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Abstract. With the influence of wave fluctuation, the engineering ship shows a complex motion with 6 degrees
of freedom (6 DOF), which causes a series of problems for offshore operations. Aiming to address this engineer-
ing phenomenon, various research projects focusing on dynamics and control have been carried out. However,
the relationship between dynamics and control has been severed. This work considers the shortcomings of a
simplified model of wire rope and studies the dynamic characteristics of an active heave compensation (AHC)
system based on flexible wire rope, as well as the control characteristics of an AHC system based on a marine
winch. As a result, an AHC method with model predictive control (MPC) based on dynamic simulation results
is proposed, which eliminates the sudden displacement of underwater equipment at the start-up moment of the
dynamic, reducing the maximum heave displacement from −0.75 to −0.03 m, while the experiments also prove
that the AHC system has the ability to reduce maximum heave displacement from 0.95 to 0.025 m. The overall
work is conductive to the research and development of an AHC system and is of practical significance for the
exploration of marine resources.

1 Introduction

The marine winch is a significant piece of offshore equip-
ment which is generally used in the hoisting work of under-
water equipment (Woodacre et al., 2015). However, under the
influence of wave fluctuation, the engineering ship shows a
6-degree-of-freedom (6-DOF) motion, which includes pitch,
sway, surge, roll, heave, and yaw. Among them, the heave
motion has the most obvious influence on the operations of
the marine winch (Xu et al., 2021; Liu et al., 2016). In other
words, the operation of the marine winch is seriously dis-
turbed, along with the operation of underwater equipment
(Schumacher et al., 2016; Kim et al., 2018). Therefore, some
compensation systems are used to decouple the relative mo-
tion between the underwater equipment and the engineering
ship (Liao et al., 2018; Calnan et al., 2018).

The general process of heave compensation can be seen in
Fig. 1; the marine winch is installed on the deck of the engi-
neering ship, making it show a similar motion to the move-

ment of the engineering ship. In general, the wire rope used
in the hoisting work can be regarded as a spring-damping
system; that is, the heave compensation is accomplished by
means of the retraction of the flexible wire rope. When the
underwater equipment deviates from its expected location,
the marine winch rotates according to the movement of un-
derwater equipment so as to realize the launch and recovery
of wire rope. Thus, the underwater equipment is relatively
stabilized at its expected location. However, there are many
problems in the process of heave compensation that need to
be solved, such as dynamic modelling and electrical control.

In this regard, many research projects have been carried
out, focusing on two specific aspects in recent years. For in-
stance, regarding the research of dynamic problems, Jin et
al. (2021) studied the coupled dynamic response of a ten-
sion leg platform under the combined conditions of regular
waves, irregular waves, and flows and irregular waves, and
the influence of the heading angle on the platform motion
was given. However, the tension leg platform is generally a
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Figure 1. The process of heave compensation.

rigid system; the research can only provide a reference for
the dynamic response of the rigid system. Based on the dy-
namic of a ship-mounted crane, Li et al. (2017) established
the mathematical model of the load, and corresponding algo-
rithms have been proposed to suppress the swing of the load.
However, the dynamic model used in this work was relatively
simple, and the external excitation was also a simplified har-
monic excitation. In addition, the influence of heave motion
on the system has not been discussed. Che and Wang (2025)
considered the coupling relationships among waves, cranes,
and loads and analysed the motion characteristics by using
the coupling model, revealing the mechanism of load swing.
However, this work only used the numerical simulation to
verify the assumptions in the work; there were many factors
affecting the rationality of the modelling.

Regarding the research on electrical control, the first prob-
lem relates to how to study complex waves. For example,
Zhang et al. (2017) decomposed the conventional motion
of an engineering ship into low-frequency motion and high-
frequency motion so as to make a short-term prediction of
ship motion under the excitation of regular waves. In particu-
lar, the corresponding simulation analyses of turning and tor-
tuous motion were carried out and were also verified by ex-
perimental works. However, this work assumed that the reg-
ular wave had no effect on the low-frequency hydrodynamic
forces acting on the hull, propeller, and rudder, which was
in conflict with the actual situation. Lawrence et al. (2018)
derived the nonlinear Boussinesq model with optimized dis-
persion for the applications of wave tank and coastal engi-
neering. Moreover, the comparisons between classical exper-
iments and measured data had previously been carried out,
including the comparison of irregular waves in deep water.
However, the maritime environment generally involves high-
pressure conditions at depths of several kilometres, but the
maximum depth in this work did not exceed 2000 m. Based
on the analogy of wave buoys, Nielsen et al. (2018) pro-

