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Abstract

Concentrating on a surface vessel with input saturation, model uncertainties and unknown disturbances, a path
following the adaptive backstepping control method based on prescribed performance line-of-sight (PPLOS)
guidance is proposed. First, a prescribed performance asymmetric modified barrier Lyapunov function (PPAMBLF)
is used to design the PPLOS and the heading controller, which make the path following position and heading errors
meet the prescribed performance requirements. Furthermore, the backstepping and dynamic surface technique
(DSC) are used to design the path following controller and the adaptive assistant systems are constructed to
compensate the influence of input saturation. In addition, neural networks are introduced to approximate model
uncertainties, and the adaptive laws are designed to estimate the bounds of the neural network approximation errors
and unknown disturbances. According to the Lyapunov stability theory, all signals are semi-globally uniformly
ultimately bounded. Finally, a 76 - 2 m supply surface vessel is used for simulation experiments. The experimental
results show that although the control inputs are limited, the control system can still converge quickly, and both
position and heading errors can be limited to the prescribed performance requirements.

1. Introduction

In recent years, manned and unmanned vessels (Naus et al., 2021; Rutkowski, 2021; Specht et al., 2021)
have played a key role in various ocean engineering such as maritime rescue, ocean exploration (Liang et
al., 2017; Stateczny et al., 2021) and resource development. Ship motion control has received widespread
attention to meet the needs of different tasks, realise the intelligence and automation of ships, and ensure
the safety and economy of ships. The research on ships in recent years includes path planning (Lyu and
Yin, 2019), collision avoidance (Li and Zheng, 2020; Xu et al., 2020) and track control. Track control is
divided into trajectory tracking and path following. Trajectory tracking (Wang and Su, 2021) is strictly
constrained by time, enabling the ship to track the desired trajectory in real-time; Path following (Nie
etal. 2021) is not subject to time requirements, it only needs to track the geometric position of the target
path. In actual ship navigation, it generally not needed to arrive at the designated location at a specific
time, so ship path following is more extensive. In some special marine engineering operations, such
as engineering drilling platforms and engineering experimental ships which require a high degree of
freedom, the control performance of underactuated ships (Hou et al., 2020; Xie et al., 2020; Zhang et
al., 2020) can no longer meet the engineering requirements. Therefore, the fully actuated (Zheng et al.,
2018a; Del-Rio-Rivera et al., 2020) path following surface vessel with higher degree of freedom and
stronger performance has great research value and significance.
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Aimed at the problem of surface vessel path following control, the main methods include the Serret—
Frenet (SF) frame (Liu etal., 2017), logical virtual ship (LVS) guidance (Zhang et al., 2015), line-of-sight
(LOS) guidance and so on. The LOS guidance can reduce the output dimension of the system and greatly
simplify the design of the path following controller. The LOS-based surface vessel path following control
system is composed of a kinematics-level LOS guidance control system and a dynamics-level heading
and speed tracking control system. The former provides a heading guidance angle for the surface vessel
by designing a guidance law, and the latter designs a heading and velocity tracking controller to realise
the surface vessel can follow the desired path at a certain desired speed. LOS guidance has been
extensively studied and applied by many researchers in different aspects. These LOS guidance can be
divided into three main categories. The first category is compensation for sideslip angle and disturbance.
The integral LOS (ILOS) (Lekkas and Fossen, 2014) guidance method introduces an integrator based
on the traditional LOS, which can compensate for the influence of constant sideslip angle on the path
following control system. Zhang et al. (2019) applied ILOS and a robust adaptive algorithm to the path
following control of an unmanned robot sailboat. Adaptive integral LOS (AILOS) (Fossen and Lekkas,
2017) adds an adaptive rate to the ILOS guidance. It overcomes the impact of unknown sideslip angles
and unknown time-varying ocean currents in kinematics on the system and enhances the robustness of
the system. Predictor-based LOS (PLOS) (Liu et al., 2016b) introduces the predictor into the design of
LOS guidance. This guidance uses a predictor to estimate the unknown constant drift angle to improve
the accuracy of the sideslip angle estimation. However, the sideslip angle involved in the above method
is constant or slowly time-varying, and it does not solve the problem of time-varying sideslip angle.
Extended state observer-based LOS (ELOS) (Liu et al., 2016a) based on extended state observers
(ESOs) solves the problem of time-varying sideslip angle. A real ship simulation can be used to verify
the feasibility of the guidance. The second category is to optimise parameters such as lookahead distance
and desired velocity in LOS guidance. Lekkas and Fossen (2014) presented the forward distance that
varies with the cross-track error in ILOS guidance. When the ship is far from the desired path, a smaller
forward distance is obtained, which will make the bow of the ship more perpendicular to the desired
path and increase the error rate. Surge-guided LOS (SGLOS) (Wang et al., 2019) is designed with
a time-varying speed that varies with the lateral error. Compared with the traditional single constant
speed, this guidance method has a faster convergence speed and is more reasonable. The third category
is to constrain the tracking error. In actual navigation, especially in complex sea conditions or narrow
waters, if the navigation path and tracking error of the ship are not restricted, there will be great safety
hazards. Zheng and Feroskhan (2017) used the logarithmic error transformed functions to construct
the LOS guidance. This guidance can convert performance constraints into an equivalent unrestricted
range, ensuring the prescribed performance in the path following process. Zheng et al. (2018b) proposed
error-constrained LOS (ECLOS) guidance based on the barrier Lyapunov function (BLF), and used the
tan-type BLF to limit the steady-state performance of the surface vessel in path following.

The heading and velocity control part of path following is similar to the principle of trajectory
tracking. At present, the common controller design methods include backstepping control, fuzzy control,
sliding mode control, robust control and so on. Among them, Fossen and Berge (1997) first proposed
the backstepping and applied it to ship control, by constructing the Lyapunov function to inverse the
controller. Because of its simple and direct design, it has been studied by many researchers. Swaroop
et al. (2000) added the dynamic surface control technique (DSC) to the backstepping, which avoids
the ‘differential explosion’ caused by the derivation of the virtual control rate in backstepping and
simplifies the computational complexity. In actual sea conditions, unknown disturbances such as wind,
waves and currents are inevitable. Additionally, the weight of the ship may change with the load, so
the ship may have model uncertainties. Shen et al. (2018) used neural networks with adaptive laws to
construct a fully actuated surface vessel trajectory tracking controller, which can not only approximate
the model uncertainties and unknown disturbances, but also effectively improve the robustness of the
system. Shen et al. (2020b) proposed a finite-time observer, which can observe unmeasurable speed
values and unknown interference within a limited time. This method simultaneously solves the problem
of an unmeasurable system state and unknown disturbances. Although the theoretical research results on
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unknown disturbances and model uncertainties are fruitful, few researchers have considered the physical
constraints of a surface vessel in actual navigation.

