (23), the nominal model in the continuous-time domain
can be given using

7;m = b,y (24)

The discrete-time version is written as
tm(k+1) = (k) + Tbd, (k) (25)

where 1y, is the state of the nominal model, and T is the sampling period;
Step 2: DE formulation
The DE is designed as follows:

frk) = 255+ G(k) - A6, (k)

YN Y 1 [Ar(k)—p(k—1)Ad, (k—1)] AS, (k—1)
G(k) = pk—1) + PRI

(26)
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where f, is the estimated value of f;, e,(k) = r(k) — ru(k), Aer(k) = e,(k) — &, (k — 1),
A8, (k) = 6, (k) — 6, (k—1), Ar(k) = r(k) —r(k—1), u > 0,7 € (0,2], and $(0) is specified
by users.

A stability analysis of the DE can be seen in Appendix C in [42].

3.2. Controller Design
In Formula (23), the desired yaw rate for manipulating the yaw angle is designed as follows:

ra(k) = wilva(k) — (k)] (27)

According to the predictive functional control theory [50,51], the system input can be
formulated using
{ Or(k+i)=061+1i-6

Then, in Formula (23), in the absence of f;, a predictive model for the yaw rate model
can be given using
r(k+1) =r(k) + Tbyé
r(k+2) =r(k) + Th.(61 + 62)
r(k+3) =r(k) + Tby(61 + 25,) (29)

Fk+ 1) = 1(k) + Tb |61 + (n — 1))

The following receding horizon performance index function is selected:

N —
-MN

J(k) = [r(k—f—nj) —rd(k—i-nj)] (30)

j=1

where 17 and ny, which are two positive integers, are the lengths of the receding horizon.
Denote u(k) = [é1,0,]". Then, by letting % = 0, the optimal rudder deflection angle
can be derived as follows:

B Tb, Tby(ny —1)] ' [ra(k+m1) —r(k)
o (k) = [1,0] [Tbr Tbr(n; — 1)} [r;l(k + ni) — r(k)} (31)

Through combing Formulas (26) and (31), the final control law is summarized as

B Th, Th(ny—1)] '[ralk+m)—r(K)] 1,
6 (k) = [1,0] [Tb, Tbr(n;—l)] LZ(k—i—ni)—r(k)] AL (32)

4. Numerical Simulations

In this section, two groups of numerical simulations are carried out to demonstrate
the effectiveness and superiority of the proposed control scheme via a comparison with the
conventional nonlinear dynamic inversion (NDI) approach [52-54], which is commonly
used in flight control. The conventional nonlinear dynamic inversion controller for the yaw
angle control is designed as follows:

ra(k) = o1[pa(k) — (k)]
5r(k) = g-{palra(k) — r(k)] — fr(k)}

where p; > 0 and p> > 0 are two tuning parameters.

The geometry and aerodynamic parameters in Formulas (22) and (23) are
I, = 1759 kg - m2, Cy, =0, Cnﬁ = 0.25, C;, = —0.35, and Cn;, = —0.032. The trimmed
conditions of the FWUAV are V; = 30m/s, x, = yp = 0,¢ = r = 0, and 6, = 0. The values
of the controller parameters for the NDI are p; = 5 and p, = 10. The values of the controller

(33)
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parameters for the proposed approach are u = 0.1, 7 = 0.1, $(0) = 1, wy = 2,13 = 5, and
1y = 10. The uncertainty term is ds = 4sin(0.5¢) + 3 cos(t) when 45s < t <90 s, and the
wind velocities along Ox; and Oy are 0 and 3 m/s when 15s < t < 30 s, respectively.
Actually, the wind disturbances along Ox; would not have great effects on the flight path
of the FWUAV since the wind can only decrease the flight speed and prolong the mission
accomplishment time of the path following. However, the wind along Oy; has entirely
different effects on the FWUAV since it affects the airplane from the side direction, which
would influence the stability of the FWUAV.
The prescribed reference path (unit: m) is given using

x4(s) = —450sin(s)
{ yZ(s) = 450 cos(s) + 450 (34)

4.1. Case Study 1

In this group, wind disturbances along Ox; and Oy and the uncertainty of ds regeared
as unmodeled dynamics are considered. The unmodeled dynamics ds would affect the
flight stability of the FWUAV since it can cause unstable poles.