posed a spectral procedure for estimating the ship motion in a
short-crested seaway, while the estimation of the wave spec-
trum was obtained by means of a direct-brute-force method,
and the premise of this approach was based on several as-
sumptions which conflicted with the reality. Secondly, some
scholars devoted themselves to the study of control strat-
egy, which can restrain the consequences of 6-DOF motion.
Li et al. (2025) used a convolutional neural network algo-
rithm to predict the heave motion of the engineering ship,
along with a long-term- and short-term-memory network
algorithm. Meanwhile, a high-gain sliding-mode controller
was used to compensate for the heave motion of the under-
water equipment, while a particle swarm optimization algo-
rithm was used to optimize the parameters of the high-gain
sliding-mode controller. Unfortunately, although the com-
plexity of the marine environment had been considered and
the irregular waves had been chosen as the external excita-
tion, this work still used the empirical formulas to represent
this complex motion. Cuellar et al. (2017) designed a pas-
sive heave compensator with the desired frequency response
and verified the compensator by means of experiments. How-
ever, during the process of offshore drilling, the mass of the
spring in the semi-active controller changed severely, which
directly affected the performance of the system. Meanwhile,
there was excessive noise in the output signal of the con-
troller, and targeted treatment was barely carried out. On the
basis of applying an electric-driven hydraulic winch, Huang
et al. (2017) proposed a software decoupling control strategy
based on the dual closed loop, realizing the stable control of
the bottom hole pressure. Similarly, to facilitate the research,
this work also simplified the heave motion of the floating
drilling platform; the underground working conditions were
complex, and the system delay was relatively severe.

Through the above research projects, it can be inferred
that it is quite different from reality to simulate complex
wave motion by means of empirical formulas and using the
method of replacing complex wave motion with simple har-
monic motion. In addition, it is obvious that the relationship
between dynamic and electrical control is pretty loose, and it
is in a split state. Therefore, this work abandons the conven-
tional method of simulating wave motion and directly col-
lects actual wave data in a sea trial by using ship attitude in-
struments, used as the external excitation of the mechanical
system equipped with an active heat compensation (AHC)
function. Furthermore, the mathematical model of the flexi-
ble wire rope is identified by dynamic results, applied in the
simulation of the corresponding control system. Eventually, a
control strategy of the AHC system with a model predictive
control (MPC) method based on an identified model of the
AHC system is proposed, and relevant simulation analyses
are carried out. The rest of this paper is organized as follows:
Sect. 2 mainly expounds upon the wave types used in this
work, and the composition of the heave compensation system
is also introduced, which leads to the modelling of the flex-
ible wire rope. After establishing the rigid–flexible coupling
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model of the AHC system using ADAMS, the compensation
performance of the system and the modelling rationality of
the flexible wire rope are verified by simulation results, and
the mathematical model of the wire rope is also identified.
In Sect. 3, the equation of the multi-axis dragging system
based on a marine winch is derived, as well as the equa-
tion of a motor speed regulation system based on the MPC
method. By combining with the dynamic analysis, the simu-
lation model of the AHC system using the MPC based on the
electric-driven marine winch is established, and unambigu-
ous simulation results are obtained. Finally, the conclusion
briefly summarizes this work.

2 Modelling and simulation of mechanical system

2.1 Wave description

The wave is a phenomenon that occurs in the ocean and is
one of the important forms of movement in seawater. In other
words, the wave is the propagation of undulations on the sea
surface; it is formed when water particles leave their equilib-
rium positions and propagate in a certain direction with peri-
odic vibrations, which can be described by Eq. (1) (Zhang et
al., 2025).

ζ (t)=
n∑
i=1

ζai cos(ωwi t + εi) (1)

In the above, ζ (t) is the original signal, ζai denotes the am-
plitude of the ith harmonic component, ωwi denotes the fre-
quency of the ith harmonic component, and εi denotes the
phase of the ith harmonic component.

According to the variance spectrum of wave displacement,
with the frequency of a signal increasing to a negligible ex-
tent, the original signal and its spectral density can be ex-
pressed by Eq. (2).


ζai =

√
2Sζωwi1ωw

Sζ (ωwi)=
8.1×10−3g2

ω5
wi

· e

(
−

3.11
h2

1/3ω
4
wi

)
(2)

In the above, g denotes the acceleration of gravity, and h2
1/3

represents the wave height.
However, there is the fact that the simplified formula based

on wave energy brings horrible errors into our calculations.
Therefore, using data obtained from actual sea trials makes
it more reliable (Li et al., 2018). Figures 2 and 3 show the
waveform of heave motion measured under level-3 sea con-
ditions and level-4 sea conditions, respectively, so as to re-
flect the characteristics of external excitation and avoid the
adverse effect brought about by empirical formulas as much
as possible.