On the one hand, the surface vessel itself has the problem of input saturation. For example, the torque
generated by the rudder and propeller cannot be infinite. When the input signal of the actuator is too
large, saturation will occur. The most direct result will make the ship unable to track the desired path
or even cause the system to oscillate and become unbalanced. For a class of nonlinear systems with
input saturation, Chen et al. (2011) proposed constraint adaptive control and designed a command filter
controller (CFC). It can not only solve the problem of system input saturation, but also solve the problem
of ‘differential explosion’ caused by the backstepping method. By virtue of constructing an auxiliary
dynamic system to deal with output saturation, Du et al. (2016) designed a robust nonlinear controller
for ship dynamic positioning, which effectively solves the impact of limited output on the system. Shen
et al. (2020a) introduced the smooth Nussbaum function to construct the auxiliary system, which has
the property that the upper and lower bound integrals tend to infinity. This auxiliary system can well
compensate the nonlinear part caused by the input saturation. Shen et al. (2020b) and Yang and Chen
(2016) apply an adaptive auxiliary system to overcome the influence of input saturation on the system,
which can make the system stable in the presence of input saturation. Compared with that used by Shen
et al. (2020a), this adaptive auxiliary system is simpler.

On the other hand, from the external water environment, a surface vessel may be affected by the
output constraint. In narrow waterways or specific engineering operations, it is forbidden for ships to
have large path following errors in path following, so it is necessary to limit the output of the system.
At present, the methods to solve the output constraint include the prescribed performance function
(PPF) and the barrier Lyapunov function (BLF). Bechlioulis and Rovithakis (2008) first proposed the
prescribed performance control method. Through the error transformed function constructed by PPF, the
constrained performance is converted to the equivalent unconstrained range. Jia et al. (2019) combined
the prescribed performance with the backstepping and designed an underactuated trajectory tracking
controller with preset performance. However, obtaining the inverse function of the logarithmic error
transformed function is very complicated, which is not convenient for the design of the controller, and
will lead to the singularity of the system. To solve this problem, Li et al. (2019) improved the error
transformed function based on the work of Jia et al. (2019), and proposed a non-logarithmic error
transformed function, which effectively simplified the complexity of system design. The prescribed
performance function can constrain the steady-state and transient performance of the system, but it has
the disadvantages of poor scalability, sensitivity to the initial position and complicated controller design.
The BLF is an improvement on the Lyapunov function. Compared with the error transformed function,
the BLF solves the problem of output constraint more directly. BLF starts directly from the starting
point (Lyapunov function) of the controller design, and directly constrains the error by constructing an
appropriate BLF. This method does not need to convert the errors, thus simplifying the controller design
and solving the singularity problem. Xu and Jin (2013) proposed a tangential barrier Lyapunov function
(TBLF), which is used for the design of a multi-input multi-output nonlinear control system with output
constraints. However, when deriving the TBLF, the denominator contains a trigonometric function
term, which complicates the design of the controller. Zhao et al. (2014) used the symmetric barrier
Lyapunov function (SBLF) to solve the problem of trajectory tracking of the ship with input constraints.
Since the SBLF is the logarithmic form, the derivative is the regular fractional form, which can solve
the problem of increased complexity of the system caused by the time derivative of the trigonometric
function term. However, the initial restricted area of the SBLF is symmetrical, and the upper and lower
bounds of the output constraints may not be the same in the system, which makes the SBLF have
great limitations. To solve this problem, Qiu et al. (2015) proposed the asymmetric barrier Lyapunov
function (ABLF) to solve a problem of a class of nonlinear systems with output constraints. The ABLF
relaxes the restriction that the initial restricted area must be symmetrical. However, in special cases, such
as when the constraint boundary approaches infinity, no matter how large the error is, the traditional
ABLF approaches zero, which cannot be used as a basis for judging the stability of the system. Chen
et al. (2020) first proposed the asymmetric modified barrier Lyapunov function (AMBLF) to realise the
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full-state constrained control of spacecraft. AMBLF is an improvement of the traditional ABLF. When
the constraint boundary is infinite, the AMBLF can be transformed into a traditional quadratic BLF
by using L’Hospital’s rule, which makes the AMBLF more general. However, in the above literature
(Xu and Jin, 2013; Zhao et al., 2014; Qiu et al., 2015; Chen et al., 2020), the BLF can only realise
the steady-state constraints of the system, and cannot achieve dynamic constraints and improve the
steady-state constraint’s transient performance of the system.

Inspired by the above research, to efficiently complete complex and accurate engineering tasks, we
propose a BLF-based surface vessel path following controller which is suitable for model uncertain-
ties, unknown disturbances, input saturation and prescribed performance. The main contributions and
innovations of this paper are summarised.

(i) We propose the prescribed performance asymmetric modified barrier Lyapunov function
(PPAMBLF). Compared with the traditional AMBLF (Chen et al., 2020), the PPAMBLF is a
combination of the AMBLF and PPF, which can not only constrain the steady-state performance
of the system, but also has the prescribed performance characteristics of the PPF.

(i) This paper proposes the prescribed performance line-of-sight (PPLOS) guidance law for the first
time. PPLOS guidance is based on the PPAMBLF, which can ensure that the tracking errors of the
path following kinematics guidance part converge within the expected constraint range in
real-time, ensuring the prescribed performance of the guidance system. Compared with ECLOS
(Zheng et al., 2018b), PPLOS has three obvious advantages: (1) PPLOS avoids the complexity of
the system caused by the trigonometric function term of the TBLF; (2) PPLOS can make the
restricted area asymmetric, which is more general; (3) PPLOS can not only meet the steady-state
constraints of the guidance system, but also meet its transient performance.

(iii) Zheng et al. (2018b) and Zheng and Feroskhan (2017) only limited the position error of the ship
by designing guidance in kinematics, and did not restrict the error between the heading guidance
angle and the actual heading angle in dynamics. In this paper, the PPAMBLF is further applied to
the heading control of ship path following, so that the heading error can also meet the prescribed
performance requirements and the tracking accuracy of the system is further enhanced.

