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ABSTRACT: In order to solve the problem of poor control effect in the active heave compensation (AHC) system
of marine cranes using traditional control algorithms, this paper studies the active heave compensation system of
marine cranes and proposes a fuzzy self-adaptive PID control algorithm. Firstly, the principle of active heave
compensation is introduced. Secondly the active heave compensation system is designed and its mathematical
model is established. Thirdly a heave compensation algorithm is designed based on fuzzy self-adaptive PID. The
results of system simulation indicate that the control algorithm can meet control requirements of the active heave
compensation system, which provides a certain reference value for manufacturing a prototype of active heave
compensation crane.
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I. INTRODUCTION

The working environments in the deep sea are mostly harsh. During deep-sea operations, due to the
interference of external factors such as wind, waves and currents, the ship-mounted crane will inevitably move
violently along with the ship!'l. For example, when carrying out lifting operations, the suspended cargo will
unavoidably move up and down together with the ship, making it difficult to complete the lifting task safely and
smoothly. Therefore, the ship-mounted crane for deep-sea operations needs to have a heave compensation system
to ensure the safe and successful completion of deep-sea installation operations 2761,

The research on the active heave compensation control system is particularly important for the
development of marine cranes for deep - sea operations. The quality of the control performance of the control
system directly affects the effect of heave compensation and is the core content of the research on active heave
compensation technology. Good control performance and operability of the control system are the prerequisites
for the safe and efficient operation of the heave compensation system.

Michel et al. presented an active heave compensation approach based on heave measurements and a
constant tension approach based on the measured rope tension!”. Wu et al. present a cascade PID control strategy,
combined with an extended state observer, to optimize the heave compensation performance of the offshore SCHD
cranest®l. Zinage and Somayajula investigate the response of proportional-derivative (PD), model predictive
control (MPC), linear quadratic integral control (LQR/LQI), and sliding mode control (SMC) to disturbance and
noise based on linear modeling®. Consider the conventional PID segment, proves insufficient for achieving
satisfactory control efficiency in complex nonlinear systems. Therefore, the fuzzy PID controller "%, back
propagation (BP) neural network PID controller!!!l, and an improved PID controller based on the radial basis
function neural network method!'?! are subsequently introduced.

Considering the nonlinearity and time-delay characteristics of the active heave compensation system, it
is difficult to achieve the ideal control effect by using the traditional control algorithm. For this reason, this paper
conducts research on the active heave compensation control of the fuzzy adaptive PID.

II. PRINCIPLE OF ACTIVE HEAVE COMPENSATION
When a working ship conducts lifting operations in the deep sea with relatively harsh conditions, due to
the action of wind, waves and currents, the ship will generate violent swaying motions, and the crane on the ship
will inevitably move along with the mother ship. At this time, the lifted object cannot be lifted and lowered at the
previously set speed, and thus cannot be accurately landed on the platform. In addition, since the movement of
the lifted object is subject to interference from the external environment at any time, the tension of the lifting wire
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rope will inevitably change greatly, which is likely to cause damage to working equipment such as winches, and
wire rope breakage may also occur.

The first consideration in the research of the active heave compensation system is the motion of the
mother ship. This paper mainly studies the compensation of the lifted object in the vertical direction, so the
horizontal motion is not within the scope of this research. Among them, the roll, pitch and heave motions of the
mother ship directly affect the vertical motion of the lifted object. Therefore, this paper decomposes the roll and
pitch motions of the mother ship into the vertical direction and conducts research on active heave compensation
based on the heave motion of the mother ship.

active heave
compensation
device

sensor

operation vessel

underwater
platform

Figure 1: Schematic diagram of the principle of active heave compensation.

Suppose that the real - time heave speed of operation vessel in the deep sea is V', the hoisting rope
retracting and releasing speed of the crane is Vg, the speed of the lifted object relative to the underwater platform
without heave compensation is V), , and the speed of the lifted object relative to the underwater platform with
heave compensation is ¥, , as shown in Figure 1.

When the heave compensation is not turned on, there is

Vi =Vs+V, (1)

The goal of speed compensation is:

Vie =Vs ()

Suppose the compensation speed is V-, and the speed of the heavy object after compensation is 7}, .

After the heave compensation is turned on, the speed of the heavy object is:
Vi =Ve+Vg+V, 3)
According to the goal of speed compensation, the relationship between the compensation speed and
the speed of the ship's heave motion can be deduced:
Ve ==V, “

IT1. DESIGN AND MODELING OF THE ACTIVE HEAVE COMPENSATION SYSTEM
3.1 Overall Design of the Active Heave Compensation System

The active heave compensation system consists of four subsystems, namely the detection system, the
control system, the drive system and the mechanical execution system.

The detection system is composed of high - performance sensors and data processing units, realizing
the real - time detection of signals such as ship attitude motion, wire rope tension, and displacement and speed of
heavy objects. The control system consists of a hardware development platform and a software system. According
to the input quantity of the replenishment device, the ship attitude motion quantity and the feedback quantity, the
control of the drive system is achieved through a certain control algorithm. The drive system is divided into the
main drive system and the auxiliary drive system according to different control quantities, and the main control
signal (that is, the input quantity of the replenishment device) and the compensation signal are input respectively.
The mechanical execution system is composed of a planetary - drive winch, wire ropes, pulley blocks and a lifting
frame, etc., and is the final device for realizing material replenishment.