Table 1. Critical indexes of the engineering ship.

Parameter Value Unit

Length 130 m
Width 16.4 m
Draught 3.2 m
Displacement 3700 t

2.2 Modelling of the mechanical system

The AHC system equipped with an electric-driven marine
winch includes several significant components. As shown in
Fig. 4, the marine winch, which is responsible for the re-
covery and launch of the wire rope, is generally installed in
the centre of the deck. Meanwhile, the hoisting sheave is in-
stalled on the frame to guide the wire rope. The rotation of
the marine winch, however, depends on the corresponding
rotation of a three-phase asynchronous motor, which is con-
trolled by the programmable logic controller (PLC). With the
above in place, the heave compensation of underwater equip-
ment will be realized. The critical indexes of the engineering
ship are shown in Table 1.

With similar characteristics as the hydraulic oil, the wire
rope in water can also be regarded to be a spring-damper sys-
tem to some content (Korde et al., 2016). Meanwhile, there
is a certain relationship between the heave displacement of
underwater equipment and the vertical motion of the engi-
neering ship, which is revealed by the wire rope (Zhao et
al., 2016). Consequently, it is crucial to choose an appropri-
ate modelling method for the wire rope so as to better reflect
the relationship between the heave displacement of underwa-
ter equipment and the vertical motion of engineering ships,
as well as the mechanical characteristics of wire rope. The
modelling method of bushing is a method of applying in-
teraction forces to two components, which simulates various
properties of the wire rope in a way that is closer to the ac-
tual situation (Guo et al., 2018; Huang et al., 2018). In detail,
this applies forces and moments to different coordinate sys-
tems, realizing the simulation of the nonlinear stiffness and
damping characteristics of the wire rope in three-dimensional
space. Figure 5 is the stress analysis diagram based on the
bushing force.

When applying the bushing force, two coordinate markers
are established at the force points of different components.
Meanwhile, the calculation of the reaction force and reaction
moment will be involved in the calculation of the bushing
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Figure 2. The diagram of level-2 sea condition. (a) Time domain diagram; (b) frequency domain diagram.

Figure 3. The diagram of level-3 sea condition. (a) Time domain diagram; (b) frequency domain diagram.

force, which can be seen in Eq. (3).


Fx
Fy
Fz
Tx
Ty
Tz

=


Kr11 0 0 0 0 0
0 Kr22 0 0 0 0
0 0 Kr33 0 0 0
0 0 0 Kr44 0 0
0 0 0 0 Kr55 0
0 0 0 0 0 Kr66




rx
ry
rz
θx
θy
θz



−


Cr11 0 0 0 0 0

0 Cr22 0 0 0 0
0 0 Cr33 0 0 0
0 0 0 Cr44 0 0
0 0 0 0 Cr55 0
0 0 0 0 0 Cr66




vx
vy
vz
ωx
ωy
ωz



+


Fx0
Fy0
Fz0
Tx0
Ty0
Tz0

 (3)

In the above,
[
rx ry rz θx θy θz

]T is the matrix of
the relative displacement and relative angular displacement,
while its coefficient matrix is the stiffness matrix of wire
rope.

[
vx vy vz ωx ωy ωz

]T represents the matrix
of the relative linear velocity and relative angular velocity,
while its coefficient matrix is the damping matrix of the wire
rope.

There are some relations in the calculation of relevant pa-
rameters in the stiffness matrix of the wire rope, shown in
Eq. (4).


Kr11 = EA/Lw
Kr22 =Kr33 =GwA/Lw
Kr44 =GwπR

4/2Lw
Kr55 =Kr66 = EπR

4/4Lw

(4)
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Figure 4. Diagram of the AHC system.

Figure 5. Stress analysis diagram of bushing force.

Table 2. Physical quantities related to stiffness coefficients.

Parameter Description Value Unit

E Elastic modulus 140 000 N mm−2

Gw Shear modulus 80 GPa
A Cross-sectional area 804.25 mm2

R Radius 16 mm
Lw Length of micro-segment 100 mm

In the above,Kr11 denotes the coefficient of tensile stiffness,
Kr22 andKr33 denote the coefficients of shear stiffness,Kr44
denotes the coefficient of torsional stiffness, and Kr55 and
Kr66 denote the coefficients of bending stiffness. Meanwhile,
other physical quantities related to the calculation of relevant
stiffness coefficients are listed in Table 2.

During the process of AHC, there will be collision and
friction between the wire rope and rope-crossing device.
Therefore, it is necessary to take the mechanical properties of
different components into consideration. The contact can de-
scribe the mechanical phenomenon accurately, often charac-
terized by an impulse function method (Ma et al., 2021). The
definition of the impulse function is described using Eq. (5).

