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ABSTRACT

This research paper investigates the control of an autonomous surface vessel yaw angle using two compensators and
two controllers from the second generation of compensators and controllers presented by the author since 2014. The
proposed compensators and controllers are tuned for the best possible performance of the control system incorporating
them and the time-based characteristics of the control system are outlined. The step time response of the control
system using the proposed compensators/controllers is compared with that of a PID controller tuned by the author. A
graphical and quantitative comparison of the step time response and the time-based characteristics is performed to
assess the selection of the best compensator/controller suitable for the control of surface vessel yaw angle. The yaw
rate of the vessel is also presented following the use of the proposed compensators/controllers with proposed
maximum limit for its value for future work.

Keywords: Autonomous surface vessel yaw angle control, vessel yaw rate, I-first order compensator, I-second order
compensator, PD-PI controller, 2DOF-3 controller, PID controller.

1. INTRODUCTION

Yaw angle is one of the fundamental motions of autonomous surface vessels when turning or tracking a curved path.
Controlling this motion yields accurate maneuvering for purpose of achieving vessel tasks with high degree of safety.
The paper proposes four of the control compensators and controllers among a large set introduced by the author to the
designers of control systems since 2014. Before of all we have a look into some of research efforts in this important
field:

Tzeng and Chen (1999) presented fundamental properties for the Nomoto models. They stated that the zero found in
the transfer function is responsible for the overshoot behavior. They presented the Bode plots for the Nomoto models
to select appropriate model structure according to desired frequency range of application. The presented also step time
responses for %2 Nomoto model with different zero time constant [1]. Matos and Cruz (2008) focused on the
positioning control of an autonomous surface vessel. They designed feedback control laws to make sure that the
underactuated vessel keeps its position even in the presence of water current and wind. They checked the performance
of the control system experimentally [2]. Pedone, Zizzari and Indiveri (2010) presented a novel path-following
solution for the dynamic model of an underactuated marine vessel without closed-loop control of the surge speed.
They applied feedback linearization of the dynamic model of the surface vessel model and computed the yaw moment
command to steer the vessel velocity relative to the desired value. They provided numerical simulation to validate the
proposed approach [3]. Baker, Qian and Nowak (2013) investigated the speed and yaw control of an underactuated
surface vessel. They proposed a surge speed controller using distance and heading error feedback control to control
the vessel speed and the heading subsystem will be stabilized by a finite-time controller. They compared with
conventional yaw rate techniques and investigated the effectiveness of their proposed control system using simulation
results [4].

Hajivand and Mousavizadegan (2015) obtained hydrodynamic coefficients numerically for a model ship by visual
simulation of captive model tests in computational fluid mechanics (CFM) environment. They used the obtained
coefficients to predict the turning circle and zigzag maneuvers of the model ship. They compared the simulated results
with experimental data showing good agreement [5]. Fang, Zhang, Wang and Jiang (2016) proposed an adaptive
course control method based on back-propagation neural network, PID algorithm and stochastic optimization. They
used model reference adaptive theory and PID algorithm to minimize the course error [6]. Jain, Prasad, Dahal and
Sudi (2017) proposed wase disturbance models and control algorithms for unmanned water vehicle. They
implemented PD controller for trajectory control considering standard models of sea disturbances. They used %2 and %
Nomoto models with assigned parameters and plotted the time response of the control system using the proposed PD
controller [7]. Liu, Zou, Zou and Guo (2018) used computational fluid dynamics (CFD) to offer a numerical tool for
accurate maneuvering prediction. They conducted visual captive model tests for a model scale container ship using
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unsteady Reynolds-Navier-Stokes computation to obtain a full set of linear and nonlinear hydraulic derivatives in the
third-order Abtocoitz model. They compared with available captive model test data and the standard turning and
zigzag maneuvers were predicted and compared with available experimental data and proved the effectiveness of their
methodology [8].