The simulation results are illustrated below.

Figures 2 and 3 clearly prove that the proposed approach is superior to the NDI
approach. The absolute maximum following errors of the proposed scheme along Ox;
and Oy are only 0.02 m and 2 m, respectively, compared with the ones based on the
NDI approach, which are up to 0.12 m and 12 m along Ox; and Oyj, respectively. The
path-following errors of the proposed approach are much smaller than those of the NDIL
Additionally, the two figures also indicate that the NDI approach has a trend of divergence
after 45 s when the unmodeled dynamics are encountered, since the NDI approach does
not have any anti-disturbance mechanisms. However, the situations are different in the
proposed scheme due to the existence of the DE, which has a strong disturbance estimation
capability and superb estimation accuracy.

400+ o =

200- // \

I_J Reference \
( - %~ Proposed 1
/

4004 N j’,,z’//

09004007 600" 800
y: m

Figure 2. Path—following effect.

Figure 4 shows that, when dealing with wind disturbances, the controllers of the
proposed approach generate more effective control inputs than those of the NDI approach
to guarantee path-following precision. However, to deal with the unknown unmodeled
dynamics, too-frequent deflection for the rudder occurs in the NDI-based closed-loop
system, which places a heavy burden on the actuator of the FWUAV. The reason for this
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is that the closed-loop system based on the proposed control scheme has a disturbance
rejection mechanism that enables the FWUAV’s strong robustness. Figure 5 shows the
accurate estimation capability of the DE, which is the fundamental reason for the proposed
control approach being superior to the conventional NDI approach.

Figures 68 show the attitude control performance of the FWUAV during flight. In the
flight control field, attitude maintenance capability plays a decisive role and determines
path-following performance. In Figures 7 and 8, the NDI approach-based path-following
control system is incapable of steering the yaw movement when unmodeled dynamics
are encountered. It can be seen in Figure 7 that the yaw angle of the NDI approach has
frequent fluctuations. In Figure 8, the FWUAV has large changing rates, which reach up to
30 degrees (should be around zero) for the yaw movement. A poor attitude control capabil-
ity would cause large path-following errors for the FWUAYV, which results in unsatisfying
control performance in path-following missions. The situations are quite different in the
proposed approach, as shown in Figure 6, due to the disturbance rejection function because
the unmodeled dynamics can be estimated and compensated successfully.

0.0 40202 = i A B RS e Ly A o A
g
-, — £ - Proposed
»
014 NDI
0 20 40 60 80 100
Time: s
o
4
fg. 0{a=on /7 R Omad AV vl W -
> 4 =
84 - 2= - Proposed
1oL NIDi ; : . :
0 20 40 60 80 100
Time: s

Figure 3. Path—following errors.

i — 2= -Proposed
30 NDI
I
[
[
]5' |
[
g |
% A ]
.,‘_0'.) '\zr i
w o, i o
by ([ I;""lhﬂ-'-;l ] LY S PR G "
I:IJH;\‘/“' ’E:ujr ¢ ,':::f‘\f“"\ M, [ ) MU bR
ST [T | R | A A R
' i '
i
{
=301 !
0 20 40 60 80 100
Time: s

Figure 4. Control laws.
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Figure 5. Uncertainty estimation and estimation error e, = f, — f;.

Reference /
3004 - -- Proposed

en /

5}

2200+ /

>

100

400 -

0 20 40 | 60 80 100
Time: s

Figure 6. Yaw angles: proposed approach.