Fc =

{
0 xc > 0
Kcx

e
c +STEP(xc,0,0,xcmax ,cmax)ẋc xc ≤ 0 (5)

In the above, Kc is the coefficient of the contact surface, xc
is the depth of contact, xcmax is the maximum depth of con-
tact, cmax is the maximum damping coefficient of contact,
e is the nonlinear collision coefficient of contact, and STEP
represents the step function.

In general, the coefficient of the contact surface is affected
by the difference in geometry and structure between two ob-
jects. At present, however, there is no accurate formula that
can be used to calculate it, and it is mainly calculated accord-
ing to the empirical formula, which is shown in Eq. (6).
Kc =

4
3R

1
2
c E
∗

1
Rc
=

1
R1
+

1
R2

1
E∗
=

1−δ2
1

E1
+

1−δ2
2

E2

(6)

In the above, R1 and R2 represent the effective radius, E1
and E2 represent Young’s modulus, and δ1 and δ2 represent
Poisson’s ratio.

As mentioned earlier, the external excitation used in the
simulation involved in this work is the actual data collected
by the inertial measurement unit (IMU) under level-3 sea
conditions and level-4 sea conditions, while the diagrams of
filtered data imported by the SPLINE interpolating method
are shown in Fig. 6. According to the principle of heave com-
pensation, the corresponding rotation can be applied to the
drum on the premise of knowing the variation rules of the
engineering ship’s heave motion. In this way, the influence
of the engineering ship’s movement on the offshore opera-
tion can be weakened to a certain extent.

2.3 Simulation of the mechanical system

As can be seen in Fig. 7, the AHC system involved in this
work is mainly composed of six asynchronous motors, an
electric-driven marine winch, a frame, and wire rope. Due
to the fact that the heave motion has the greatest influence
on the offshore operation with 6-DOF motion, this work fo-
cuses on the compensation of heave motion. In addition, the
flexibility of wire rope is increased by using the bushing-
force modelling method, while the accuracy of the modelling
method can be verified by the mechanical characteristics of
the wire rope, as well as the normal function of AHC.

As can be seen in Fig. 8, the engineering ship shows a sim-
ilar heave motion as wave fluctuation under the excitation of
measured waves, and there is only a slight difference in am-
plitude between them. In detail, the displacement of equip-
ment varies between −0.8 to +0.6 m under the traction of
the wire rope, while the displacement of equipment is greatly
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Figure 6. Filtered data of different sea conditions. (a) Level-2 sea condition; (b) level-3 sea condition.

Figure 7. Dynamic simulation model of the AHC system.

reduced after the AHC function is enabled. However, at the
initial stage of AHC, the displacement of equipment indi-
cates that the compensation function needs to be optimized,
and the equipment is not completely stable at its expected
position.

To verify the system performance under different loads,
the corresponding simulations have been carried out, while
the load displacements and rope tensions under different
loads are shown in Fig. 9. On the one hand, when the under-
water equipment is placed at a certain depth, the average load
displacement is about −0.05 m when the load is 25 kN, and
the average load displacement is about −0.13 m when the
load is 55 kN, while the average load displacement is about
−0.17 m when the load is 85 kN. In other words, the heav-
ier the underwater equipment, the more it deviates from the
ideal position. Meanwhile, the frequency of its displacement

Figure 8. Variation in equipment displacement.

decreases accordingly. On the other hand, the tension of the
wire rope ranges from 0 to 140 kN when the load is 25 kN,
and the tension of the wire rope ranges from 0 to 275 kN
when the load is 55 kN, while the tension of the wire rope
ranges from 0 to 290 kN when the load is 85 kN. It is clear
that, as the underwater equipment becomes heavier, the ten-
sion of the wire rope also increases.

As shown in Fig. 10, when the load is made up of a spe-
cific piece of marine equipment, the average load displace-
ment is about −0.13 m when the depth is 1000 m, and the
average load displacement is about −0.15 m when the depth
is 2000 m, while the average load displacement is about
−0.18 m when the depth is 3000 m. It is obvious that the
deeper the load locates, the greater its average heave dis-
placement is. In addition, the tensions of the wire rope range
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Figure 9. The dynamic simulation results of the AHC system under different loads. (a) Load displacements under different loads; (b) rope
tensions under different loads.

Figure 10. The dynamic simulation results of the AHC system at different depths. (a) Load displacements at different depths; (b) rope
tension at different depths.

from 0 to 275, 0 to 280, and 0 to 290 kN, respectively, under
the above three conditions.

From the average values of the simulation results under
different conditions, it can be inferred that the static char-
acteristics of wire rope are well simulated. Meanwhile, by
observing the curves of the simulation results, the dynamic
characteristic of flexible wire rope has also been well sim-
ulated, which proves that the modelling method of flexible
wire rope is reasonable.

