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Abstract: This paper presents a robust controller design of payload position control for an offshore
crane facing disturbance and parametric uncertainties. The offshore operations with cranes while
lifting and lowering a payload can be dangerous since safety and efficiency are affected by waves,
wind and ocean currents. Such harsh sea conditions put the offshore crane and payload through
unwanted disturbances and parametric uncertainties, which requires a robust control system to
guarantee reliable performance of these systems. In this paper, we detail a controller designed based
on uniformly ultimately bounded (UUB) theory, combined with the input-output linearization control
technique (IOLC). The stability of the closed-loop system under the UUB conditions is analyzed
using the energy-based Lyapunov function. To evaluate the control performance of the proposed
controller, along with an IOLC and an integral sliding mode controller (ISMC), a comparison study
is also conducted. The control performance and efficiency of the proposed controller are validated
through experiments on an offshore crane model.

Keywords: offshore crane; nonlinear analysis; uniformly ultimately bounded; parametric uncertainty

1. Introduction

Offshore operations of subsea installations for oil and natural gas extraction and
production are becoming increasingly important. Thus, the demand for high-performance
offshore cranes is increasing. However, on the sea, various unpredictable disturbances
and parametric uncertainties are the main factors influencing the performance of marine
systems. For instance, waves, as well as wind and ocean currents, affect the horizontal
motions and rotations of a marine vessel. The horizontal motion can be controlled by a
dynamic positioning system (DPS). The rotational motion, on the other hand, as well as
the heave motion cannot be suppressed with the DPS. The rotational and heave motions
have a significant impact on the performance of offshore cranes during subsea lifting
operations. Additionally, hydrodynamic forces affect the operability of the offshore crane
system. These hydrodynamic forces cannot be measured precisely nor predicted, they
may unexpectedly increase or decrease and influence the overall dynamic response of the
payload, which leads to undesirable rope tension variations. These factors contribute to the
deterioration of the efficiency and the safety of offshore operations, which may also lead
to rope rupture. Therefore, in order to robustly track the desired payload position under
harsh sea conditions, decoupling the vertical motion of the payload from the rotational
and heave motion of the vessel is required, thereby the operability, safety, and efficiency of
these operations can be improved.

The efficiency and safety issues of offshore operations have been studied in previous
publications. The typical method for actively controlling the load position is active heave
compensation (AHC). One of the first AHC configurations was discussed by Southerland [1,2].
Up until now, more advanced algorithms have been proposed for AHC systems to improve
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control performances. For example, in [3–6], linear and nonlinear control schemes of the
AHC system were proposed as well as a wave synchronization to minimize the slamming
force during the payload water-entry. In [3], a two-phase controller was designed based on
the linear control technique. The first phase controller was for heave compensation to keep
the variations of the rope tension at a constant value similar to the weight of the payload.
With the second phase controller, the relative speed between the payload and sea waves
was controlled—wave synchronization. The objective of the latter controller was to ensure
a constant velocity of the payload entering the water-entry zone. An extension of the work
proposed in [3] was introduced in [4], where the two-phase controller was combined with
an adaptive observer to deal with the uncertainty of the plant model. In [5,6], a feedforward
control input for wave synchronization combined with linear feedback control input for
the AHC system was proposed. However, in these studies, the robustness of the entire
controlled system was not guaranteed.

In [7], the authors introduced a nonlinear model and a control technique for active
compensation of the heave motion. the heave velocity and the force acting between the
AHC unit and the riser/drill string were estimated by a disturbance observer. In [8,9], an
input-output linearization control technique (IOLC) including a disturbance decoupling
term was combined with a heave motion prediction system to overcome the delay between
sensors and actuators. However, none of the aforementioned studies considered the
rotational motion of the vessel.

In general, the motion of the crane tip is affected by vertical and rotational motions.
Hence, it is necessary to compensate for the rotational motions of the offshore crane caused
by the pitch and roll motions of the vessel, thereby enhancing the performance of the
payload position control.

The actual parameters of the offshore crane are mainly approximated, which results
in parametric uncertainties and disturbances. Therefore, the controller can lead to the
instability of the system if it is designed without considering the robustness criterion.
In [8,9] for instance, the classical feedback linearization technique was used to linearize
the system dynamics [10]. This method eliminates the nonlinear elements, and for systems
with uncertain nonlinearities, this elimination presents several disadvantages. Thus, the
close-loop system controlled with the IOLC turned out not to be robust [11–13].

Therefore, in this paper, we discuss the control system design of the payload position
control to improve the control performance and to guarantee the robustness of the closed-
loop system. The dynamic modeling of the offshore crane was conducted on a 4 degrees-of-
freedom (DOF) model reduced from an 11-DOF model. In this dynamic model, the vertical
motion as well as the rotational motion of the offshore crane is considered as representative
of the offshore crane dynamics, but it is more detailed compared to the studies mentioned
above. The main purpose of any control system is to design a controller that provides
robustness and helps to cope with the uncertainties. To achieve these objectives, the
proposed controller is designed based on the uniformly ultimately boundedness (UUB)
combined with the IOLC control system (UUB+IOLC); derived from the energy-based
Lyapunov function and satisfying the UUB condition. To evaluate the performance of the
proposed controller, we introduce an ISMC and compare its response with the UUB+IOLC.
The ISMC has been developed and applied in various applications [14–18] as a solution
to the robustness and performance issues of the conventional sliding mode controller
(SMC). To validate the efficiency of the proposed controller, two sets of experiments were
conducted on the pilot model; the first is an experiment with the nominal system and
the second is with an uncertain system. Subsequently, an experimental comparison study
between the aforementioned controllers was conducted.