(iv) This paper constructs a fully actuated surface vessel path following controller based on PPLOS,
introduces the adaptive assistant systems to compensate for the impact of input saturation, uses
RBF neural networks to approximate the model uncertainties, and designs adaptive laws to estimate
the bounds of the neural network approximation errors and unknown external environmental
disturbances. Finally, combining the backstepping, DSC and PPAMBLEF, we design a surface vessel
path following adaptive backstepping control with prescribed performance and input saturation.

The specific arrangement of the paper is as follows: Section 1 provides an introduction; Section 2
includes the problem description and preliminary work; Section 3 presents the design of the surface
vessel path following controller; Section 4 gives the strict stability proof; Section 5 carries out MATLAB
simulation, and analyses the experimental result; and Section 6 includes the conclusions.

2. Problem description and preliminaries
2.1. Problem description

2.1.1. Surface vessel model

Figure 1 shows the surface vessel motion. In this paper, we define the inertial reference frame (IRF) as
Ofg — XgYg and the body-fixed reference frame (BRF) as O — XY. Considering the three-degrees-of-
freedom surface vessel in the presence of model uncertainties and external disturbances, the nonlinear
mathematical model (Shen et al., 2020a; Wang et al., 2021) for a surface vessel can be expressed as

n=Jyv (2.1a)
Mio+Cwv+Dv+Af =sat(t) +d (2.1b)
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where 7 = [x, y,¢]7T is the surface vehicle position vector in the earth-fixed frame, where (x, y) is the
surface vehicle actual position and v is the heading angle; v = [u, v, r]" is the velocity vector in the
body-fixed frame, consisting of surge u, sway v and yaw r; Af = [Af,, Af,, Af,] are the uncertainties
of the surface vessel model; d = [d,,d,,d,]T is the unknown external environmental disturbance;
J(¢) is the rotation matrix; M is the positive definite inertia matrix including the vessel mass and the
hydrodynamic inertia; C (v) is the Coriolis centripetal; and D is the damping matrix. The specific form
is as follows:

[ cosyr —siny 0 mi; 0 O
JW)=|sing cosy O, M=| 0 my O
0 0 1 0 0 mss

0 0 —MmyVv dll 0 0

C(U) = 0 0 muyu |, D= 0 d22 0

_m22V —mipu 0 0 0 d33

T = |1y, Ty, Tr] is the actual control input consisting of surge force 7,,, sway force 7,, and yaw moment
7. Considering the input saturation, sat(7) is the system input subject to saturation, and the specific
description is as follows:

o, it > 1
sat; (1)) =1, ifr; <7 <17 (i=u,v,r) 2.2)

T, it <1y

where Tl-+ > 0, 7; < 0 are the maximum and the minimum control force or moment of the surface vessel
path following control system. Let At; = sat;(7;) — 7;, i = u, v, r. We can expand Equation (2.1b) as

sat, (7,) +d,

1
u= —(mzzvl" - a’“u — Afu) +
mii myy
1 ty (1) +d,
v =—(—mpur —dpv-Af,)+ w
map mao

1 sat, (7,) + d,
7= —((m1| —MQQ)MV—d33r—Afr)+—( )
ms3 ms3

2.3)

Assumption 1. The disturbance of the external environment experienced by the surface vessel
is unknown, but the disturbance is bounded, and its rate of change is also bounded, that is,
ld(®)|l < Cq < 0.

Assumption 2. The parameter matrices M, C(v) and D of the surface vessel model are known. In
addition, the model uncertainties are unknown but bounded.

2.1.2. Control objective

The surface vessel’s LOS guidance method is shown in Figure 2. We define the path reference frame
(PRF) as O, — X,,Y,,. Then the desired path to be followed is defined as n, (0) = [x,(0), y,(0)], where
1 (0) is the desired path parameter, and i, () is the path-tangent angle of the desired path, defined as

¥ p(0) = arctan2(y}, (6), x},(6)).

Remark 1. For (-)’,(6), we have (-)’,(6) 2 d(-),,/de.
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Figure 1. Motion of surface vessel.

For the surface vessel with positions, the along-tracking error and cross-tracking error (as shown in
Figure 2) of the position in the IRF can be expressed in the PRF as

. T
Xe | _ | cosy, —siny, X —Xp
[ye} - [Sin'/’p cosyp ] [y—yp] @9

The derivative of x, is

Xe =Xcosyp, +ysinyg, —x, cosy, —yp,sinyg,

ai az

+p (—(x = xp)sing, + (y = yp) cos ) (2.5)

cross-tracking error (y.)

According to Equation (2.1a), the a; and a, in Equation (2.5) can be further rewritten as

ay=Ucos(y —yp+p) (2.6a)
ay = 04)x1,2(0) +y1,2(6) cos(¢, + ¢) (2.6b)

where U = Vu? +v2 > 0 is the actual velocity of the surface vessel, 8 = arctan2(v, u) is the sideslip
angle (as shown in Figure 2) and ¢ = arctan2(-y’,(0), —x/,(0)) = —¢4.
Because the simplification of X, and y, are similar, the derivative of the tracking errors become

S = UCos(W =y +B)+ e = 05, (6) +3,2(6) o

Ve = USin(lﬂ _wp +ﬁ) _’pre

1,7 177

where i, = ((=x}y), + yp)cp)/(x’?7 + y’i))é.
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-

0,
Figure 2. Line-of-sight guidance.

Assumption 3. For the desired path 7, (0), its first and second derivatives 7, (6), 7j, (0) exist and are
bounded. Furthermore, 17,,(6) is a regular curve, guaranteeing x'*, (6) + y"* »(0) #0.

Assumption 4. The desired surge u, > 0 and its derivative 1, are bounded. Since this paper is for
a fully actuated surface vessel, the sway v is controllable. The desired sway v, should be considered.
To ensure the sideslip angle is small, the desired sway v, is defined as v, = 0. That is, lim,_,
B = arctan2(v,u) = 0.