4.2. Case Study 2

In this group, all uncertainties, including wind disturbances along Ox; and Oy, the
model parameter perturbations for b,, and uncertainty ds, are considered. To validate
the proposed scheme completely, +30% and —30% perturbations of b, are considered.
Furthermore, the results of the two perturbation cases are also combined with those of the
case without any perturbations to show the effectiveness of the proposed scheme.

The simulation results are illustrated below.

It can be determined from Figures 9 and 10 that the proposed approach-based path-
following control system can achieve great flight performance regardless of whether the
important model parameter has perturbations. The absolute maximum following error
of the proposed approach in the two situations along Oy is only 0.02 m, and the mean
path-following errors are all very close to zero. Additionally, when recalling the results in
Section 4.1, it is found that, even when the model parameter perturbs within a wide range,
the control performance of the proposed approach is much better than that of the NDL
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Figure 7. Yaw angles: the NDI approach.
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Figure 8. Yaw rates.

Figure 11 shows that the control law can be designed requiring only a small amount of
rough model information. In addition, due to the existence of the DE, the dynamics of the
model perturbation can be observed accurately and compensated effectively so that even
slight changes in the characteristics of the closed-loop system would not happen. Thus, the
trends of the rudder deflection angles in the two situations are similar, which means that
even the model parameter undergoes large perturbations, and the rudder deflection angles
similar to those in the case without any perturbations can be used to steer the FWUAV.
Figures 12 and 13 show that the DE can estimate the uncertainties accurately, even when
large perturbations occur in the model parameter. It has an advantage in that the design
of the control system for the FWUAV is mildly correlated with the system modeling and
model parameter measurement.

Figures 14-16 show that similar yaw movements in the two situations can be achieved
during path following. Under the uncertainties induced via the unmodeled dynamics
and the parameter perturbation, the yaw angle changes stably without any jumping or
fluctuation, which proves that the frame stability of the FWUAV can be guaranteed and
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that the closed-loop system’s robustness can be significantly enhanced under large model
parameter perturbations.

400 \\
200- \\
Reference -
+30% Perturbation ‘t
g 042 - <= -30% Perturbation
'N' \\
-200- \\ /
-400 1 \\\ //
s o
0 200 400 600 800
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Figure 9. Path—following effects.
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Time: s
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Figure 10. Path—

following errors.
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Figure 11. Control laws.
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Figure 12. Uncertainty estimation: +30% and estimation error e, = f; — fr.

6
3
8 - 0 y ,,,,,,,,,,,,,l,
ey
%
0 - 9
020 40 60 80 100
-8 '
-16-
—o— DE Estimated
-244 — — -Real

0 20 40 60 80 100
Time: s

Figure 13. Uncertainty estimations: —30% and estimation error e, = f, — f;.
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5. Conclusions

In this study, a novel, robust flight control system was designed for FWUAVs following
curved paths under uncertainties on the latitude plane. Without using any model infor-
mation, the desired yaw angle can be derived by using path-following errors, flow angles,
and the current yaw angle. The model-free approach for deriving the desired yaw angle is
easy to implement in hardware for engineering applications, and it dramatically reduces
the burden of flight control computers. For the yaw angle control, firstly, though the yaw
movement system is full of nonlinearities, couplings, time variations, and external winds,
which would seriously degrade flight performance, the designed disturbance estimator can
estimate all the uncertainties existing in the yaw movement model accurately for feedback
compensation such that the path-following accuracy can be improved significantly. The
path-following errors for the x and y directions are only 0.02 m and 2 m, respectively,
compared with 0.12 m and 12 m for the NDI approach. Secondly, due to the existence of
the disturbance estimator, the frame parameters of FWUAVs are allowed to perturb within
a wide range between —30% and +30%. Through consuming quite a similar amount of
input power (the deflection angles of the rudder), almost the same path-following control
performance with very small path-following errors can be achieved. The yaw system has
strong robustness in dealing with uncertainties, which allows the desired yaw angle of the
position system to be tracked precisely. The yaw rate has small fluctuations in situations
where external wind fields are encountered. However, the yaw rate can return to a stable
value within a short time period.
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