The structure of this paper is as follows: Section 2 presents the dynamic modeling of
the offshore crane. In Section 3, the design of IOLC, UUB+IOLC, and ISMC control systems
are described in detail. Then, the experimental results are presented in Section 4. Finally,
the conclusions of this study are summarized in Section 5.
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2. System Modeling

The typical offshore crane has 11-DOF in total [19]. The vessel has 6-DOF and the
crane has 5-DOF itself (luff and slew angle of the boom, 2-D swing motion of a payload,
and cable length). Considering actual operating conditions, we can reduce the system’s
degrees of freedom from 11 to 4-DOF with the following simplifying assumptions

• The surge, sway, and yaw motions are ignored since they are handled by a dynamic
positioning system (DPS).

• The luff and slew angles are not controlled with the payload control system and their
values are known and considered as constants.

• The crane base and the crane tip are aligned with one of the horizontal axes of the
b-frame.

According to the second and third assumptions, the swing motion of the payload
is considered a 1-D motion. That is, the payload motion is a movement in the vertical
plane. Therefore, the vessel heave and roll (or pitch) motions, as well as the cable length,
are parameters taken into account. In this paper, in particular, we consider that the crane
base and the crane tip are aligned with the yb axis. The schematic of the 4-DOF offshore
crane system is illustrated in Figure 1. The position of the system is defined in the north-
east-down coordinate frame (n-frame, onxnynzn), and the angular and linear velocities
are defined in the body-fixed frame (b-frame, obxbybzb). Additionally, it is assumed that
the center of mass of the offshore crane coincides with the origin of the b-frame. The
offshore crane is considered a rigid body. The rope-suspended payload is approximated
by a mass-spring-damper system with the payload mass m, the spring constant kr, the
damping constant cr, and the rope length variation δ. However, the damping force of
the rope is neglected since the dominant damping force of the payload dynamics is the
hydrodynamic force [20]. The payload position control system is actuated by a winch. The
winch dynamics model is approximated by a second-order differential equation with the
angle of rotation θ and r as the radius of the drum.
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Figure 1. Schematic of offshore crane system and the reference frame. The offshore crane stays afloat
in the presence of perturbations. The dashed arrows indicate the location of relevant points in the
system’s frames.

The vector from the origin ob to the crane tip is expressed in the b-frame as rb
tip =[

0 yb
tip zb

tip

]T
. The rotation matrix between the n-frame and the b-frame is given as

Rn
b = Rx,ϕ =

 1 0 0
0 cos ϕ − sin ϕ
0 sin ϕ cos ϕ

 (1)
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It is assumed that the vector from on to ob is defined as rn
ob
=
[

0 0 Zheave
]T . Then,

the position of the crane tip expressed in the n-frame can be calculated as

pn
tip = rn

ob
+ Rn

b rb
tip

= rn
ob
+ rn

tip

=

 0
yb

tip cos ϕ− zb
tip sin ϕ

zb
tip cos ϕ + yb

tip sin ϕ + Zheave

 (2)

In order to derive the position of the payload, we define the vector from the crane tip
to the payload as:

rn
load =

[
0 −(lw + δ) sin α (lw + δ) cos α

]T (3)

where lw = lw(0) + rθ is the rope length. Using Equations (2) and (3), we determine the
payload position vector expressed in the n-frame as

pn
load = pn

tip + rn
load

=

 0
−(lw + δ) sin α + yb

tip cos ϕ− zb
tip sin ϕ

(lw + δ) cos α + zb
tip cos ϕ + yb

tip sin ϕ + Zheave

 (4)

Thus, we can calculate the velocity and acceleration of the crane tip and the payload
easily with a time derivative of (2) and (3).

Based on Equations (2) and (4), the kinetic energy T and the potential energy U of the
offshore crane system are given as

T =
1
2
(mtip

.
pn

tip
T .

pn
tip + m

.
pn

load
T .

pn
load) (5)

U = −g(mtippn
tip + mpn

load) +
1
2

krδ2 (6)

where mtip is the equivalent mass of the crane tip and g is the gravitational acceleration.

We define the state q =
[

q1 q2
]T

=
[

δ α
]T as the generalized coordinates and fi as

the generalized forces represented as follows

f1 = fB cos α + fh(p
n
load,y) sin α + fh(p

n
load,z) cos α (7)

f2 = fB sin α + fh(p
n
load,y) cos α + fh(p

n
load,z) sin α (8)

where Equations (7) and (8) are the hydrodynamic forces acting on the submerged payload.
fB is the buoyance force and fh is the added mass and damping force—expressed in terms
of the payload velocity and acceleration. Figure 2 shows the schematic diagram of the
payload rotating about the crane tip. The resulting Lagrange equation is given as

d
dt

(
∂T
∂

.
qi

)
− ∂T

∂qi
+

∂U
∂qi

= fi, (i = 1, 2) (9)

Then the nonlinear motion equations are obtained as

f1 = δkeq +
..
δm +

..
lwm− δ

.
α

2m +
..
Zheavem cos α− gm cos α− .