2.4 Identification of mechanical system

Most research projects generally take the long wire rope
used for marine operations as a spring damper system, which
causes the relationship between load displacement and ship
displacement and between load displacement and drum angle
to be inaccurate. However, the system identification method
makes the clarification of the mathematical model a real-
ity (Zhou et al., 2024). In addition, the system identifica-
tion involved in this work mainly focuses on the relationships
among load displacement, ship displacement, and drum an-
gle directly.
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Figure 11. Identification results based on dynamic analysis. (a) Load displacement to ship displacement; (b) load displacement to drum
angle.

The identification results based on dynamic analysis are
shown in Fig. 11. Apparently, the system identification is car-
ried out through different poles and zeros. In detail, from the
identification results of load displacement to ship displace-
ment, when the transfer function is selected as the structure
of four poles and three zeros, the percentage of the identi-
fication result is 96.41 %, while the percentage of the iden-
tification result is 66.45 % when the transfer function is se-
lected as the structure of three poles and two zeros. In addi-
tion, from the identification result of the transfer function for
load displacement to drum angle, the percentage of the best
identification result is 89.27 %, and the worst is 57.19 %. The
detailed identification results of transfer functions are shown
in Table 3.

3 Modelling and simulation of control system

3.1 Modelling of control system

The structure of a multi-motor driving system can greatly en-
hance the reliability of a work, and the structure of six mo-
tors is selected in this work. The motion equation of a multi-
motor driving system is shown in Eq. (7).

6Te− TL =
GD2

375
dn
dt

(7)

In the above, Te is the output torque of the motor, TL is the
resisting torque of the load, n is the motor speed, and GD2 is
the flywheel torque.

The resisting torque of the load is shown in Eq. (8).

TL =

(
G0+mr

d2θ
dt2

)
r

i
(8)

In the above, m is the equivalent load mass, G0 is the static
load, r is the radius of the drum, θ is the drum angle, and i is
the total transmission ratio of system.

According to the principle of the Laplace transform
method, the relationship between drug angle and motor

torque can be represented by the transfer function, which is
written as Eq. (9).

θ (s)
Te(s)

=
6(

2GD2

25π +
mr2

i

)
s2

(9)

With electromagnetic interference, opening and closing of
the relay, the rotational inertia of drum, and the mechanical
characteristics of flexible wire rope, which exist objectively,
there is an inevitable time delay in the control system of the
electric-driven marine winch. Therefore, the AHC action is
always inconsistent with the motion of underwater equip-
ment, making it necessary to carry out the research on AHC
with MPC, which can effectively solve the time delay caused
by many factors (Tischler, 2018; Richter et al., 2017).

In general, the drum is driven by a three-phase asyn-
chronous motor through the transmission mechanism, while
the voltage equation of the rotor flux oriented vector control
system can be expressed as Eq. (10).{
usd = Rsisd + σLssisd −ωsσLsisq +

Lm
Lr

dψr
dt

usq = Rsisq + σLssisq +ωsσLsisd +
Lm
Lr
ωsψr

(10)

In the above, usd and usq denote the stator voltage along the
d–q axis, isd and isq denote the stator current along the d–q
axis, Rs denotes the stator resistance, σ denotes the leakage
inductance coefficient, Ls denotes the stator inductance, Lr
denotes the rotor inductance, Lm denotes the mutual induc-
tion of the motor, ωs denotes the angular frequency of the
stator, ψr denotes the rotor flux linkage, and s denotes the
differential term.

The voltage equation under steady-state conditions can be
further written as Eq. (11).{
usd = Rsisd −ωsσLsisq
usq = Rsisq +ωsσLsisd

(11)

Moreover, the electromagnetic torque equation of an asyn-
chronous motor under steady-state conditions can be ex-
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Table 3. Detailed identification results of transfer functions.

Type Transfer function of load displacement Transfer function of load displacement
to ship displacement to drum angle

Two poles–one zero 100.6s−5.338
s2+98.95s+0.000001372

−0.08221s−0.003266
s2+5.155s+0.001134

Three poles–two zeros 978.8s2
+317.1s+11.57

s3+1420s2+210.8s+7.479
−0.0148s2

−0.7909s−0.02843
s3+10.38s2+54.1s+0.0004976

Four poles–two zeros 4477s2
+337.3s+13.23

s4+21.59s3+4370s2+729.7s+17.64
2746s2

−28 110s−41 710
s4+1632s3+115 900s2+2 507 000s+1 946 000

Four poles–three zeros 50.36s3
+137.2s2

+120s−3.645
s4+48.17s3+144.1s2+117.2s+0.003758

−281.1s3
+2317s2

−29 540s−41 900
s4+11890s3+115 800s2+2 507 000s+1 946 000

Five poles–four zeros 374.8s4
+1355s3

+1007s2
+425.3s−1.009

s5+358.9s4+1300s3+1008s2+452s+15.36
−0.05997s4

−0.2498s3
−0.2166s2

−0.1179s−0.007106
s5+6.486s4+19.72s3+14.84s2+6.966s+5 115 000

pressed as Eq. (12).

