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ABSTRACT

The process of heading control system design for a kind of micro-unmanned surface vessel (micro-USV) is addressed
in this paper and a novel adaptive expert S-PID algorithm is proposed. First, a motion control system for the micro-USV
is designed based on STM32-ARM and the PC monitoring system is developed based on Labwindows/CVI. Second,
by combining the expert control technology, S plane and PID control algorithms, an adaptive expert S-PID control
algorithm is proposed for heading control of the micro-USV. Third, based on SL micro-USV developed in this paper,
a large number of pool experiments and lake experiments are carried out, to verify the effectiveness and reliability
of the motion control system designed and the heading control algorithm proposed. A great amount of comparative
experiment results shows the superiority of the proposed adaptive expert S-PID algorithm in terms of heading control

of the SL micro-USV.
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INTRODUCTION

Unmanned Surface Vessels (USVs) are attracting growing
attention from researchers all over the world because of their
extensive applications in military reconnaissance, homeland
security, hydrographic surveys, environmental monitoring,
marine scientific exploration, coordinating work with
Autonomous Underwater Vehicles (AUV) [1-4]. A micro-USV
is akind of smaller unmanned surface vessel, usually less than
three meters in length. As micro-USVs have the characteristics
of low development cost, convenient transportation, ease
to carry out experimental research and so on, at present,
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many scholars have carried out relevant research work on
them. SESAMO micro-USV was developed in 2005 by Caccia
M. et al and the heading control algorithms are both based
on traditional PID, meanwhile several control trials were
performed in the Genoa harbor [5]. Do K. D. et al designed
a series of observer estimation and way point guidance
algorithms and applied them to their KD micro-USV.
The path following control is then achieved based on heading
and speed control [6]. Fuzzy control technology and PID are
combined by Sohn et al. Fuzzy PID was proposed and used in
their FC micro-USV, and also some outdoor experiments are
carried out to verify the effectiveness of the control system [7].



S algorithm is presented by Wu G. X. for their XL USV’s
heading control - some lake experiments are carried out in
Longfengshan reservoirs [8]. Besides, heading control of a ship
in the presence of environment disturbances is addressed by
Sun in [9], and a model predictive controller with disturbance
compensation is designed. By combining cascade system
theory, nonlinear backstepping method and PID control
technology, heading controller for a USV is designed by
Sonnenburg [10]. Using modular design principle, a hybrid
PID control algorithm for USV’s heading control system
is proposed by Kurowsi based on multiple input multiple
output (MIMO) system theory and PID control technology
[11]. An improved PID control algorithm is proposed based
on nonlinear compensation principle by Nad in [12]. But all
the research results in [9-12] are achieved in the simulation
conditions, no practical experiments are carried out, which
is the same situation in literature works [13-17].

According to the above analysis, at present, many
researches on heading control of the USV or micro-USV
are still in the stage of theoretical analysis and simulation
experiments [9-12]. A small number of experiment research
results are still based on traditional PID control algorithm and
S plane algorithm. In addition, the published research results
on micro-USV’s system design are relatively small, and the
system integration and design ideas are not described clearly,
which is of great concern to the system designer.

Motivated by the above considerations, a novel adaptive
expert S-PID control algorithm is proposed for heading
control of SL micro-USV developed in this paper, and
hardware and software design process and system integration
process of the micro-USV are introduced in detail which can
provide important reference for the relevant researchers.
Compared with the existing research results, the main
contributions of this paper are as follows: (i) a novel adaptive
expert S-PID control algorithm is firstly proposed in this
paper, which could significantly enhance the micro-USV’s
heading control performance compared with traditional
S plane motion control algorithm. (ii) Hardware and software
design process and system integration process of the micro-
USV are introduced in detail which can provide important
reference for the relevant researchers. (iii) A large number
of pool experiments and lake experiments are carried out
in this paper, and heading control performance of different
control algorithms is compared and analyzed based on these
large amounts of experiment results. All these experiment
results provide an important reference for the heading control
algorithm design of other USVs. (iv) This paper clearly points
out the issues that need attention during the USV’s motion
control system design process, and gives solutions to some
common problems. (v) Problems that need attention during
the experiment process are put forward, and the solutions to
those common problems are given according to the authors
practical experience.

SYSTEM DESIGN OF SL MICRO-USV

SL micro-USV developed in this paper is shown as follows
in figure 1:

Fig.1. SL micro-USV

SL micro-USV is about 0.98 meters long, 0.25 meters wide,
0.23 meters high (not including the sucker antenna), it weighs
about 5 kg and the hull is made of high strength vinyl resin
(fiber glass). It is equipped with a SSS3660/1620kv brushless
motor, which is made of top silicon steel sheet, magnetic steel,
high performance bearings etc.. The motor has an effective
efficiency of up to 90%, it could effectively provide the SL
micro-USV surging power and it is driven by the HW-120A
brushless electronic speed control (ESC). Besides, the SL
micro-USV is equipped with a 4mm driven shaft system,
a75mm long rudder and a 48mm two-leaf copper propeller.
SL micro-USV’s hardware system design process and software
system design process will be described in detail in the next
two sections.