α
2lwm +

.
ϕ

2myb
tip sin(α− ϕ)

+
..
ϕmyb

tip cos(α− ϕ) +
..
ϕmzb

tip sin(α− ϕ)− .
ϕ

2mzb
tip cos(α− ϕ)

(10)
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f2 = m(δ + lw)
2 ..
α + 2

.
α

.
δlwm + 2

.
α

.
lwlwm− δ

..
Zheavemα−

..
Zheavelwm sin α + δgm sin α

+glwm sin α + 2δ
.
α

.
δm + 2δ

.
α

.
lwm + δ

..
ϕmzb

tip cos(α− ϕ) +
..
ϕlwmzb

tip cos(α− ϕ)

−δ
..
ϕmyb

tip sin(α− ϕ)− ..
ϕlwmyb

tip sin(α− ϕ) + δ
.
ϕ

2myb
tip cos(α− ϕ)

+
.
ϕ

2lwmyb
tip cos(α− ϕ) + δ

.
ϕ

2mzb
tip sin(α− ϕ) +

.
ϕ

2lwmzb
tip sin(α− ϕ)

(11)

Electronics 2021, 10, x FOR PEER REVIEW 5 of 20 
 

 

in terms of the payload velocity and acceleration. Figure 2 shows the schematic diagram 
of the payload rotating about the crane tip. The resulting Lagrange equation is given as 

 ∂ ∂ ∂−  ∂ ∂ ∂ 
i

i i i

d T T U+ = f , (i = 1,2)
dt q q q

 (9) 

Then the nonlinear motion equations are obtained as 

−  −  − −

−  − − −

   

  

2 2 2 b
1 eq w heave w tip

b b 2 b
tip tip tip

f  =  δk + δm + l m δα m + Z m α gm α α l m +φ my (α φ)

       +φmy (α φ) +φmz (α φ) φ mz (α φ)

cos cos sin

cos sin cos
 (10)

  − −   

  −   −

−   − −  

    
   

 

2
2 w w w w heave heave w

b b
w w tip w tip

b b
tip w tip

f =  m(δ + l )  α + 2α δ l m + 2αl l m δZ mα Z l m α + δgm α
        + gl m α + 2δαδm + 2δαl m + δφmz (α φ) +φl m z (α φ)

        δφm y (α φ) φl m y (α

sin sin
sin cos cos

sin sin −  −

  −   −   −



  

2 b
tip

2 b 2 b 2 b
w tip tip w tip

φ) + δφ m y (α φ)

        +φ l m y (α φ) + δφ m z (α φ) +φ l m z (α φ)

cos

cos sin sin

 (11)

 
Figure 2. Force diagram of the submerged payload. 

Based on the derived Equations (10) and (11), the offshore crane is highly nonlinear 
and coupled with the states α  and δ . In real-life applications, particularly subsea in-
stallations, the payload swing motion suppression is not of significant concern in case of 
tackling the payload positioning control problem. Therefore, decoupling the swing mo-
tion from the vertical dynamics is required to design a robust controller to cope with un-
certainties. 

In order to decouple the nonlinear equation, a linear approximation is formulated 
around the operating point where ≈w wl l ( )0 , thus ≈ 

wl rθ , and ≈ 
wl rθ . Besides, the 

small-angle approximation implies that ≈sinα α , ≈cosφ φ , and ≈cosα = cosφ 1 . There-
after, we can get a decoupled linear model as the following 

    b n
r w heave tip B h load,zδk +δm + l m + Z m - gm +φm y = f + f ( )p  (12) 

     2 b n
w w w tip h load,ym l ( ) + gl ( )mα +φ l ( )m z = f ( )0 0 0 p  (13) 

where Bf  and hf  are defined as [3,6,20,21] 

−B w pf = ρ gV  (14) 

− − −   
h w p a w D p

1f (X) = ρ V X m X ρ C A X X
2

 (15) 

Figure 2. Force diagram of the submerged payload.

Based on the derived Equations (10) and (11), the offshore crane is highly nonlinear and
coupled with the states α and δ. In real-life applications, particularly subsea installations,
the payload swing motion suppression is not of significant concern in case of tackling the
payload positioning control problem. Therefore, decoupling the swing motion from the
vertical dynamics is required to design a robust controller to cope with uncertainties.

In order to decouple the nonlinear equation, a linear approximation is formulated
around the operating point where lw ≈ lw(0), thus

.
lw ≈ r

.
θ, and

..
lw ≈ r

..
θ. Besides, the

small-angle approximation implies that sin α ≈ α, cos ϕ ≈ ϕ, and cos α = cos ϕ ≈ 1.
Thereafter, we can get a decoupled linear model as the following

δkr +
..
δm +

..
lwm +

..
Zheavem− gm +

..
ϕmyb

tip = fB + fh(p
n
load,z) (12)

ml2
w(0) + glw(0)m

..
α +

..
ϕlw(0)mzb

tip = fh(p
n
load,y) (13)

where fB and fh are defined as [3,6,20,21]

fB = −ρwgVp (14)

fh(X) = −ρwVp
..
X−ma

..
X− 1

2
ρwCD Ap

.
X
∣∣∣ .
X
∣∣∣ (15)

where ρw is the density of water, ma is referred to as the added mass from submersion given
as ma = ρwVpCa with Ca as the coefficient of the added mass determined based on the
shape of the payload. Besides, CD is the drag coefficient and Ap is the payload’s nominal
cross-section in the vertical direction.