Te =
3
2
np
L2

m
Lr
isd isq (12)

In the above, np denotes the pole pairs of the motor.
By substituting Eq. (11) into Eq. (12) and assuming that

the stator voltage is ignored, the torque equation under
steady-state conditions, expressed by voltage, can be written
as Eq. (13).

Te =−
3
2
npL

2
m

LrL2
sσ

usdusq

ω2
s

(13)

Meanwhile, the multi-dimensional prediction should be
avoided in the process of MPC, and there should also be a
more accurate relationship between drum angle, electromag-
netic torque, and input voltage. Therefore, the voltage equa-
tion expressed in Eq. (10) should be regarded as the combina-
tion of two one-dimensional equations, which can be written
as Eq. (14).{

disd
dt =−

Rs
σLs

isd +
usd
σLs

disq
dt =−

Rs
σLs

isq +
usq
σLs

(14)

According to the principle of MPC, the mathematical ex-
pression based on the discrete model of the motor can be
written as Eq. (15).

xm(k+ 1)= Amxm(k)+Bmu(k) (15)

In the above, xm(k+ 1) denotes the present state variable of
the vector control system, xm(k) denotes the previous state
variable of the vector control system, u(k) denotes the control
variable of the system, and Am and Bm denote the dynamic
matrixes of the system.

By imitating the expression of MPC and applying the Eu-
ler discretization method to Eq. (14), the discrete predictive
model can be obtained as Eq. (16), where the stator current
is regarded as the state variable and the stator voltage is re-

garded as the control variable.

isd–q (k+ 1)= isd–q (k)+
(
−
Rs

σLs
isd–q (k)+

usd–q (k)
σLs

)
Ts

=

(
1−

RsTs

σLs

)
isd–q (k)+

Ts

σLs
usd–q (k)

= Amisd–q (k)+Bmusd–q (k) (16)

Furthermore, the control variable can be expressed as
Eq. (17).

usd–q (k)=
σLs

Ts

[
isd–q (k+ 1)−

(
1−

Rs

σLs
Ts

)
isd–q (k)

]
(17)

In the above, usd–q (k) denotes the control variable of the sys-
tem, and isd–q (k+1) denotes the present state variable of the
current loop along the d–q axis.

In fact, there are many factors such as system parameters
and electrical interference which always leads to a certain de-
viation between the predicted value and the theoretical value
of the controlled object. Thus, it is necessary to optimize the
control variable by using feedback correction. The form of
the cost function as shown in Eq. (18) can be adopted.

minj (k)=
pc∑
i=1

qi[xt(k+ i)− xm(k+ i)]2

+

mc∑
j=1

rj1u(k+ j − 1)2 (18)

In the above, xt(k+ i) denotes the theoretical output value
at the moment of k+ i, xm(k+ i) denotes the actual output
value at the moment of k+ i,1u(k+j−1) denotes the anti-
interference function, pc denotes the optimal period, mc de-
notes the control period, and qi and rj denote the correspond-
ing weighting coefficients.

It is clear that the optimization problem is transformed
into the solution of Eq. (18). That is to say, the rolling
optimal model of the control variable is the solution of
dj (k)/d1u(k)= 0.

The structure of the speed regulation system with MPC
is shown in Fig. 12. This work uses the MPC method
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Figure 12. Diagram of the speed regulation system with MPC.

to replace the proportion integration differentiation (PID)
method to adjust the current in the circuit so as to improve
the ability of the AHC function. In detail, the six motors
are controlled by three frequency converters in total, while
a primary–secondary synchronization scheme is employed,
with the main motor using a speed closed-loop control and
the primary motors adopting the following control method
via torque.

3.2 Simulation of the control system

In general, the AHC system can be divided into velocity
compensation and position compensation (Woodacre et al.,
2018). The method of position compensation can not only
meet the performance requirement of rapid response but also
effectively suppress external interference. However, if there
is a requirement that the underwater equipment return to
equilibrium at a high speed then enough torque of the sys-
tem should be ensured. It can be inferred from Fig. 8 that the
load displacement after compensation is not located at the ex-
pected position. Meanwhile, the compensation has a certain
time delay, which shows a large displacement at the initial
stage of compensation. To solve this problem, this work uses
the method of position compensation with MPC to realize the
heave compensation of underwater equipment.