Guan, Cao, Sun and Su (2019) used a closed-loop shaping filter to improve the smart autonomous surface vessel
steering gain robust scheme. They proposed a model for the vessel and obtained its parameters. They designed a CSF-
L2 gain nonlinear robust controller design for the vessel steering autopilot proving its stability and robustness using
Lyapunov synthesis and applied practical experiments to demonstrate robustness and good control performance [9].
Saputra, Lukmana and Suranto (2020) designed an autonomous pitching system for autonomous surface vessels using
numerical simulation. They developed P, Pl and PID controllers to minimize the oscillatory pitching behavior of the
vessel. They concluded that the Pl was the best for short period dynamics and the PID was the best for long period
dynamics [10]. McCullough (2021) in his Ph. D. thesis addressed the problem of controlling an autonomous surface
vessel in an optimal manner while maintaining headway towards a desired path in any sea. He designed a two degree
of freedom controller considering a tracking planner for optimal heading and velocity reference and a feedback
regulator for optimal throttle and rudder commands [11].

Mounet et al. (2022) presented a wave spectrum estimation when multiple ships operate in the same area forming a
network of wave records. They proposed a methodology to improve the accuracy of the wave spectrum estimates and
demonstrated it through two case studies and showed that their procedure provided good wave spectrum estimates
leading to reduced uncertainty in vessel transfer functions [12]. Degorre, Delaleau and Chocron (2023) presented a
review of the most common methods for surface autonomous vehicles and focused on model-based nonlinear control
methods and guidance principles with details and examples of model-based linearizing controllers, applications,
sliding mode controllers and other control methods. They compared fully-actuated and underactuated cases [13].
Xiros, Actosun and Loghis (2024) investigated the guidance and control of an autonomous swarm of surface
watercraft with focus on distributed control laws with and without boat dynamics. They explained the behavior of
boats under varying conditions (trajectories, velocities, yaw rates and angles). They introduced noise in simulations
enhancing realism and robustness [14].

2. CONTROLLED SURFACE VESSEL YAW ANGLE

Jain, Prasad, Dahal and Sudi used a PD controller in a control system for unmanned ship navigation depending on one
of the Nomoto models [7]. They used a % transfer function model for the transfer function of the ship yaw angle in
response to the steering angle. The yaw angle as a process has a transfer function, Gy(s) given by them by [7]:

Gp(s) = (40s+1) / (200s%+30s+1) (1)

The yaw angle dynamics of the ship will be investigated through the plotting of its time response to a unit step input
using the MATLAB command ‘step’ [15] which is given in Fig.1 for yaw angle (in rad), yaw rate (in rad/s) and yaw
rate limit of 0.6 rad/s. The author paid a lot of efforts to trace research work, standards or practical reports about the
limit of yaw rate in vessel or ship turning without success. In a work by Liu, Zou, Zou and Guo, they performed
research work about ship maneuverability and performed dynamic analysis using maximum yaw rates from 0.2 to 0.6
rad/s [8]. Because of this | used the value 0.6 rad/s as an approximate (not accurate) threshold or limit for the surface
vessel yaw rate used with all the compensators/controllers proposed in this work.

Surface vessel yaw angle and yaw rate as a process
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Figure 1: Unit step time response of autonomous ship yaw angle.
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COMMENTS:
The surface vessel yaw angle as a process to be controlled has the transient and steady-state characteristics:

o Maximum overshoot: 33.33 %.

Settling time: 91.8 s for + 2 % tolerance.

Steady-state error: zero.

Maximum yaw rate: 0.2 rad/s (less than the proposed maximum limit).

Bad process dynamics with high maximum overshoot and large settling time represent a real challenge for any
proposed compensator/controller.

3. CONTROLLING THE VESSEL YAW ANGLE USING AN I-FIRST ORDER

COMPENSATOR

The I-first order compensator was introduced by the author as one of the second generation control compensators
presented by him since 2014. He used this compensator as one of the proposed compensators to control the
longitudinal velocity of an autonomous car [16] and car passenger head rolling angle [17]. The block diagram of the
control system comprising an I-first order compensator to control the car sideslip angle is shown in Fig.2 [16]. It has
an integral control mode of transfer function Gei(s) in cascade with a first-order control mode of transfer function
Ge2(s) in the feedforward path of the single-loop block diagram of the control system. Both elements have the transfer
functions:

O O O O

Gal(s) = Kifs , Geo(s) = (s+2)/(s+p) 2
Where K, z and p are the integral gain, zero and pole of the compensator.
. I-furst order compensator process
. D(s) :
R(S*).—” ‘ LS G —>1 6o _—I *—) Gy(s) 5 C6)
R S s

Figure 2: I-first order compensator controlling sideslip angle [16].
The I-first order compensator is tuned as follows:

The process transfer function in Eq.1 has the following zero and simple poles:

Zero:  s+0.025

Simple pole 1:  s+0.1

Simple pole 2:  s+0.05

- The zero/pole cancellation technique [18] is used to tune the compensator as follows:
+ The compensator zero is set equal to the process pole s+0.05.

+ The compensator pole is set equal to the process zero s+0.025.

+ With few trials, the integral gain is set equal to 300 without any optimization.

- The tuned compensator parameters are:

Ki=300 ; z=0.05 ; p=0.025 3)
The unit step time response of the control system for the surface vessel yaw angle and the corresponding yaw rate time
response using the I-first order compensator is shown in Fig.3 as generated by the MATLAB ‘step’ command [16].

Control of surface vessel yaw angle using I-1st order compensator
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Figure 3: Unit step time response of vessel yaw angle and yaw rate using a I-first order compensator.
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COMMENTS:

The vessel yaw angle controlled by an I-first order compensator has the following transient and steady-state
characteristics:

Maximum overshoot: zero

Settling time: 0.07173 s

Steady-state error:  zero

Maximum yaw rate: 0.9976 rad/s

CONTROLLING THE VESSEL YAW ANGLE USING AN I-SECOND ORDER

COMPENSATOR

The I-second order compensator was introduced by the author as one of the second generation control compensators
presented by him since 2014. He used this compensator as one of the proposed compensators to control the car
passenger head rolling angle [17]. The block diagram of the control system comprising an I-second order compensator
to control the surface vessel yaw angle is is the same like that shown in Fig.2. It has an integral control mode of
transfer function Gei(s) in cascade with a second-order control mode of transfer function Ge(s) in the feedforward
path of the single-loop block diagram of the control system consisting of quadratic zero and two simple poles. Both
elements have the transfer functions:

Ga(s) =Kils Gea(8) = (8+2G0nzs+one)[(+P21) (+P22) (©)

Where K; is the integral gain, {; and wn; are the quadratic zero damping ratio and natural frequency and p,; and p2. are
the two simple poles of the compensator.

- The zero/pole cancellation technique [18] is used to tune the compensator as follows:

4+ The compensator quadratic zero is set equal to the process quadratic pole s>+0.15s+0.005.

+ The compensator first simple pole s+pi. is set equal to the process zero s+0.025.

+ With few trials, the integral gain is set equal to 300 and the pole p22 is set equal to 0.1without any optimization.

- The tuned compensator parameters are:

Ki=300 ; {,=1.0608 ; wn,=0.0707; p21=0.025 ; p2=0.1 (3)

The unit step time response of the control system for the surface vessel yaw angle and the corresponding yaw rate time
response using the I-second order compensator is shown in Fig.4 as generated by the MATLAB ‘step’ command [16].
Fig.4 depicts also the yaw rate (dy/dt) and its proposed limit.
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Figure 4: Unit step time response of vessel yaw angle and yaw rate using a I-first order compensator.
COMMENTS:
The vessel yaw angle controlled by an I-first order compensator has the following transient and steady-state
characteristics:
o Maximum overshoot: zero
o Settling time: 0.0717 s
o Steady-state error:  zero
o Maximum yaw rate: 0.9836 rad/s
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5. CONTROLLING THE SIDESLIP ANGLE USING A PD-PI CONTROLLER

The author introduced the PD-PI controller within a series of controllers proposed for the second generation of PID
controllers and used to effectively control difficult processes since 2014. He applied the PD-PI controller to control
various processes and compared their effectiveness with that of controllers from the first generation of PID controllers
[21] to [46]. The PD-PI controller is composed of a PD control mode cascaded with a Pl control mode in the
feedforward path of a single-loop block diagram of the control system just after the error detector. The PD-PI
controller has the transfer functions Gpp(S) and Gpi(S) given by:

GPD(S) = Kpc1+KdS and Gp|(S) = Kpcz+(Ki/S) (4)

Where Kpe1, Ka, Kpez and K are the four gain parameters of the PD-PI controller.