The advantage of this method is that the design of a control system is more convenient
and it gives more insight into the dynamics of the system. From Equations (12) and (13),
one concludes that the vertical dynamics and the dynamics of the horizontal motion
are the dominant components of the system representation. However, according to [22],
eliminating the dynamics of the horizontal motion does not affect the performance of the
simplified system dynamics. Therefore, in this paper, the vertical dynamics in Equation (12)
of the decoupled model is used to design the payload position control system for the
offshore cranes. Combining Equations (12), (14), and (15), the offshore crane model is
obtained as

..
δmp = −r

..
θmp − δkr + Fg − Fb −

1
2

ρwCD Ap
.
pn

load,z

∣∣∣ .
pn

load,z

∣∣∣−mp(
..
Zheave + yb

tip
..
ϕ) (16)
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where mp = m + ma + ρwVp, Fg = gm, and Fb = ρwgVp. The velocity of the payload in

the zn-axis is given as
.
pn

load,z = r
.
θ +

.
δ + yb

tip
.
ϕ +

.
Zheave. The rope spring constant follows

Hooke’s law and depends on the rope length, its expression is as the following

kr =
EA
lw

(17)

where E and A are the modulus of elasticity and the cross-section area of the rope, respec-
tively. As already mentioned, the dynamics of the winch is approximated by a second-order
differential equation, which is expressed as

Jw
..
θ + Cw

.
θ + Kwθ = Twuw (18)

where Jw is the moment of inertia, Cw is the damping constant, Kw is the stiffness constant,
Tw is the torque, and uw is the control input to the winch.

3. Control System Design
3.1. Control Strategy

The objective of a control system is trajectory tracking and position keeping of the
payload under uncertainties, mainly wave disturbance and parametric uncertainties. In
other words, the control objective is for the position of the payload pn

load,z to converge to
the desired position pn

re f generated by the operator. That is, the payload position expressed
in the n-frame satisfies the following condition

pn
load,z = lw(0) + rθ + δ + zb

tip + yb
tip ϕ + Zheave ⇒ pn

re f (19)

Additionally, the tension variations in the rope need to be minimized to prevent rope
rupture. This control objective should be achieved despite the motion of the host vessel
and variations of the rope.

In order to achieve this control objective, we assume that the motion of the vessel
(Zheave,ϕ) is measured by an inertial measurement unit (IMU). In [8,9,23], a prediction
algorithm for the vertical motion was introduced to generate the trajectory in real-time [8,23]
and to overcome delays resulting from data processing of the IMU signals and the trajectory
generation [9]. However, this paper focuses on improving the performance of the payload
positioning control for an offshore crane without a prediction algorithm.

3.2. Input-Output Linearization Technique Based Controller (IOLC) Design

To design the IOLC, the dynamic model of the system should be transformed into the
state-space representation. With the state vector defined as

x =
[

x1 x2 x3 x4 x5 x6
]T

=
[

δ
.
δ θ

.
θ λ

.
λ
]T (20)

The state-space model of the offshore crane with the disturbance expressed in terms
of the second-derivative of the vessel’s motion is obtained as

.
x = f(x) + gu + wd
y = h(x)

(21)
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f(x) =



x2

− kr
mp

x1 +
rwKw

Jw
x3 +

rCw
Jw

x4 − 1
2mp

ρwCd Ap(x2 + rx4 + x6)|x2 + rx4 + x6|+
Fg−Fb

mp

x4
−Kw

Jw
x3 − Cw

Jw
x4

x6
0


g =

[
0 − rTw

Jw
0 Tw

Jw
0 0

]T

u = uw

w =
[

0 −1 0 0 0 1
]T

d =
..
Zheave +

..
ϕyb

tip

The output function is defined as h(x) = −x1 + rx3. The control objective of the IOLC
is for the output h(x) to track the reference signal regardless of the disturbance. Thus, to
design the control system, the relative degree of the system rs and that of the disturbance
rw need to be determined to fulfill the following conditions [10]

LgLi
f h(x) = 0 0 ≤ i < rs − 1

LgLrs−1
f h(x) 6= 0

(22)

LwLk
f h(x) = 0 0 ≤ k < rw − 1

LwLrw−1
f h(x) 6= 0

(23)

where Li
(·)(◦) is a scalar function that represents the ith-order Lie derivative of (◦) with

respect to (•). Based on Equations (22) and (23), we conclude that rs = 2 and rw = 2.
Therefore, it is possible to employ the disturbance decoupling, since the relative degree
of the system is greater than or equal to the relative degree of the disturbance, and the
disturbance is measurable [10]. Then, we can decouple the disturbance from the controlled
output with the disturbance decoupling control input. The resulting expression of the
IOLC is as follows

uw = uIO + udd (24)

where uIO is the input-output linearization control input and udd is the decoupled distur-
bance control input defined as

uIO =
−L2

f h(x) + v

LgL f h(x)
(25)

udd =
−LpL f h(x)d

LgL f h(x)
(26)

where v is the artificial input that yields a locally asymptotically stable closed-loop system
with the output error ζ = r(θd − θ) + δ, and it is expressed as follows

v = r
..
θd + k1

.
ζ + k2ζ (27)

For the system model in Equation (21), the IOLC (24) yields a simple relation
..
y = v.