As shown in Fig. 13, the simulation model of the AHC sys-
tem with the MPC method has been built. In detail, the mod-
ule named “YY_Adams” denotes the port for importing mea-
sured wave data, and the load displacement under wave exci-
tation can be obtained when the wave data pass through the
transfer function named “ship displacement–load displace-
ment”. Meanwhile, the compensated-for load displacement
can be obtained when the output torque of the motor passes
through the transfer functions named “motor torque–drum
angle” and “drum angle–load displacement” in turn, realiz-
ing the AHC function based on the MPC method.

Figure 11 shows the identification results of the load dis-
placement to the drum angle, while identification percent-
ages of four poles–two zeros and four poles–three zeros are

less than 60 %, which might have serious effects on the com-
pensation accuracy. As shown in Fig. 14, the compensation
effect of the AHC system under different conditions has been
emphasized. It is obvious that the compensation effect of the
AHC system in the first two cases is still not ideal even if the
MPC method is adopted. At worst, the compensation of the
AHC system is out of control. In addition, the average identi-
fication percentages are over 85 % in the remaining cases. By
comparing with the displacement of underwater equipment
with poor structures, the compensated-for displacement of
underwater equipment in the remaining cases is reduced by
an order of magnitude. As shown in Fig. 14c, the load dis-
placement of five poles–four zeros is slightly larger than the
load displacement of three poles–two zeros, while the load
displacement of three poles–two zeros is obviously larger
than the load displacement of two poles–one zero. Anyway,
the result shows that the compensation performance of the
system has been greatly improved.

As shown in Fig. 15, the effect of the AHC system with
two kinds of control strategies under different sea conditions
can be observed. Apparently, the harsh sea condition leads
to more intense movement of underwater equipment, while
the equipment tends to move near the expected position af-
ter the heave compensation function with different control
strategies is applied. Moreover, by comparing with the com-
pensation effect of the AHC system shown in Fig. 8, the two
methods not only reduce the load displacement further but
also eliminate the large displacement at the initial stage of
compensation, which is of more benefit to the marine opera-
tion.

To explore the compensation performance of the system
under different loads, this work carried out the relevant sim-
ulations, and the results are shown in Fig. 16. Compared with
Fig. 15, it can be seen that, when the load increases, the fre-
quency of the load movement slows down obviously. Mean-
while, the variation range of the load displacement expands
accordingly. After being compensated for by the sliding-
mode controller (SMC), the maximum heave displacement
of the load is close to 0.1 m and is even worse when the sea
condition gets worse. However, the load displacement com-
pensated for by the MPC controller is significantly reduced,
which shows that the working position of the load under this
control strategy is more stable and more suitable to the re-
quirements of marine operations.

The simulation results at different depths are shown in
Fig. 17; it can be inferred that the movement of the load and
the movement of the engineering ship are out of synchro-
nization when the working position of the load gets closer to
the seabed. Meanwhile, the range of load movement shows
a sign of expanding more than before. In addition, the men-
tioned control strategies can still achieve a reasonably good
compensation effect, while the effect of the MPC controller
is also better than that of the SMC controller.
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Figure 13. Simulation model of the AHC system with MPC.

Figure 14. Compensation effect of AHC system with different poles and zeros. (a) Four poles and two zeros, (b) four poles and three zeros,
(c) suitable poles and zeros.

4 Experiments

To verify the correction of the simulations, the indoor pool
experiment was carried out on the test platform based on the
JH-20/45 electric-driven marine winch. As shown in Fig. 18,
the test platform is composed of a marine winch, steel wire
rope, a mass block, and a remote control terminal, while the
mass block is connected with the marine winch through a
crown block system. The AHC function is applied to the ma-
rine winch by programming through PLC, and the test data
collected by the encoder are converted into the heave dis-
placement, which is displayed on the monitoring interface of
the remote control terminal. Meanwhile, the water in the pool
is not static, and the process of drainage and water supply
is dynamic, which makes the situation closer to the current.
Moreover, the indoor pool is equipped with a set of wind tur-

bines so as to simulate the sea breeze more realistically. How-
ever, this work mainly focuses on the research of heave mo-
tion, which means the 6-DOF motion is not fully reflected.
In addition, although the overall configuration of the indoor
pool could reflect the nonlinear hydrodynamic effect to a cer-
tain extent, this degree is not sufficient.