2.2. Prescribed performance function

According to the idea of Bechlioulis (Bechlioulis and Rovithakis, 2008), the prescribed performance
function can be expressed as

F={(t,21) € Riz0 X R| = 65 (1) < z1(1) < 6a(0)}

where 6, (1) and 6, (¢) satisfy being smooth and bounded. Moreover, 6,(1) > 0,6, (1) > 0,1im, . 6 (¢) =
0a,00 > 0,1im; 0, (1) = 6p,0 > 0. Here, 8.(1) and 9, (1) can be expressed as

a(t) = (5a,max - 5a,oo)€7lat + 5a,00

5
Lt (2.8)
éb (t) = (6b,min - 6b,oo)e b+ 6b,<>o

where 64 max> 9b,min lal ,, 18 the design constant. The pictorial illustration of prescribed performance is
shown in Figure 3.
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Figure 3. Pictorial illustration of prescribed performance.

2.3. Barrier Lyapunov function

2.3.1. Asymmetric modified barrier Lyapunov function
The asymmetric modified barrier Lyapunov function (AMBLF) (Chen et al., 2020) can be expressed as

_q(z(1)) n kflez(’)2 . 1-q(z(1) . kieZ(’)z
2 k2 - z(1)* 2 K22

Vi 2.9

where z(7) is the variable that needs to be constrained, which generally is the systematic error. We define
kg =ke —Yy, kp = kg —Yp. Here, k. > 0, k; > 0 are the upper and lower bounds of constant value

constraints, and Yj is the expected value. Hence, —k;, < z(0) < —kg, g(*) = (]): Zg .

Remark 2. Through simple calculations, we can get V,(0") = V,(07) = 0, lim,_ dVp,/dz =
lim,_,o- dV}, /dz = 0, which explain that V}, is a continuous derivable function.

Remark 3. When k, — ook, — oo, limy, e 5 In(k2e%/(k2 = 2%)) = limg, e 5 In(k2e¥/

(ki -72) = %zz can be obtained using L‘Hospital’s rule. That is, when the system is unconstrained,
the AMBLF can be converted to a general quadratic Lyapunov function.

2.3.2. Prescribed performance symmetric modified barrier Lyapunov function

To ensure that the surface vessel path following position errors meet the prescribed performance
requirements, we further improve the AMBLF. We combine the PPF with AMBLF to design the
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PPAMBLF, which can make the system meet the steady-state performance and transient performance.
For compact Z = {z(t) : =6, < z(t) < 0p}, there are the following equations:

_qz(0)  Ba(0e Y 1-g(a(n) 8,07

v 2 Sa(1)? = 2(1)? T2 8, (1) = z(1)?

(2.10)
where, 6(¢) and §(t) are the prescribed performance functions such as in Equation (2.8).

Remark 4. Finding the value of the function on both sides of the zero point of the PPAMBLF and its
first derivative, we can get V;,(0*) = V;,(07) = 0, lim, )0+ dVjp/dz(t) = lim;)—o- dVip/dz(t) = 0.
That is, the PPAMBLF is a continuous derivative function.

Theorem 1. From Chen et al. (2020), we can get the following inequality:

l(1+ q(2) l_q(Z))ZZZVb (2.11)

2 Ka2 —Z2 sz —ZZ

where —k, < z(t) < kp.

LetK, =6,,Kp = ¢, Because 8, and ¢, have no direct functional relationship with z, we can obtain

1 q(z)  1-4q()] »
—[1+= >V 2.12
2( +53_12+§b2_zz cew 212

Remark 5. When I, — 0,1 , — 0, limiting to the prescribed performance functions, we can get
limz, 64 (#) = 0a,max, limy, 0 6, (1) == Op,min- That is, the PPAMBLF proposed in this paper can be
simplified to the AMBLF. On this basis, we continue to let 6, max = 0p min = 0, so the PPAMBLF
proposed can be simplified to the general quadratic Lyapunov function.

Remark 6. A conventional AMBLF can only guarantee the steady-state performance of the system.
While ensuring steady-state performance, the PPAMBLF further restricts the transient performance of
the system according to the prescribed performance function. the PPAMBLF can ensure that the system
has a better tracking effect in the initial and mid-stage tracking. The specific performance is shown in
the intermediate time period from the start of the path following of the system (¢ = 0) to the steady-state
stage of the expected path (¢ = 7).

3. Design of surface vessel path following controller

Assuming that there are input saturation, model uncertainties, unknown disturbances and all the states
of the surface vessel are measurable, we first design the PPLOS guidance, which enables the surface
vessel’s position tracking errors to meet the consistent asymptotic stability while remaining within
the prescribed performance constraints. The PPAMBLEF is further used to constrain the heading of
the surface vessel, so that the heading error also meets the prescribed performance requirements. We
use backstepping and DSC to design the heading control system and velocity control system. The
adaptive assistant systems are used to compensate for input saturation. Neural networks are introduced
to approximate the model uncertainties. The adaptive laws are designed to estimate the bounds of the
neural network approximation errors and the unknown. This method achieves the following control
objectives: (1) the surface vessel can track the desired path and meet the prescribed performance; (2) the
surface vessel can reach the desired velocity and maintain it; (3) all signals in the system are consistent
asymptotic stability. A block diagram of the control system is shown in Figure 4.
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Figure 4. Block diagram of the control system.

3.1. PPLOS guidance

We introduce the PPAMBLEF to the along-track error x, and the across-track error y, as follows:

2 X2 2 X2
Vi = gt in 21 4 (1 - gy 221
21 S 55,
section of x.
1 Szleyfz 6flleyf2
+5(q(ye) In 57—+ (1 -gq(y.)) In T—— (3.1
2 831 = ve? S —¥e’
section of y,
where 641, 6,,, 6c1, 8,4, are prescribed performance functions, g(x) = ('): e
. e 1 - e
Vi= 1+_§1(x)2+ 2q(x2) eXe
O = Xe O =X
1—
s _;I(ye) + L q(ye) b
0oy = ve Oa1 — y2
Cq)x3ba (1= q(r)zd,,
5a1(5i] - xg) éhl(élzal - x7)
e 250 I- e ié
~aGe)yeder (1= q(re))yedy, (32)

5c1(8%, - y2) 8(%, - ¥2)
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Together with Equations (2.7) and (3.2), we have

Vi = énxe(Ucos(y — ¢, + B) — 6)
+ény(Usin(y =y, + b))

+wux§+wuy§ (3.3)

where &1, @11, @12, ¥ are as follows:

=1+ Q(xe) + 1 —C]((Xe)
fn=l+=5—7 pFa—
al ~Xe 9p1 —Xe
_ qg(ye) | 1-q(ye)
fn=l+m——0+ pEa—
1 " Ye  9g1~ Ve

_ ( 4(x0)Bar (l—q(xe))ébl) (3.4a)
@ == +

Sal(gil —x%) ébl(élz,l —xf)

_ ( q(ye)oer  (1=4(re))d,, )

w2 =

5e1(6%, =2 8,,(8%, — y?