HARDWARE SYSTEM DESIGN PROCESS
OF SL MICRO-USV

Bottom control system of SL micro-USV is designed based
on STM32F103ZET6-ARM core control board, which has
the characteristics of high performance, low cost, low power
consumption etc. Compared with a traditional 51 single
chip microcomputer, STM32-ARM has faster computing
speed, more functions, larger storage space, and it has a rich
peripheral interface that can be a convenient connection
for different kinds of external devices and sensors. It is
equipped with a UBLOX NEO-6M GPS module for obtaining
its position and speed information during sailing and also
athree dimensional electronic compass DCM260B-Compass
for obtaining heading information. With hard magnetic,
soft magnetic and inclination compensation functions,
the DCM260B-Compass’s heading measurement accuracy
is up to 0.8 degree. The APC802 wireless communication
module is used in the SL micro-USV, to achieve real-time
data transmission and communication between the bottom
control system and the upper computer monitoring system.
The detail motion control system schematic of the SL micro-
USV is shown below in figure 2.
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Fig.2. Motion control system schematic of SL micro-USV

In order to show the internal structure and the hardware
connection diagram more clearly, figure 3 is given below,
where the signal wire 1 is the control signal line of ESC and
signal wire 2 is the rudder control signal line. What needs
to be noted is that, the control signal of ESC and rudder’s
servo actuator are both Pulse Width Modulation (PWM)
signals. The frequency of the signals need to be accessed
manually, or one could obtain them by testing the output
signal frequency of the original remote control handle
of the ship model. Our test show that the wrong frequency
will not start the motor and the ESC has a protection
function, one needs to design the output PWM signal in
accordance with the ESC’s start process requirements.
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Fig.3. Internal structure and the hardware connection diagram of SL USV
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SOFTWARE SYSTEM DESIGN PROGRESS
OF SL MICRO-USV

The SL micro-USV’s control system is mainly composed

of the upper computer monitoring system and the bottom
control system; see as follows in figure 4.
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Fig.4. Information interaction diagram of SL USV

The upper computer monitoring system is developed based

on Labwindows/CVI, which is a proven ANSI C integrated
development environment and engineering toolbox. Upper
computer monitoring system of SL USV is shown below in
figure 5.

kkkkkkkkkkk

KKKKKKKKKK

Manual Control

|

Fig.5. Upper computer monitoring system of SL USV

ADAPTIVE EXPERT S-PID CONTROL
ALGORITHM DESIGN

S PLANE CONTROL ALGORITHM

The S plane control algorithm is a kind of nonlinear

control algorithm derived from fuzzy logic control theory
and PID control technology, learning from the mathematical
description form of the Sigmoid curve function and Sigmoid
surface function. The S plane control algorithm can be
described as follows:



2
u= -1
1+ exp(—ke—k,é)

(1

where €. €. u are the normalized state error value,
state error value change rate, control variable, k, and k,
are the controller parameters to be designed. In general, the
two control parameters (k1 and k2 ) of the S plane control
algorithm are manually adjusted by the controller designer,
in order to achieve the local optimal control under different
states. Considering the manual adjusting of the S plane control
algorithm parameters, it is more cumbersome and requires
long human intervention. The authors group has accumulated
a lot of manual adjustment experience in parameters
adjustment of the S plane control algorithm. The expert
control technology is introduced in this paper, and then the
large amounts of manual parameter adjustment experience
could be described in the form of expert control rules. Which
could help to achieve adaptive parameters adjustment. Then
it would improve the accuracy and adaptability of the motion
control system.

PID CONTROL ALGORITHM

The PID control algorithm continuously calculates the
error value e(t) as the difference between a desired set point
and a measured process variable and applies a correction
based on proportional, integral, and derivative terms. The
controller attempts to minimize the error over time by
the adjustment of a control variable u(t), the new value
determinate by a weighted sum:

de(t)
dt

mm=@4g+@ﬂdgw+@ @

wherek , k,and k , are all non-negative, denote the coefficients
for the proportional, integral and derivative terms, respectively
(sometimes denoted P, I and D). As PID controller relies only
on the measured process variable, not on knowledge of the
underlying process, it is broadly applicable.