Along with Equation (27), we obtain

..
ζ + k1

.
ζ + k2ζ = 0 (28)

The coefficients ki are state feedback gains. They are chosen to stabilize the closed-loop
system which should be designed such that the polynomial (28) has its roots strictly in the
left-half plane. Therefore, the local asymptotic stability of the closed-loop system is guaran-
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teed with the controller in Equation (24). To design the coefficients ki, the linear quadratic
regulator (LQR) control technique is used with the following controllable canonical form[ .

ζ
..
ζ

]
=

[
0 1
0 0

][
ζ
.
ζ

]
+

[
0
1

]
uz

uz = −
[

k2 k1
][ ζ

.
ζ

] (29)

And the performance index is given as

J =
∫ ∞

0
(z1

TQz1 + Ruz
2)dt (30)

where the state vector is chosen as z1 =
[

ζ
.
ζ
]T

, Q = diag(Q1, Q2) is a positive definite
matrix, and R is a positive constant.

3.3. Uniformly Ultimately Bounded Controller (UUB+IOLC) Design

In this section, we design the control system based on the proposed control process
studied previously in [24,25]. A control system is designed with the resulting closed-loop
system of the IOLC control scheme. The control input is designed to ensure the uniformly
ultimately boundedness of the solutions of the system. To design the control system, we
introduce the definition in Equation (31) that conditions the vector z to satisfy the UUB
condition with β as the ultimate bound

‖z(t0)‖ ≤ α⇒ ‖z(t)‖ ≤ β, ∀t ≥ t0 + T (31)

where z =
[

ζ
.
ζ δ

.
δ
]T

and α is a positive constant satisfying 0 < α < β and T > 0.
In order words, the controlled output ζ, the rope variation δ, and their time derivatives are
bounded for all t ≥ 0. To achieve this control objective, a new control input uw2 derived
from the energy-based Lyapunov function is introduced as

uw = uw1 + uw2 (32)

where uw1 = uIO + udd, and for the sake of notational simplicity, Equation (24) is repre-
sented as

uw1 = uIO + udd =
−Π1 − D + v

γ1
(33)

Substituting Equations (32) and (33) into the second-order derivative of the controlled
output, the dynamic model can be represented as

.
z = f(z, uw1, uw2)

f(z, uw1, uw2) =


.
ζ

−k1
.
ζ − k2ζ − γ1uw2.

δ
Π2 + γ2uw1 + γ2uw2

 (34)

where γ1 = 2rTw/Jw, γ2 = −rTw/Jw and Π2 represents the remainder term of Equation (16)
except the control input term. In order to design the control input uw2, while satisfying
the UUB conditions, the lower and upper bound need to be determined. Therefore, we
introduce the following Lyapunov candidate

V =
1
2

zTMz + Ψ(z) (35)
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where,

M =


σk2 σc1
σc1 σ

02×2

02×2
k3 c2
c2 1


and (σ,k3,c1,c2) > 0 are the controller gains. In order to ensure the positive definiteness and
derive the bounded Lyapunov function in Equation (35), it is assumed that Ψ(z) satisfies
the following condition

k∗3
2

δ2 ≤ 1
2

k3δ2 + Ψ(z), Ψ(0) = 0 (36)

Then, we can determine the lower and upper bounds α1(z) and α2(z), respectively,
as follows

1
2 zTM∗z ≤ V ≤ 1

2 zTMz + Ψ(z)

M∗ =


σk2 σc1
σc1 σ

02×2

02×2
k∗3 c2
c2 1

 (37)

And the positive definiteness of the Lyapunov function is ensured with the conditions
c1 <

√
k2 and c2 <

√
k∗3 . If the upper bound of the Lyapunov function time derivative—as

far as Equation (37) is concerned—satisfies the condition
.

V ≤ −W(z) for ∀‖z‖ > ω, where
W(z) is a continuous positive definite function, the solution of the system

.
z = f(z, uw1, uw2)

in Equation (34) is UUB [26]. Based on this consideration, the control input uw2 can be
derived easily by defining the function Ψ(z) as the following

uw2 =
[

ξσc1γ1 ξσγ1 −(ξc2 + k3)γ2 −(ξ + k4)γ2
]
z (38)

Ψ(z) = −1
2

k3δ2(1− γ2
2) (39)

where ξ and k4 are strictly positive constants. Along with Equations (36) and (39), the
positive definiteness of the Lyapunov function is guaranteed with the following condition
k∗3 ≤ k3γ2

2, that is, c2 < |γ2|
√

k3.