& = Jx3,% (6) +y,,% (6)

s ", 1+ 40 | 1-9(e)
N 20 R ) 1 O~V Oaqve (3.4b)
Ve 2 1 4 4Ge) | I-g(x) '
P P 52,2 85,-x2
Remark 7. Because —§,, < X, < 641, When 0 < x,, we can get &;; = 1+ 1/(6%, —x2) > 1 > 0, and
when x, <0, wecangeté) =1+ 1/@1271 —x2) 2 1 > 0. In summary, &; > 0, and by the same token,

&1 > 0.
We design the desired heading angle i, and the update law of 6 as

_kAye

1+ (kaye)?

be Ucos( — g+ ) + (kg — (@12Y2 [ xe + @11) [€11)Xe
9

Ya =y (6) +arcsin -B (3.5q)

(3.5b)

Assumption 5. Since the design of the guidance law is based on kinematics and does not consider the
dynamics, we assume the actual heading angle ¢ of the surface vessel can perfectly track the desired
heading angle ¥4 given by the guidance. That is, ¥ = 4.

3.2. Heading tracking control

To compensate for the impact of input saturation, we introduce a second-order adaptive assistant system
(Yang and Chen, 2016; Shen et al., 2020b):

/.l] = —h|/11 + Ay
(3.6)

. 1
Ay = —hz/lz + —ATr
ms33
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where 711, fi; > 0 are design constants, A1, A, are auxiliary variables. The heading error z; and yaw error
of z, of the surface vessel are given as

1=y —ga—-Aa
{ 1=Y¥ —¥a—-4 37)
Z=r—rq—A
Step 1: According to z;, the time derivation of z; is
Gi=tra+dy—ga— A (3.8)
To ensure the prescribed performance of the system, we introduce the PPAMBLF of z; as
1 P 8¢
V2= 5 (a(z)In S +(1-¢q(z1))In 57— (3.9
T I~ 7

where 042(t) > z1(0) > =6 2 (D) Saa(1), 6 1o (1) are prescribed performance functions, which are used
to restrict the upper and lower bounds of z;.
Similar to Equation (3.2), the time derivation of Equation (3.9) is

Vo = bz121 + @22 (3.10)
where the expressions of &, and @, are

q(z1) . 1—-q(z1)
52 >t 52 2
2% 9T
Q(ZZ)SaZ (- Q(Zl))ébz
=5 = nt 2 2
0a2 (6u2 - Zz) Opa (ébZ - Zl)

H=1+

) 3.11)

The designed virtual control law is @ used to stabilise z;:

a:—(k1+é+@

>t g )Zl +da — A (3.12)

where k; > 0.
To avoid derivation of the virtual control law @, we introduce the dynamic surface control. Let
a pass the following first-order low-pass filter:

T}"'d +rg=a
{rd(()) = a(0) G
Vi =rg—a (3.13b)

where r, is the state variable of the first-order low-pass filter, 7 is the filter time constant and y; is the
filter output error.
According to Equations (3.6)—(3.13) and the Young’s inequality, V, can be further written as

2

Va=&2120 — %Z% + &y — kiérd
2 1 2
<120 - kibazi + oY) (3.14)

2
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Step 2: According to Equations (2.3) and (3.7), the time derivation of z; is
. 1
22 = —((my —mp)uv — dszr —Af,
ms33
+d, +t, —m33rg + h2M33/lz) (3.15)
Consider that there are model uncertainties Af = [Af,, Af,, Af,]" in the three-degrees-of-freedom

surface vessel. According to the universal approximation characteristics of the RBF neural network, we
first approximate A f,., where the output expression is given as

Af, =W h(2) + e (2) (3.16)

where z = [u, v, r]T is the input vector of the neural network.
Here, h(z) = [h1(2), ha(2), . . ., h,(2)]" is the vector of radial basis function. The specific expression

is given by

e =l .

hj(z) = exp -— > (G=1,...,n) (3.17)
2b;

where b; > 0 is the width of the Gaussian function; c; = [cy,c2,. .., cm]T € R™ is the centre of the

Gaussian function, which has the same dimension as the input vector z; e,,,(z) is the approximation
error of neural network; and W = [w) |, w) ,,..., w;n]T € R™! is the ideal weight vector, that is, the

value of the vector W} which makes lewr ()| the smallest for all z € Q.. Here, W is given by

W = arg min {sup|Af.(z) — W' h(z)| (3.18)
WeR" (zeQ

In practical applications, the ideal weight vector W} cannot be obtained, so the estimation W, of W
needs to be used in the controller design, and W, = W, — W.

Assumption 6. For all z € Q,, the ideal weight vector W of the neural network and the approximation
error e, (z) are bounded, that is, there are positive constants W, . and bounded functions €, max(2)
that satisfy ||[W}|| < W, max and ey, (2) < €wr.max(z). By Assumption 1, path following external
environmental disturbance d, and approximation error e,,(z), there is a bounded function 1, > 0,
which makes |e,,(2)| + |d;| <A,

Remark 8. To simplify the description, in this paper, the neural network approximation error e,,,(z)
and environmental disturbance d,. are collectively referred to as compound disturbance, where, is the
bounding of compound disturbance.

Then, we design the control input #, as

t, = —=(my — myp)uv + ds3r — coms3dy — kazp

q(z1) N 1 -q(z1)

1+
2 2 2 _ 2
0p0=21 O —7

21+ masig + Wih(z) =4 6(22) (3.19)

where y; > 0 and oy > 0 are the design constants, ¢(z;) = tanh(z,/€;), €1 > 0 is the design constants
and1? is the prior estimate of 1.
The weight update law and the adaptive law of the estimation, are designed as

W, = - [22h(2) + 9 W, ] (3.20a)

A = yil22¢(22) — o1 @, —10)] (3.200)
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Table 1. Model parameters of surface vessel simulation.

Parameter Value Parameter Value

My, 5-3122 x 10° Cs 8-2831 x 10%
M, 8-2831 x 10° Cs —5-3122 % 10%
M3 3745 -4 x 10° Dy 5-0242 x 10*
Ci3 —-8.2831 x 10% D, 27-229 x 10*
Cx 5-3122 x 10%u Dy 41894 x 10*

Table 2. Control parameters of surface vessel simulation.