3.2 Modeling of the mechanical execution system

In this paper, the function of the mechanical execution system is simulated and realized through the
differential planetary gear train model. Planetary gear transmission has good differential speed effect, high speed
- regulating accuracy, stable operation and good speed - regulating characteristics.
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Figure 2 NGW - type differential planetary gear train

The 2K - H (NGW) planetary gear transmission is shown in Figure 2. Establish the 2K - H planetary
gear dynamic model. A lumped - mass model is used during modeling. The generalized coordinates of the model
are as follows: the angular displacement of the sun gear s is 6, the angular displacement of the i-th planet

gearpiis 6, (i=1, 2, 3),and the angular displacement of the planet carrier H is ), . The dynamic differential

equations of the mathematical model of the differential planetary gear train can be derived from the Lagrange
equation:

e 3
‘]s es + Z (Pxpi + Dspi )7}” = TD
i=1

ingpi _(Dspi _Drpi + P

spi

- Prpi)’?)ps = O (5)

3 3
(JH +;mpirH2)9H _;(Dspi +Drpi +Pspi +Prpi)rH cosa = _TL

In the equation, i=1, 2, 3;Jis the moment of inertia of each central gear and planet carrier; 7, is the
base circle radius of the gear; r;; is the radius of the planet carrier, m is the mass; « is the meshing angle of the
gear pair; T) is the input torque; 7, is the load torque; P and D are the elastic meshing force and viscous

meshing force of the gear pair respectively.

3.3 Modeling of the drive system
For the convenience of the research of the experimental system, the function of the drive system in the
design scheme of the active heave compensation system is simulated and realized through a stepping motor. The
stepping motor has good operating characteristics and is a typical digitally - controlled actuating element.
Selecting a stepping motor as the servo - drive has little impact on the research of the control system.
The force transfer function of the stepping motor in the control system can be directly expressed by the
rotor motion equation:
os)y 1J b
T.(s) s+B/J s+a

where a=B/J,b=1/J ,and 7, =1/a is the torque time constant.

Gr(s)= (6)

Considering the magnetic - field - controlled motor, the approximate linear relationship between the
motor torque and the winding current is
T.(s)=K,, -1,(s) (7
where K, is the motor constant.

If the back electromotive force is neglected, the relationship between the exciting current and the
magnetic field voltage can be obtained as

Ip(s)=——!

d
—(Rf ) Vi(s)= o Vi(s) (8)

where c=R, /L, , d=1/L; =c/R;and 7, =1/c is magnetic field time constant

Therefore, the transfer function of the stepping motor control model is
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o) _ d . b _ K, /(J-L;)

Vi(s) s+c

G, (s)= ©)

sta (s+B/J)(s+R/Ly)

m

II1. Design of Fuzzy Adaptive PID Control Algorithm
PID control is the most commonly used method in industrial process control because the PID controller
has a simple structure, is easy to implement, and can effectively control quite a number of industrial objects (or
processes). However, the limitation of conventional PID control lies in the fact that when the controlled object
has complex nonlinear characteristics, it is difficult to establish an accurate mathematical model, and due to the
uncertainty of the object and the environment, it is often difficult to achieve satisfactory control results. Fuzzy -
adaptive PID is a control strategy proposed to address the above - mentioned problems. The traditional PID control

algorithm is expressed as:
k

u(k) =K pe(k)+ K )" e(j) + K pe(k) - ek =) (10)

=0
where e(k) is the deviation value of the input at the k-th sampling moment; K, is the proportional coefficient;
K, is the integral coefficient, K, = K,T' /T, ; K, is the differential coefficient, ; T is the sampling period, 7,
is the integral time constant; 7, is the differential time constant.

The two input variables of the fuzzy - adaptive PID controller are error(e) and error change(ec)

respectively. The fuzzy self - tuning of PID parameters is to find out the fuzzy relationship between the three PID
parameters K, « K;. K, with e and ec. During operation, based on fuzzy reasoning, according to e and ec at

different times, the fuzzy control rules are used to make on - line corrections to K, « K; and K, to meet the

different requirements of different e and ec for control parameters, so that the controlled object has good dynamic
and static performances.

On the basis of the PID algorithm, the fuzzy self - tuning PID calculates the current system error e and
the error change rate etc., uses fuzzy rules for fuzzy reasoning, and queries the fuzzy matrix table for parameter
adjustment. The core of fuzzy control design is to summarize the technical knowledge and practical operation
experience of engineering designers, establish an appropriate fuzzy rule table, and obtain fuzzy rule tables for
tuning the three parameters K, . K; and K respectively.