The four gain parameters of the PD-PI controller are tuned by minimizing an ITAE performance index [47] using the
MATLAB optimization toolbox [48]. The tuning results are as follows:

Kper = 0.0255935 ; Kqg=0.2559350 ; Kpez =518336.48 ; K;=25916.82 (5)

The unit step time response of the control system for the sideslip angle using the proposed PD-PI controller using its
gain parameters in Eq.5 is shown in Fig.5.

Control of surface vessel yaw angle using PD-PI controller
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Figure 5: Unit step time response of vessel yaw angle and yaw rate using a PD-PI controller.
COMMENTS:
The vessel yaw angle controlled by a PD-PI controller has the following transient and steady-state characteristics:
Maximum overshoot: zero
Settling time: Zero
Steady-state error:  zero
Maximum yaw rate: 1 rad/s
It has a step-wise characteristics for both yaw angle and yaw rate.
It is ideal, but its problem is in the violation of the yaw rate to the proposed limit of 0.6 rad/s.

CONTROLLING THE SIDESLIP ANGLE USING A 2DOF-3 CONTROLLER

The author applied 2DOF controller structures to various processes having bad dynamics within the second generation
of PID controllers he introduced since 2014 [16], [20], [26], [30], [32]-[46] and [49]. The 2DOF controller structure
proposed here is composed of a feedforward PD control mode of Gs(s) transfer function and a feedback PD control
mode of G¢(s) transfer function located as shown in Fig.6 [44].

o o 0 o o0 o o

D(s)
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Figure 6: 2DOF-2 controller controlling sideslip angle [44].
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The 2DOF-3 controller has the transfer functions:

Gri(S) = Kper + Kais = Kaa[s + (Kper/Ka1)

Ge(S) = Kpez + Kg2s = Kaa[s + (Kpeo/Ka2) (6)
Where Ky, Ka1, Kpez and Kgp are the four gain parameters of the 2DOF-3 controller.

+
+

The 2DOF-3 is tuned as follows:

The zero/pole cancellation technique [18] is used in the tuning procedure of the controller.

The second controller zero in Eq.6 is set equal to the process pole s+0.05. This step resulted in a mathematical
relationship between the controller gain Ky and the gain Kgy.

A constraint is set on the closed-loop transfer function of the control system according to the block diagram in
Fig.6 to satisfy zero steady-state error revealing a mathematical relationship between the controller gain Ky and
the derivative gain Kgp.

Now, an optimization technique is used to optimize the two gain parameters Kg1 and Kg2 of the controller using an
ITAE performance index [47] and the optimization toolbox of MATLAB [48].

The tuned controller parameters used the above hybrid procedure are:

Kper = 6.214329 ; K1 =0.947176 ; Kpez =5.214329 ; Kgz = 104.286599 (7)

The unit step time response of the car sideslip angle for reference input tracking is shown in Fig.7 as generated by
the ‘step” command of MATLAB using the transfer function of the control system and the 2DOF-3 gain
parameters in Eq.7 and the corresponding yaw rate of the surface vessel and the proposed yaw rate limit..

Control of surface vessel yaw angle using 2DOF-3 controller
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Figure 7: Unit step time response of vessel yaw angle and yaw rate using a 2DOF-3 controller.

COMMENTS:
The vessel yaw angle controlled by a PD-PI controller has the following transient and steady-state characteristics:

~N O 0 O ©O

Maximum overshoot: 1.001 %

Settling time: 54 s

Steady-state error:  zero

Maximum yaw rate: 0.4 rad/s

CONTROLLING THE VESSEL YAW ANGLE USING A PID CONTROLLER

The PID controller is used here for sake of comparison purposes between compensators/controllers from the
second generation of PID controllers and the PID from the first generation.

| tuned the PID controller to control the surface vessel having the transfer function in Eg.1 by minimizing an
ITAE performance index [47] and the MATLAB optimization toolbox [48]. The tuning results are as follows:

Kpe = 4.5522203 , K;=1.1810766 , Kg=0.000911 (8)

The unit step time response of the controlled surface vessel yaw angle for reference input tracking using the
control system transfer function using PID controller and the controller parameters in Eq.8 is generated using the
‘step’ command of MATLAB and given in Fig.8 showing also the yaw rate of the vessel and its proposed limit.