The proposed experimental scheme supposes that the ma-
rine winch is fixed on the ground, while the measured data
under level-3 sea conditions are imported as the external ex-
citation of AHC system. When all of the preparations are
completed, the AHC test with loads of 55 and 115 kN is re-
peated three times, and the average values of different ex-
periments are used as the critical parameters to evaluate the
system performance. It can be seen from Fig. 19 that the
maximum load displacement is reduced from 0.95 to 0.025 m
when the load is 55 kN, while the maximum load displace-
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Figure 15. Compensation effect of the AHC system under different sea conditions. (a) Level-2 sea condition, (b) level-3 sea condition.

Figure 16. Compensation effect of the AHC system with different loads. (a) Level-2 sea condition, (b) level-3 sea condition.

Figure 17. Compensation effect of the AHC system at different depths. (a) Level-2 sea condition, (b) level-3 sea condition.

ment is reduced from 1.17 to 0.06 m when the load is 115 kN,
which proves that the compensation performance of AHC
system is ideal enough.

Compared with previous research projects, the modelling
process of the virtual prototype is relatively rigorous, not
only considering the modelling rationality of overall system
but also fully taking into consideration the modelling de-
tails such as rope groove and material. From the final con-
trol effect, previous research projects also achieved a good
control effect, but the research methods still need to be opti-
mized. For example, based on the hydraulic winch, Li et al.
(2018) used a nonlinear robust controller to reduce the max-

imum heave displacement of the load from 1.4 to 0.01 m,
while the fluctuation range of rope tension was reduced from
15 kN to less than 1 kN. However, the concrete model of
the wire rope was ignored, and only the state space equa-
tion of the system was used. Similarly, Xu et al. (2021) used
the sliding-mode method to keep the tracking error of the
hydraulic winch between −0.03 to +0.03 m; the mechani-
cal properties of the wire rope were also not to be consid-
ered. Furthermore, Liao et al. (2018) used active a distur-
bance rejection method instead of the PID method to im-
prove the compensation accuracy of the marine winch from
0.06 to 0.04 m, and the adjustment time was shortened by
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Figure 18. Experimental platform for the AHC system.

Figure 19. Experimental results under different loads.

5 s. The deficiency of this work is the simplification of the
external excitation, while the calculations of the load motion
and rope tension were deduced by empirical formulas, which
is idealistic. Richter integrated the heave motion prediction
algorithm and trajectory-planning algorithm, realizing an ap-
propriate compensation effect when the prediction interval
was short. However, it can be seen that load displacement
was calculated through the relationship between the drum ra-
dius and angular velocity without considering the mechanical

properties of the wire rope. Meanwhile, the excitation used
in this work was based on empirical formulas cited from pre-
vious research. It is obvious that this work overcomes the
shortcomings of previous works, such as the simplification
of complicated waves, oversight of the mechanical charac-
teristics of the wire rope, and rough modelling of the virtual
prototype and the control strategies needed to be optimized,
while the experiment results also prove that the method pro-
posed in this work is feasible. Last but not the least, the path
towards full-scale offshore implementation and validation is
to carry out the scenario-based tests under actual marine con-
ditions by utilizing the national marine test facilities. As far
as this work is concerned, further efforts could consider the
creation and testing of an experimental platform on a reduced
scale.

5 Conclusions

This work mainly focuses on the intelligent control method
of the electric-driven marine winch. To achieve this, this
work integrates a dynamic analysis method and an MPC
method. In detail, on the one hand, by establishing the vir-
tual prototype model of the system with a flexible wire rope,
the rationality of system modelling and the AHC function
have been preliminarily verified. The simulation results show
that the heave displacement of underwater equipment is re-
duced from −0.73–+0.51 to −0.2–0 m, while the compen-
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sation rate is approximately 77 %. In addition, the specific
relationship between ship motion and load motion has been
explored, along with the relationship between load motion
and drum angle. On the other hand, this work takes position
compensation based on MPC as the compensation method,
and the large displacement at the initial stage of compen-
sation in the dynamic method has been eliminated, which
greatly improves the precision of heave compensation, with
the compensation rate having increased from 77 % to 96 %.
In addition, corresponding experiments have also been car-
ried out to verify the simulation results, and the compensa-
tion rates under different loads are 97.4 % and 94.9 %.

However, this work is carried out under level-2 and level-
3 sea conditions collected in the specific sea trial, causing
the AHC function to be aimed at these specific excitations,
while the AHC functions under other sea conditions need to
be modified accordingly. Meanwhile, although the modelling
method of the flexible wire rope is similar as a whole, the
actual modelling effect still has a close link with the knowl-
edge of professionals, which may eventually lead to the dif-
ferences in the mathematical model of the identified system.
Overall, this work has presented an AHC method combining
dynamics and intelligent control, providing new insights into
the intelligence of marine hoisting equipment and into the
development of equipment for marine mineral resources.
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