Table 1 Fuzzy rule table of K,

ec
AK p
NB NM NS ZO PS PM PB
e
NB PB PB PM PM PS ZO ZO
NM PB PB PM PS PS ZO NS
NS PM PM PM PS ZO NS NS
Z0 PM PM PS ZO NS NM NM
PS PS PS ZO NS NS NM NM
PM PS ZO NS NM NM NM NB
PB Z0 ZO0O NM NM NM NB NB
Table 2 Fuzzy rule table of X,
ec
AK,
NB NM NS ZO PS PM PB
e
NB NB NB NM NM NS ZO ZO
NM NB NB NM NS NS ZO ZO
NS NB NM NS NS ZO PS PS
Z0 NM NM NS ZO PS PM PM
PS NM NS ZO PS PS PM PB
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PM Z0 Z0 PS PS PM PB PB
PB Z0 70 PS PM PM PB PB

Table 3 Fuzzy rule table of K

ec
AK
NB NM NS ZO PS PM PB
e
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS ZO
NS ZO NS NM NM NS NS ZO
70 ZO NS NS NS NS NS ZO
PS ZO0 ZO ZO Z0 720 ZO ZO
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

After the fuzzy rule tables of K, « K, and K, are established, the adaptive correction of K, « K|
and K, can be carried out according to the following methods.

The variation ranges of the system error e and the error change rate ec are defined as the universes of
discourse on the fuzzy set.
e,ec={-5-4,-3,-2,-1,0,1,2,3,4,5} (11)
Its fuzzy subsets are
e,ec:{NB,NM,NS,O,PS,PM,PB} (12)
The elements in the subsets represent negative large, negative medium, negative small, zero, positive
small, positive medium, and positive large respectively. Suppose e. ec, Kp « K; and K all follow normal
distribution. Therefore, the membership degrees of each fuzzy subset can be obtained. According to the
membership degree assignment table of each fuzzy subset and the fuzzy control model of each parameter, the
fuzzy matrix table of PID parameters is designed by applying fuzzy synthetic reasoning, and the correction
parameters are looked up and substituted into the following formula for calculation:

Kp=Kpy+{eec.}, (13)
K; =Ky +ieec,), (14)
Kp =Kpo+iesec ), (15)

During the online operation process, the control system completes the online self - calibration of the
PID parameters through the processing of the results of the fuzzy logic rules, look - up tables and operations.

IV. ANALYSIS OF THE SIMULATION OF THE ACTIVE HEAVE COMPENSATION SYSTEM
4.1 Simulation of the Control System
Use Matlab to simulate the control system. According to the simplified model structure and the actual

system, the system parameters determined are as follows, see Table.4 and Table.5.

Table 4 Parameters of the winch system

Item Parameter value
Number of teeth of the sun gear z, 19
Number of teeth of the planetary gear 29
Zy
Number of teeth of the ring gear z, 77
Number of teeth of the planetary gear 3
N
Diameter of the drum (mm) 164
Module 1
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Table 5 Parameters of the stepper motor

Item Parameter value
Moment of inertia 73
JN-m-s?) 1.13x10
Viscous damping coefficient 3
B(Nom.s) 3.62x10
Motor constant K, (N -m- A) 50%1073
Magnetic - field time constant
7 r(ms) 1
Winding resistance R(Q ) 0.8
Step angle 6,(°) 0.9/1.8

4.2 Analysis of Simulation Results

Apply the PID control algorithm, the fuzzy control algorithm, and the fuzzy - adaptive PID control
algorithm respectively to simulate the active heave compensation control system in terms of step response and
sinusoidal signal tracking. The system sampling time T = 0.01s, and the simulation results are shown in Figure 3
and Figure 4.
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Figure 3: Simulation of Step - response of the Control System
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Figure 4: Simulation of Sinusoidal Tracking Performance of the Control System

Figure 3 presents the step - response of the control system. It can be seen that with the above - mentioned
three control algorithms, the control system can respond to the change of the reference input relatively quickly.
However, the PID control algorithm has a certain overshoot in the initial stage. Although the fuzzy control
algorithm has a small steady - state error, its response time is relatively long. The fuzzy - adaptive PID control
algorithm has a short response time, a small steady - state error, and good rapidity and stability.

Figure 4 presents the sinusoidal tracking results of the control system. It can be seen that with the above
- mentioned three control algorithms, the control system can follow the sinusoidal input signal relatively well.
However, the PID control algorithm has a slow response speed and the largest following error. The fuzzy control
algorithm has a certain oscillation in the initial stage and relatively poor stability. The fuzzy - adaptive PID control
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algorithm has a fast response speed, stable tracking, and the smallest following error, and has good following
performance and dynamic adaptability.

By comparing the above three control algorithms, it can be seen that the fuzzy - adaptive PID control
algorithm has better control performance than the other two control algorithms. It not only has good rapidity and
stability but also high control precision, and can well meet the control requirements of the active heave
compensation system.

V. CONCLUSION
The fuzzy - adaptive PID control algorithm is highly practical, has good rapidity and excellent dynamic
performance, and can well meet the control requirements of the active heave compensation system. The simulation
results in this paper verify the feasibility of this control algorithm and have certain reference value for the
manufacture of the prototype of the active heave - compensation crane.
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