Parameter Value Parameter Value Parameter Value
I 100 | 1x10* o 1 x 1077
1753 100 I, 1x10° o3 1x107°
T3 10 I's 1x10° £ 1x107°
N 10 h 1x10°¢ &) 1x107°
ka 0-01 h 1x10™* &3 1

ko 1 ) 1x10™* i 0-1

ki 0-001 v 1x10° Y 0-1

ko 10 v 5% 10* a0 0-1

k3 10 V3 5% 10* T 0-01

ks 10 oy 5% 1077

Table 3. Prescribed performance functions of surface vessel simulation.

Constrained error Prescribed performance function

{5a1(t) = (1500 — 10)e™"% + 10

Xe
5,,(1) = (1200 — 8)e ™0 +38
5.1(1) = (800 — 10)e~1 7 4+ 10

Ye 5,,(1) = (600 — 8)e™! 7% +8
§ur(1) = (0-8=0-1)e0 1 +0-1

Ve 5,,(1) = (0-7-0-08)e 1" +0-08

where y; > 0 and o > 0 are the design constants, ¢(z2) = tanh(z2/€;), &1 > 0 are the design constants
and1? is the prior estimate of 1.

Remark 9. For the design of control input 7, at this stage, the neural network and the adaptive law only
approximate the model uncertainties A f,. and disturbances d, . In the next design of control input #,, and
ty, (Afy,Af,) and (d,, d,) will be estimated, the specific process is similar.

3.3. Velocity tracking control

To compensate for saturation of controller inputs 7, and 7,, two first-order adaptive assistant systems
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Figure 5. Straight line path following.

are introduced as

1
i —h3d3 + —At,
[23} = m]” (3.21)
4 —hgds + — AL,
my
The surface vessel’s surge error z; and sway error z, can be obtained as
23 u—ug— /13
= 3.22
B e 62

Remark 10. Since the research object of this paper is a fully actuated surface vessel with three controller
inputs, which is different from an underactuated surface vessel, we cannot only control the surge, but
can also control the sway of the surface vessel.

According to Equations (2.3) and (3.22), we can find the time derivative of z3 and z4 as

sat, (1,) +d,

[ ] m—n(mzzvr—d”u—Afu) m—ll—ﬂd—/ig
3.23)
sat,(t,) +d, . . (
— ( muur —dpv —Af,) + L —Vg— A4
ma
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Figure 6. Position errors of straight line path following.

Similarly, two neural networks are designed to approximate the model uncertainties Af,, and Af,,

and the output expression of the neural network is

{A fu=W.Th(z) + €yu(2) (3.24)

Afy = WtTh(Z) + ey (2)

Let W, be the estimated value of W’ and W,, be the estimated value of W*. We design the control

input ¢, and ¢,, as
{Tu = —k3Z3 + mlll/'td — h3m11/l3 — My vr + dllu + th(z) —iM(ﬁ(Zg) (3 25)
. ~ T a .
Ty, = —k4Z4 +moypvy — h4l’l122/14 +mpyur + d22V + Wuh(z) —1V¢(Z4)
We design the weight update law and the adaptive law of the estimation as
(3.26a)

{v‘vu = —s[2:h(z) + 9, W,]
WV, = —T3[z3h(z) + W, ]
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Figure 7. Desired heading angle, heading angle and heading errors of straight line path following.

{/fu =2 [Z3¢(ZS) - O-ZQAZ _/T(L)t)] (3 26b)

A = y3lza6(2a) — o3 (F, —20)]
where I', > 0,13 > 0,9, >0,9; >0,v, >0,y; >0, 0, >0, 03 >0 and ¢(z3) = tanh(z3/&,),
¢(z4) = tanh(z4/€3), £ > 0, €3 > 0 are the design constants. The bounds 1, and1, of the compound

disturbance satisfy |e,, (2)| + |dy| <Au, |ewy(2)| + |d,| <1,, whereIC is the prior estimate of A, and
2% is the prior estimate of 4.

4. Stability analysis

Consider the candidate Lyapunov function as

1, 1 1,1,
V=WV +m33V2 + 57713322 +-mi3+ My + 5y

2 2 2
2 1 » 1 »
+—A +—A,+—A
2y, 2y 2y, "
1 ~1+ 1 14 1 .1
p— r p— u p— v 41
+ 21ﬂ3WrW + T, w, W, + 2F2WVW “.1)
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Figure 8. Actual velocity of straight line path following.

where W, = W, — w;, W, =W, - W3, and W, =W, - W are the weight approximation errors of
three neural networks. Here,1,, =1, -1,,,4, =4, —4,, andA,. =1, — A, are the estimation errors.

In light of Equations (3.3)—(3.5), (3.14)—(3.17), (3.19)—(3.20) and (3.23)—(3.26), the time derivation
of Vis

L e . . . o laa
V =V +Vy + ms32220 + M 12323 + ManzaZe + V191 — 71,&,
I

= Lif - SRA - LW, W, - W,
Y2 Y3 ry L r; 7
=Vi+Va—kazi - E12122 + Zz(WIh(Z) 1 ¢(22) — ewr(z) +d,)

— ka2 + (W, h(2) =08 (23) = e (2) + di) = katl

+ 2 (Woh(2) =106(20) = ey (2) + dy) =T (226(22) - 1 & =10))

~Au(230(23) — 2@ —A0)) =1y (2a¢(24) — 3 (A, —10))

- WEZzh(Z) - WIZ3h(Z) - WIZMI(Z) -t WEW,
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Figure 9. Input signal of straight line path following.
- T o T s .
- hW,W, - W, W, +yiy (4.2a)
kaénU
2 AS12 2 2 2 2 2

1+ (kaye)?
+4, (|22] = 220(22)) +4u(|z3] — 236(23)) +A0 (|z4] — za(24))
— 228wr — 3€wu — Ulwy — 1l — 1) Ay —A0) — o2 (B —A) A —10)
— o3y ~1) @ —10) =KW W, — 0, W W, — WL W,

1
i+ (4.2b)

According to the nature of the hyperbolic tangent function, for any € > 0, ¢ € R, 0 < || — (1) =
|¢| — tanh(¢/€) < 0-2785¢&, we have

|zo] — 22¢(22) = |z2| — tanh(zp /1) < 0-2785¢,
|z3| — z220(z3) = |z3] — tanh(z3/&;) < 0-2785¢, “4.3)
|z4] = 22¢(z4) = |z4| — tanh(z4/€3) < 0-2785¢3
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Figure 10. Approximation curves of model uncertainties of straight line path following.