3.4. Integral Sliding Mode Controller (ISMC) Design

As above-mentioned, the integral sliding mode control system is introduced to com-
pare the control performance with the proposed controller. The sliding mode controller
is one of the most preferred control techniques to cope with parametric uncertainties and
external disturbances. Let the coupled integral sliding surface be as follows

S = g1
.
eθ + g2eθ +

∫ t

0
(g3eθ(τ) + g4δ(τ))dτ + g5δ− St=0 (40)

where eθ = θd − θ with θd is the desired value of θ, and g1, g2, g3, g4, and g5 are positive
constants. By adding the constant term St=0, the sliding surface satisfies S(t) = 0 at t = 0.
Therefore, the controlled system is attracted to a sliding layer without the reaching phase.
And the only necessary condition to eliminate the reaching phase is that the motion at the
beginning should be always measurable.

With the conventional Lyapunov function V = (1/2)S2, we define the control law
satisfying the condition

.
V ≤ 0 as

uw =
Cw

Tw

.
θ +

Kw

Tw
θ − Jw

Twg1

(
g2

.
eθ + g3eθ + g4δ + g5

.
δ + βsign(S)

)
(41)
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where β > |g1|
∣∣∣ ..θd

∣∣∣
max

+ g6 with g6 is a strictly positive constant. The uniform continuity

of
.

V can be shown easily by proving the positive definiteness of the second derivative of
the Lyapunov function expressed as the following

..
V = − β

|S|S
.
S

= − β
|S| (−Π|S|)

= β2

(42)

Therefore, with the application of Barbalat’s lemma [27], we determine that
.

V → 0 as
t→ ∞ . That is, V approaches a finite value, and with the proper choice of St=0, the sliding
surface converges to zero as t→ ∞ .

However, since the sliding surface is coupled, the convergence of the states eθ and δ to
their corresponding equilibrium points cannot be ensured simultaneously, especially with
the presence of the uncertainties such as hydrodynamic parameter variation or disturbances.
In order to overcome this problem, Tho et al. [15,16,28] derived the algebraic inequality of
the controller gains using a robust stability analysis with Lyapunov’s linearization method.

Therefore, based on this method, the robust stability analysis of the offshore crane is
conducted in this section. Assuming that the system remains on the sliding surface S = 0

and
.
S = 0, and with the state vector defined as v =

[
eθ

.
eθ δ

.
δ
]T

, the closed-loop
system is thus represented as

.
v = f(v) (43)

f(ν) =


ν2

−g1
−1(g3ν1 + g2ν2 + g4ν3 + g5ν4)−

..
θd

ζ4
−krmp

−1ν3 − g1
−1(g3ν1 + g2ν2 + g4ν3 + g5ν4)− F∗


where F∗ represents the remainder term of Equation (16) except the terms related to the
state vector v. If we consider that the system behavior remains in the vicinity of the
equilibrium point, it can be assumed that kr is constant. Then the linearized model of
Equation (43) is obtained as

.
v = Av (44)

where,

A =


0 1 0 0

−g3/g1 −g2/g1 −g4/g1 −g5/g1
0 0 0 1

−g3/g1 −g2/g1 −(g4/g1)− (kr/mp) −g5/g1


Based on Lyapunov’s linearization method, the sufficient conditions ensuring robust

stability of the uncertain linear system are derived from the characteristic Equation of
(44), which satisfies the Hurwitz stability criterion. Thus, the inequality conditions are as
follows

g1, g2, g3, g4, g5 > 0
g2g4 > g3g5

(45)

As a result of the control input in Equation (41) and the conditions of Equation (45),
all the controlled variables of the closed-loop system asymptotically converge to their
desired values.

4. Experiment and Results
4.1. Experimental Setup

The experimental apparatus used for this study is illustrated in Figure 3. The rope–
suspended payload is lifted and lowered using a winch system. The winch system consists
of a DC motor, a gearbox, an encoder, and a motor driver. The encoder calculates the rope
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length and the load cell—suspended by the rope—measures the tension of the rope. On the
other hand, a gyro sensor is used to measure the Euler angles. The detailed specifications
of the experimental apparatus are listed in Table 1.
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displacement is 0.1 m. The components of the experimental apparatus—sensors, actuators, and mechanical parts—are
highlighted with dashed rectangles. The wave generator is positioned at the aft of the pilot vessel.

Table 1. Experimental apparatus specifications of the offshore crane model.

Item Parameter Value Item Parameter Value

Winch
System

Motor: Maxon (334067)
Driver: ESCON 50/5

Load cell
CAS (CSBA-1LS)

Rated
voltage 24 V Capacity 1 kgf

Rated power 90 W Rated output 1.0 ± 0.2
mV/V

Rated torque 0.105 N·m
Load cell

transducer
amplifier

CAS (LCT-II)Rated speed 7750 rpm
Gear ratio 28:1 Output 0~5 V
Resolution 500 ppr Accuracy ±0.02%

Drum radius 0.025 m Linearity ±0.02%

DAQ

National Instrument
(PCI-6259) Gyro sensor

NTRex (MW-AHRS)

ADC
resolution 16 bits Euler an-

gle’sresolution 0.01 deg

Sample rate
(single chan.) 1.25 MS/s Response time <1 ms

Inserted
spring
(1EA)

Mass 0.004 kg Offshore
crane yb

tip 0.913 m

Spring
constant 130.8 N/m Payload

(1EA) Mass 0.2 kg
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Since the payload position and the rope length variations cannot be measured directly,
the load motion estimation technique is applied, as described in [29]. The load motion
estimation technique uses load cell data to measure rope tension.