EXPERT CONTROL SYSTEM

In artificial intelligence, an expert control system is
designed to solve complex problems by reasoning based on
knowledge, represented mainly as if-then rules rather than
through conventional procedural code. An expert control
system is divided into two subsystems: the inference engine
and the knowledge base. The knowledge represents facts and
rules. The inference engine applies the rules to the known
facts to deduce new facts. Inference engines can also include
explanation and debugging abilities. A typical expert control
system block diagram is shown below:

Knowledge Base

A

Information Infq@ation .
————| Acquisition and Inference Engine
Prcoessing

Fig.6. Expert control system block diagram

A

Control Rules

ADAPTIVE EXPERT S-PID CONTROL
ALGORITHM

The traditional PID control algorithm is simple and easy
to implement, but it is a typical linear control algorithm,
the application of nonlinear systems is limited. In order to
solve the nonlinear problem of the USV’s heading control
system, a nonlinear S surface algorithm is integrated into
the controller design process. In addition to considering the
control parameters of S algorithm, it needs to be constantly
adjusted to adapt to different nonlinear characteristics
under different environment conditions. An adaptive expert
controller is proposed to optimize the control parameters of
the S algorithm, and then an adaptive Expert S-PID control
algorithm is designed as follows:

Initial Parameters

Information I’mcessingl ( knnwledge)
Intelligent Coordinator

S plane controller
P,
; e SL micro-USV | —2
+
2 PID controller

Fig.7. Adaptive Expert S-PID control system of SL USV/

In figure 7, initial parameters mainly include desired
heading angle, threshold values of heading angle deviation and
its differentiation, initial control parameters of S algorithm
and PID control algorithm, dynamic correction factor
of S algorithm’s control parameters etc.

Information processing, mainly includes acquisition and
processing of USV’s current heading angle, heading angle
deviation and its differentiation etc., USV’s control system,
USV’s PC monitoring system.

The knowledge which the authors group has accumulated
is based on a large number of artificial parameters adjustment
experience in heading control of unmanned marine vehicles
using S algorithm. Combined with the initial parameters,
threshold values of heading angle deviation and its
differentiation, initial control parameters of S algorithm and
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dynamic correction factor of S algorithm’s control parameters,
the expert control rules are developed and then the intelligent
coordinator acts on them.

Intelligent coordinator is based on the empirical knowledge
of the control system, through the reasoning mechanism, to
solve the operation and produce the basic control parameters’
online adjustment method, and at the same time to modify
the control strategy.

According to a large amount of pool experiments, lake
experiments and sea experiments carried out by the authors
group, the greater the value of k; and k, , the higher the
response sensitivity of the controller to the deviation and its
differentiation, accompanied by a more pronounced overshoot
and oscillation. On the other hand, the smaller the control
parameter value, the weaker the overshoot and oscillation
of the controller and relatively slower response of the control
system to the deviation and its differentiation. Normally,
the initial value of the control parameters of k, and k, are
both chosen to be about 3.0. If the overshoot is too large,
parameter k; can be slightly reduced with an appropriate
increase of parameter k, . Conversely, if the convergence rate
is too slow, one can increase the parameter k, appropriately
and reduce the parameter £, slightly, in order to achieve local
optimal control. Based on the above experience, control rules
can be designed as follows:

Rule 1 If e>d Né>d,, then 4, =0,4,=0;

Rule2 If e>d Ne>0Né<d,, then,=0,4, =A,;
Rule3 Jf e>d Ne<0Né>—d,, thend =A, A, =A,;
Rule 4 If e>d Né<—d,, then A, =0,1, =-A, ;

Rule5 If e>0Ne<d Né>d,, then 4 =A, 1, =0;
Rule6 Ife>0Nne<d Née>0Neé<d,, thend =A, 4 =A,;
Rule7 [fe>0Ne<d Ne<0Neé>—d,, then A=A, 4, =A,;
Rule 8 [fe>0Ne<d Neé<—d,, then A =0,1,=A,;
Rule9 If e<0Ne>—d Ne>d,, then 4, =0,1, =A,;
Rule 10 If e<0Ne>—d, Ne>0Ne<d,, thenk =A, 4, =A,;
Rule 11 [fe<0nNe>—d Ne<0Neé>—d,, then A=A, A, =A,;
Rule 12 If e<0Ne>—d Né<—d,, then 4, =A, 4, =0
Rule 13 If e<—d,Né>d,, then 2, =0,4, =-A, ;

Rule 14 If e<—d Ne>0Né<d,, then 4, =A,, 4, =A,;
Rule 15 If e<—d Ne<0Né>—d,, then A, =0,4, =A,;

Rule 16 If e<—d Neé<—d,, then 4, =0,2, =0,
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wheree . € are the heading deviation and its differentiation
of the USV at the current time, d, . d, are the reference
threshold set according to the variationof e . €, 4+ 4,
are dynamic correction factors of control parameters k;

k,, A,. A,are the increments corresponding to &, « £,
, which need to be selected according to the actual situation.
Assuming that k,(t) « k,(t) « k(t=1). k,(t—1)are
the control parameters at time # and ¢ —1, then the online
correction algorithms for &, .k, can be described as follows:

ky (1) =k, (1 =1) + 4,
where k,(0) . k,(0)are the initial values of k, . k,,and
can be selected according to control system characteristics
and practical experience.