and consider the following inequalities:

[
gl\)
i8]
[

2
r +Z_2 < ewr,max +ﬁ

2

IN

—€ywrl2

(2
SRS
[
[\®]

wu,max <

IA

_ < (440)
Cwuls 27 2 2

2
3
2
4

Q
=D
S
¥}

v Z4 ewv,max Z

+
|
IA

2 2 2 2
-,
Wr+7W

s
=

-
=
IA

|

|
=
-

r,max

) I
—9,WIW, < —7WJ W, + éWimaX (4.4b)

I
= DWW, < S WIW, + 22

- (@ -1 1) = _%(ii -1)? - %@ -7+ %(/Ii -1

< —%/Tf + %ai =T (i=uv,r) (4.4¢)
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Figure 11. Curves of the bounds of the compound disturbances and its estimation.

According to Equation (3.13), the time derivation of y; is

Fa—a=-n/T-a
_Y1/T_ga(Zl,Zl’lﬁd’lﬁd,}’l»ﬂl,il"') (45)

Vi

For By > 0, ® > 0, consider the following compact sets:

Qa = {(xa,%a,Xa, Yas Ya> Vas Ua> U tia, Va, Va, Va)

R R AN G AREE VAR A

+ Ul + 0+ i+ v + 0%+ V% < By} (4.6a)
Q1 = {(Xe.Ver 21,22,23, 24, y1.dr Ay, Wy, Wy, W) 1 Ly < ©p} (4.6b)

where Qg X € is also compact set, and the nonlinear continuous function £, ( -) has the maximum
value N, on the compact set Q4 X Q.
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Table 4. Prescribed performance functions of surface vessel simulation.

Constrained error Prescribed performance function

{Sal(t) = (1500 — 10)e™"2 + 10

) 8,,(t) = (1200 — 8)e™0"2 +8
501(1) = (800 = 20)e1 75" 4+ 20

ye {édl(t) = (600 — 16)e™" 75 + 16
Sua(t) = (1-2=0-1)e 01" +0-1

- {ébZ(t)=(1—0-08)e‘0'“+0,08

1000 ——
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y/m
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Figure 12. Sin curve path following.

In light of Equations (4.5) and (4.6), we can get

2 2 2
. 1 1 . 1 1 .
Y1y1:—y—+y—+y1y1 =_y_+y1 (y_+y1)

T T T T
2 2
i , Ny
< -+ + 4.7
= T a1yi 4a 4.7

where «a; is the design constant.
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Figure 13. Position errors of sin curve path following.

According to Equations (4.3), (4.4) and (4.7), V can be written as

. kaénU
V < —koén1x2 - Lﬁ - k&2
L+ (kaye)®
Qky—1 5 2ks—1, 2ky4—1
- 22 - 32 G- 42 <

g12 (042 %) 0-3/i2 191 ~ T ~
= - =0 - =W W
27 27w 27y 2 T

P~ T~ M ~Ton 1 1
——ZWMWL,——3WVWV—(T—Ql ——)yf

2 2 2
+ 02785221, + 0-2785z31,, + 0- 2785241,
2 2 2
€} max €, max €3 max 2 2032
+—3 5 5 5 @ -1,)
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Figure 14. Desired heading angle, heading angle and heading errors of sin curve path following.

o o3 h
S W =)+ S =)+ W

2wy 2w 4.8
M MR TMATv 48

According to Theorem 1, Equation (4.7) can be rewritten as

V< -uV+C “4.9)

where
M1 = min {Zkg, 2kaU /N1 + (kaye)?,

2k122, (1 = 2k,), (1 = 2k3),
(1 — 2k4),0’1,0’2,0’3,191.192,

1 1
ﬂ3,2(f -y — E)} >0
C,=0-27852,1, + 02785251, + 0- 2785241,

2 2 2
n €} max n €31, max " €3 max + ﬂa _/Io)z
2 2 2 2 T

(4.10a)
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Figure 15. Actual velocity of sin curve path following.

T2 o2, T3 1o
W =)+ A =) + W

¥ 0 Ny
+ 72W2 23 w2+ 4@”1 (4.10b)
Hence, we can get
C C
0<V(@) < o V(0) - #:] it (4.11)

Since lim;_,., V(t) = C;/V;, we known V(t) is uniformly ultimately bounded. From Equation (49),
the signal x., Y., 21, 22, 235 24, yl,/lr,/lu,lv, W,, W,, W, is consistent and finally bounded. From the
boundedness of x,, y, and x., y., we know that x, y is bounded. Then from Equation (3.7) and the
boundedness of z, ¢ is also bounded. From Equations (3.7), (3.13) and the boundedness of z; and
y1, r is bounded. Moreover, from the boundedness of z3, z4 and u, Vi, We know u and v are bounded.
Because/Ir,/Iu,/T are bounded, we know that the estimated values 4., A, 4, are bounded. Similarly,
because W,, Wu, W, are bounded, W,, Wu, W are bounded. Finally, all signals in the closed-loop
system of fully actuated surface vessel path following are consistent and ultimately bounded.
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Figure 16. Input signal of sin curve path following.

5. Simulations

To verify the effectiveness of the designed controller, this paper adopts a 76 - 2 m supply surface vessel
(Fossen and Strand, 1999) as the object for path following control simulation experiments, and two sets
of simulations are carried out. The positive definite inertia matrix, Coriolis centripetal matrix M and
damping matrix C(v) are in Table 1.

The external environmental disturbance d and model uncertainties Ay are

dy sin(0-2xt)+cos(0-5x1)
d=|d, | =10°x|sin(0-1x¢)+cos(0-4 x¢)
d, sin(0-5x¢t) +cos(0-3 x1)

0-2%5-0242 x 10°u2 +0-1x5-0242 x 10°u>
Ap=10-2x2-7299 x 10°v2 +0- 1 x 2-7299 x 10°v?
0-2%x4-1894x 10872 +0-1x4-1894 x 1083

https://doi.org/10.1017/50373463323000061 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463323000061

The Journal of Navigation 281

2500 — T - : -
!’abﬁ - 1 — s 3
r | f u f u
i\
i r
1500 J )
>z 1
= A sl |
| 400 800
T
n L L L 1 1 1 1
0 100 200 300 400 500 600 700 800
t/s
200 T T T T T T T
0~ —
| 7’
4
7, s
~ =400 F
=4 1]
!"
" _ =
ll [ fb' e B ‘f-{;
-1000 L L L ! .
0 100 200 300 400 500 600 700 800
t/s
1200 T T T T T ‘
-
=
= 600
4
0

0 100 200 300 400 500 600 700 800
t/s

Figure 17. Approximation curves of model uncertainties of sin curve path following.