The unknown parameters of the pilot model—the dynamics of actuators and the
hydrodynamic coefficients of the payload—are identified experimentally. To start with, in
order to identify the model of the actuator consisting of a DC motor and its driver, we set
up the driver as an open-loop speed controller with ESCON Studio (Maxon Motor Co.).
Then, we use the chirp signal as input with a frequency range from 0.1 Hz to 2 Hz and a
varying amplitude of 1 V, 2 V, and 3 V. Using the data of the input signal in [V] and the
output signal of the encoder in [deg], we can estimate the actuator’s model with MATLAB
identification toolbox. The mathematical representation of the actuator is presented as

..
θ + 102.8

.
θ + 0.1444θ = 26371uw (46)

The payload used for the experiment of the nominal system is attached to the end
of the rope, as shown in Figure 4. The weight of the added mass is 0.6 kg and that of the
spring is at 0.012 kg. The equivalent spring constant is 43.6 N/m. We assume that the mass
of the rope is neglected since it is too small. Then, the hydrodynamic coefficients of the
payload are identified by analyzing the difference between the dynamic response in the air
and water. Thus, we obtain Ca = 0.4 and CD = 1.
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Figure 4. Picture of the payload used in the experiment.

The wave generator consists of a speed controller and an AC motor. The wave
disturbance is introduced in four stages; 20%, 40%, 60%, and 80% of the output power of
the wave generator. The frequency of the produced wave disturbance is listed in Table 2.

Table 2. The frequency of the wave disturbance.

Output Power 20% 40% 60% 80%

Frequency [Hz] 0.4778 0.8897 1.1494 1.5244

The heave and roll motions of the pilot vessel are neglected. This is a suitable as-
sumption since the wave encounter angle is 0 deg. In this case, the pitch motion is mainly
induced by the wave disturbance. The fast Fourier transform (FFT) of the roll and pitch
motion of the pilot vessel is shown in Figure 5. As shown in this figure, the amplitude
of the roll motion, as well as the pitch motion, is so small as to be negligible when the
output power is at 80%. Therefore, the latter case is not going to be studied in the following
experiments since it does not introduce any significant challenges.

The desired position of the payload Pn
re f is an alternation of a 0.2 m ascent for 3 seconds

and a descent of 0.2 m after 20 seconds. In order to generate a sufficiently smooth desired
position signal, we use the third-order Hermite interpolation with the MATLAB command
‘pchipinterp’. The generated desired position of the payload is illustrated in Figure 6. However,
in practice, when the output power of the wave generator is at 40%, the amplitude of the
desired position is set to be 0.1 m due to the basin depth limitations.
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Using this experimental configuration, the controller gains are sufficiently tuned to
obtain the best performance possible; their values are listed in Table 3.

Table 3. The controller gains used in the experiment.

Controller Gain

IOLC q1 = 7000, q2 = 300, R = 0.02
→ k1 = 127.213, k2 = 591.608

ISMC
k1 = 127.213, k2 = 591.608
σ = 0.0005, k3 = 0.1, k4 = 0.001
c1 = 6.49158, c2 = 2.083, ε = 0.0005

UUB+IOLC g1 = 0.01, g2 = 1, g3 = 40, g4 = 700,
g5 = 50, g6 = 0.44 (

∣∣∣ ..θd

∣∣∣
max

= 6, β = 0.5)

To evaluate the performance of each controller, we introduce the integral of absolute
error (IAE),

J =
∫ ∞

0
|eP(τ)|dτ (47)

Where ep = Pn
re f − Pn

load,z. The relative value to the uncompensated case for each

wave disturbance case (Jrelative =
∫ ∞

0 |eP(τ)|dτ/Juncomp.) are also calculated. In this paper,
the uncompensated case is when the control system only feedbacks the encoder signal to
track the desired position of the payload using a PID controller. This method provides an
intuitive evaluation of the performance of a control system.

We have two experimental scenarios to validate the control performance; the first is
conducted with the nominal system and the second is conducted with an uncertain system.
The results of each experiment are introduced in Sections 4.2 and 4.3, respectively.
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4.2. Experimental Result with the Nominal System

In the following experiments, the controller is switched off during the first 15 seconds.
Thereafter, the controller is activated. The performance index results of each experiment are
listed in Table 4. In these results, only the data sets obtained when the controller is switched
on are included. As depicted in this table, in the case of UUB+IOLC the performance index
has the smallest value for all the wave disturbance cases. On the other hand, IOLC has the
largest values.

Table 4. Performance index result of the experiment of each wave condition.

Output Power 20% 40% 60%

Uncompensated 1()2 160.1272(1) 452.0344(1) 355.5983(1)
IOLC 102.4312(0.64) 326.7183(0.72) 137.3719(0.39)
ISMC 64.5909(0.40) 250.9576(0.56) 98.21(0.28)

UUB+IOLC 55.023(0.34) 190.8782(0.42) 85.2664(0.24)
1 Value of integral of absolute error (J). 2 Relative value of performance index to the uncompensated case
(Jrelative).