COMMENTS:
The vessel yaw angle controlled by a PD-PI controller has the following transient and steady-state characteristics:

o Maximum overshoot: 5.79 %

o Settling time: 8855 s
o Steady-state error:  zero

o Maximum yaw rate: 0.85 rad/s
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Vessel yaw angle control using PID controller
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Figure 8: Unit step time response of vessel yaw angle and yaw rate using a PID controller.
8. COMPARISON OF PROPOSED COMPENSATORS/CONTROLLERS WITH A PID
CONTROLLER

The time response of the control system using I-first order, I-second order compensators and PD-PI, 2DOF, PID
controllers is compared graphically in Fig.9 for unit reference input tracking while the yaw rate of the vessel using the
proposed compensators/controllers is compared in Fig.10.

Surface vessel yaw angle control
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Figure 9: Comparison of the step time response of the surface vessel yaw angle.

A quantitative comparison for the time-based characteristics of the step time response of the control systems proposed
for the control of the surface vessel angle is presented in Table 1.

Compensator | Surface vessel | I-first order | I-second order PD-PI 2DOF-3
/controller without compensator | compensator | controller | controller | pPID controller
control
OSpax (%) 33.33 0 0 0 1.001 5.79
T (5) 91.8 0.07173 0.0717 0 54 8.855
e, (rad) 0 0 0 0 0 0

YR (rad/s) 0.2 0.9976 0.9836 1 0.4 0.85
OSmax: Maximum percentage overshoot.
Ts: Settling time to + 2 % tolerance.
ess: Steady-state error.
YR: Yaw rate.
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Figure 10: Comparison of the step time response of the surface vessel yaw rate.

CONCLUSION

The paper investigated the control of the surface vessel yaw angle using some compensators and controllers from
the second generation of compensators and PID controllers.
Two tuning techniques for compensator/controller tuning were applied: achieving specific performance measures
and using the MATLAB optimization toolbox.
The performance of the proposed compensators/controllers was compared with that of using a PID controller
from the first generation of PID controllers tuned by the author.
The yaw angle of the surface vessel as a process had bad characteristics in terms of high overshoot (33.33 %) and
large settling time (91.8 s). Its steady-state error and maximum yaw rate were accepted.
The I-first order compensator succeeded to control the vessel yaw angle providing zero maximum overshoot
compared with 5.79 % for the PID controller and a settling time of 0.07173 s compared with 8.855 s for the PID
controller. It had good performance characteristics except the maximum yaw rate which violated the yaw rate
proposed limit of 0.6 rad/s.
The I-second order compensator succeeded to control the vessel yaw angle performance characteristics very
similar to that associated with the I-first order compensator.
The PD-PI controller succeeded to control the vessel yaw angle providing zero maximum overshoot compared
with 4.501 % for the PID controller and a settling of almost zero seconds compared with 5.79 s for the PID
controller in a step shape characteristics. The main problem with the PD-PI controller was its maximum yaw rate
of 0.9836 rad violating the proposed maximum limit.
The 2DOF-3 controller succeeded to control the vessel yaw angle providing 1.001 % maximum overshoot
compared with 5.79 % for the PID controller and a settling time of 54 s compared with 8.855 s for the PID
controller. It provided a maximum yaw rate of 0.4 rad/s compared with 0.85 rad/s for the PID controller within
the range of the proposed maximum vessel yaw rate.
Based on the above comparison of the time based characteristics of the proposed compensators/controllers, the
PD-PI controller was chosen as the best compensator/controller to control the surface vessel yaw angle without
concern to the resulting yaw rate until further investigations assign better applied value for its limit.
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