The neural network has 61 hidden nodes, and the ¢;; and c;; are evenly distributed in the interval
[-18,18], b1,; = byj = 3, b3; =1, j = 1,...,61 and the initial value of the network weight
estimation is 0. The range of system input saturations is 7, € [-2x 10°,2x 10°] (kN-m), 7, €

[2-5%10°,2-5%x 10%] (kN), 7, € [-1-5x 103, 1-5x 10°] (kN). The other control parameters of
the surface vessel simulation are in Table 2.

In addition, we will give the following simulation comparison. The comparative guidance adopts the
ECLOS (Zheng et al., 2018b). In this paper, we choose Equation (3.4) as the desired heading angle
V¥4, and choose Equations (3.3) and (3.1) as the update law of 6 where k., = 1500, k.. = 800. For
better comparison, we use the same surface vessel model, model uncertainties and disturbances. The
remaining parameters are the same.

5.1. Straight line path following

In this simulation, the desired straight line path is n, = [x,,y,]" = [0, 0]", the desired velocities are
[u,v] = [10, 0], and the initial position and velocity of the surface vessel are

[x(0), y(0), ¥ (0), u(0), v(0), 7(0)]T = [100m, 1000 m, Orad, 5m/s,0m/s, Orad/s] "

The prescribed performance functions used in straight line path following are in Table 3.
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Figure 18. Curves of the bounds of the compound disturbances and its estimation.

The straight line path following simulation results on the proposed PPLOS and comparison with the
ECLOS (Zheng et al., 2018b) method are demonstrated in Figures 5-11. Figure 5 displays the straight
line path following curves. It shows that, compared with ECLOS guidance using the traditional tan-type
BLEF, the prescribed performance path following controller of PPLOS guidance based on the PPAMBLF
can make the surface vessel reach the desired path quicker and more accurately, and the steady-state
error is reduced to a certain extent. Figure 6 shows the long-track error and the across-track error of
straight line path following curves. It illustrates that compared with the ECLOS, the path tracking error
of PPLOS completely converges within the prescribed performance requirements, which improves the
transient performance and steady-state performance of the system. From Figure 7, we can see that
the guidance desired heading angle calculated by PPLOS is slightly better, which can make the ship
follow the desired path slightly sooner. Moreover, the heading angle error is also within the prescribed
performance requirements, the convergence speed is greater and the steady-state error is a little smaller.
Figure 8 shows the actual velocity of straight line path following. It can be seen that the surge, sway and
yaw of the surface vessel can quickly track the desired velocity. The input signal of straight line path
following is presented in Figure 9, which shows that the input signal is within the preset saturation range,
so the system can remain stable. The neural network curves are shown in Figure 10, which shows that
the model uncertainties can be estimated around 100 s of the straight line path following. Furthermore,
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Figure 11 shows the curves of the bounds of the compound disturbance and its estimation. It is obvious
that the adaptive laws can approach the bound of compound disturbance.

5.2. Sin curve path following

The desired sin curve path is 7, = [x,,y,]T = [106,5005sin(0-016)]", the desired velocities are
[u,v] = [10, 0], the initial position and velocity of the surface vessel are

[x(0), y(0), ¥ (0), u(0), v(0), 7(0)]T = [500m, 1000 m, 0 m/s, 5m/s, Orad/s]"

The prescribed performance functions used in sin curve path following are in Table 4.

The sin curve path following simulation results on the proposed PPLOS and comparison with the
ECLOS method are demonstrated in Figures 12—18. The sin curve path following curves are shown in
Figure 12, from which we can see the method in this paper can ensure that the surface vessel reaches the
desired path sooner, and the steady-state error is reduced to a certain extent. As shown in Figure 13, when
tracking more complex sin curves, the long-track error and the across-track error can also completely
converge within the prescribed performance requirements. Compared with ECLOS, PPLOS slightly
improves the transient performance and steady-state performance. From Figure 14, we can see that
the PPLOS guidance desired heading angle is better, which can make the ship follow the desired path
sooner. In addition, the heading angle error is also within the prescribed performance requirements.
It converges slightly faster and its steady-state error is slightly smaller. Furthermore, Figure 15 shows
the actual velocity of sin curve path following. The surge, sway and yaw of surface vessel can quickly
track the desired velocity. Figure 16 displays the input signal of sin curve path following, which shows
that the input signal is within the preset saturation range, while the system can remain stable. Figure 17
shows the neural network curves, and the model uncertainties can be estimated around 100 s of the sin
curve path following. As shown in Figure 18, the curves of the bounds of the compound disturbances
and their estimation, we can see the adaptive laws can approach the bound of compound disturbance.
Consequently, we can conclude that the PPLOS-based path following controller proposed in this paper
can track the desired path quicker, and has smaller steady-state errors and better transient performance.

6. Conclusion

In this paper, aimed at the path following control problem of a fully actuated surface vessel, for the system
to meet the prescribed performance requirements, we have further improved on the basis of ECLOS
and proposed the PPLOS guidance. The guidance is based on the PPAMBLF, which can well converge
the position error of path following within the prescribed performance requirements, and improve
the steady-state performance and transient performance of the system. Furthermore, the PPAMBLF is
also applied to the heading control of surface vessel path following, which can further constrain the
heading angle error. We use the backstepping and dynamic surface technique to design the surface
vessel path following controller. Furthermore, adaptive assistant systems are constructed to compensate
the influence of input saturation on the system, which make the system stable with input saturation.
Considering the model uncertainties and the external environment disturbances, the neural network
is used to approximate the model uncertainties. At the same time, the neural network approximation
errors and external disturbance are combined into compound disturbances, and the upper bound of the
compound disturbances are approximated by the adaptive law. The proposed path following controller
can guarantee that all signals are semi-globally uniformly ultimately bounded. Finally, the experimental
results show the effectiveness of the proposed control in this paper which restricts the steady-state and
transient performance of the system.
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