Note that only the results when the power output is at 40% will be introduced, as
illustrated in Figures 7 and 8. Figure 7 represents the response of the payload position
and Figure 8 shows the position error of the payload and rope tension variation. In the
uncompensated case, the amplitude of the residual vibration of the payload position
has continued until the end of the experiment. However, in the controlled cases, the
vibrations are swiftly suppressed and the UUB+IOLC shows superior performance over
the other controllers.
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4.3. Experimental Result with the Uncertain System

In practice, the actual system parameters cannot be measured precisely; thus, the
robustness of the control system is required to cope with the parametric uncertainties. For
this reason, in this section, the experiment with the uncertain system is conducted to test
the robustness of the proposed control system.

To configure the parametric uncertainties, we introduce two types of 3D printed
models inspired by subsea installation systems, as shown in Figure 9.
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Additional mass is attached to the center of each 3D printed model. Using these
models, the hydrodynamic coefficient of the payload obtained is different from its nom-
inal value. Furthermore, we reduced the number of both weights and springs to two,
respectively. That is, the total mass of the weights is 0.4 kg and the spring constant is
65.4 N/m.

Using the system configuration and controller gains defined in Section 4.1, we con-
duct the experimental tests following the same procedure described in Section 4.2. The
performance index results of each control scheme are listed in Table 5. As shown in this
table, the IAE value of the ISMC applied on the suction pile appears to be the smallest
value when the output power of the wave generator is at 20%.
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Table 5. Performance index values of each wave case and payload type.

Output Power 20% 40% 60%

Suction Pile

Uncompensated 1()2 83.7806(1) 438.7291(1) 137.7685(1)
IOLC 40.5978(0.4) 214.4034(0.49) 84.1417(0.61)
ISMC 32.0787(0.38) 169.8621(0.39) 64.0237(0.46)

UUB+IOLC 38.0967(0.45) 133.635(0.30) 56.6176(0.41)

Truss structure

Uncompensation 67.5714(1) 382.9903(1) 187.334(1)
IOLC 62.0795(0.92) 216.4755(0.57) 134.8257(0.72)
ISMC 44.2838(0.66) 187.1458(0.49) 112.669(0.60)

UUB+IOLC 44.4611(0.66) 159.489(0.42) 104.9172(0.56)
1 Value of integral of absolute error (J). 2 Relative value of performance index to the uncompensated case
(Jrelative).

Furthermore, while experimenting with the truss structure, in the 20% case, the IAE
values of the ISMC are similar to those of the UUB+IOLC. However, UUB+IOLC shows
the smallest IAE values in the other cases.

From these results, when the wave disturbance is not strong, the ISMC performs better
tracking of the desired payload position compared to other controllers. On the other hand,
UUB+IOLC copes more effectively with strong disturbances in comparison with other
control configurations.

The experiment results with the uncertain system are presented in Figures 10 and 11.
Note that only the results when the power output is at 40% with the suction pile are
introduced—since it is the worst case. Figure 10 illustrates the payload position response.
Figure 11, on the other hand, depicts the position error of the payload as well as the result-
ing rope tension. Figure 10b shows that the tension variation range when the controller
is switched-off is larger than the nominal case. This implies that the impact of the hydro-
dynamic forces on the 3D printed payload is significantly greater than with the nominal
payload. After the controller is switched on, both the ISMC and the UUB+IOLC control
system suppress the amplitude of the payload position error as well as the rope tension
variations. However, over time, the IOLC control system was not able to attenuate the
amplitude of the payload position variations.
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5. Conclusions

In this paper, the authors suggested a control scheme for payload position control
of an offshore crane system. This study focused mainly on the dynamic modeling of the
offshore crane and robust control system design for controlling the payload position.

The system dynamics were derived with kinematic and kinetic analysis, where the
rotational motion, as well as the vertical motion of the offshore crane, was considered as
the main representation of the system dynamics. The analysis procedure of the dynamic
model was shown in a constructive form, such that deriving the dynamic model of a higher
dimension system was possible.

The proposed controller consists of two components. The first control component
is the IOLC that includes the disturbance decoupling term, and the second component
is a UUB-based controller satisfying the UUB condition of the closed-loop system of an
IOLC control system. On another note, the ISMC was introduced to carry out a comparison
between the performance of the proposed controller and three additional control schemes.

The experiments were conducted to show the efficiency of the proposed controller. A
two-scenario experimental study was conducted. The first scenario is when the parametric
uncertainties were omitted, and the second is when these uncertain terms were taken into
consideration. The performance of the proposed controller has been compared with that of
an IOLC and an ISMC control system. The control performance—tracking of the desired
position and suppressing the rope tension variations—of the ISMC control system with
parametric uncertainties was good. The IAE value of the ISMC applied on the suction
pile (when the power output is at 20%) represents 79.0% of that of the IOLC and 84.2% of
the UUB+IOLC’s. Additionally, in the case of the truss structure, this value decreases to
71.3% of the IOLC’s, but it remains almost the same as the one of the UUB+IOLC. However,
with strong disturbances (when the wave generator output power is at 40% and 60%)
and parametric uncertainties, the proposed controller showed its superiority over other
controllers thanks to the disturbance decoupling term and the energy-based compensation
term. For instance, in the experiments conducted with the suction pile, the IAE value of
the UUB+IOLC when the power output is at 40% is 62.3% of that of the IOLC and 78.7%
of the ISMC’s. In future work, a higher dimensional compensation structure and control
system design will be introduced for the precise control of the payload position.
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