EXPERIMENTS AND RESULTS

Based on the designed adaptive expert S-PID control
algorithm for heading control system, several pool
experiments and lake experiments are carried out with SL
micro-USV. It is important to note during the experiments
that the compass should be placed as far as possible from the
wireless communication module and GPS module, because
their signal transmission would interfere with it. The wireless
communication module and the STM32-ARM control core
board module need to be powered separately, while the GPS
module could be powered by STM32-ARM control core
board. If the wireless communication module is powered
by STM32-ARM control core board, the communication
module would interfer the GPS signal and the output of the
SMT32-ARM core control board.

POOL EXPERIMENTS

(a) launching of USV
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(b) pool experiment of USV
Fig.8. Pool experiment scene of USV

A series of pool experiments are carried out firstly to
verify the reliability of the designed control system and the
superiority of the controller, the experimental scenario is
shown above in Figure 8 and the heading control experiment
results are shown in Figure 9.
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Fig.9. Heading control pool experiment results of USV

Figure 8 shows the experimental scenario in which the
authors carried out the heading control experiments by the
SL micro-USV in the pool. The pool is 50 meters long, 20
meters wide and 10 meters deep. Figure 9(a) shows heading
control results of SL micro-USV from 270deg to 200deg and
Figure 9(b) shows results from 200deg to 180deg, where the
yellow dot dash line represents the desired heading angle of SL
micro-USYV, the red solid line represents the heading control
results of the USV by expert S-PID algorithm proposed in
this paper, the blue dot line represents the heading control
results of the USV by traditional PID algorithm. All these
markings are the same in other figures. As it can be seen
from Figure 9, (a) and (b), the SL USV’s average heading
control error by traditional PID control algorithm is about
5-6 deg while it is 2-3 deg by the adaptive expert S-PID control
algorithm proposed in this paper. In addition, compared with
the results obtained by traditional PID control algorithm, the
overshoot of the results obtained by adaptive expert S-PID
control algorithm is small and the stability is better.

LAKE EXPERIMENTS

(b) USV on the lake
Fig.10. Lake experiment scene of USV
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Secondly, a series of lake experiments are carried out to
verify the reliability of the designed control system and the
superiority of the controller. The experimental scenario is
shown above in figure 10 and the heading control experiment
results are shown in figure 11.
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Fig.11. Heading control lake experiment results of USV/

In order to further verify the reliability and validity of the
proposed adaptive expert S-PID algorithm for the SL USV’s
heading control system, outdoor lake experiments are carried
out. There are weak disturbances caused by wind and waves
on the lake, which can be seen in figure 10. Figure 11(a) shows
the heading control results of SL USV from 270 deg to 200 deg
and figure 11(b) shows the results from 200 deg to 180 deg,
which are obtained in the lake experiments. As it can be seen
from figure 11, (a) and (b), the SL USV’s average heading
control error by traditional PID control algorithm is about 6-7
deg while it is 3-4 deg by the adaptive expert S-PID control
algorithm proposed in this paper. In addition, compared with
the results obtained by traditional PID control algorithm,
the overshoot of the results obtained by the adaptive expert
S-PID control algorithm is smaller and the stability is better.
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CONCLUSION

This paper proposed an adaptive expert S-PID control
algorithm for SL USV’s heading control system. The motion
control system for the micro-USV is designed based on
STM32-ARM, and the PC monitoring system is developed
based on Labwindows/CVI. The hardware system and
software system for the SL USV proposed in this paper
can provide reliable reference and technical support for
the development of other micro USV systems. Based on
the artificial parameter adjustment experience accumulated
by the authors research group, expert control technology is
utilized to design an intelligent coordinator for the adaptive
adjustment of the S algorithm’s control parameter, and then
the traditional PID control algorithm is fused. The expert
intelligent coordination optimization algorithm can optimize
the S plane algorithm’s control parameters in real time, which
realizes the adaptive adjustment of the control parameters and
allows to avoid the complicated manual adjustment process.
A large number of pool experiments and lake experiments are
carried out, to verify the effectiveness and reliability of the
designed motion control system and the heading control
algorithm proposed in this paper. Experiment results show
that the proposed adaptive expert S-PID control algorithm
has s 2-3deg improvement over the traditional PID control
algorithm in heading control of SL micro-USV. It is also noted
that the control stability and the reliability are both better.
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