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Abstract: Sloshing experiment is crucial to determine the reaction performance of regeneration col-
umns on an offshore floating platform. A novel type of column motion simulating device and a Marine
Predator Algorithm—based Sliding Mode Controller (MPA-SMC) are proposed for such sloshing experi-
ments. The simulator consists of a Stewart platform and a steel framework. The Stewart platform is lo-
cated at the column's center of gravity (CoG) and supported by the steel framework. The platform’s hy-
draulic servo system is controlled by a sliding mode controller with parameters optimized by MPA to
improve robustness and precision. A numerical sloshing experiment is conducted using the proposed
device and controller. The results show that the novel motion simulator has lower torque during the col-
umn sloshes, and the proposed controller performs better than a well-tuned PID controller in terms of
target tracking precision and anti-interference capability.
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sliding mode control; marine predator algorithm
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0 Introduction

Over the last few decades, floating platforms such as the FLNG (Floating Liquefied Natural
Gas) system and the FPSO (Floating Production, Storage, and Offloading) unit have been developed
and used to extract deep—water natural gas resources. However, traditional deacidification pretreat-
ment equipment is designed for land applications, with less consideration given to the offshore oper-

ating condition on floating platforms. In harsh marine environments, the motion of the floating plat-
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forms is transmitted to the onboard equipment. Columns, being most susceptible to this motion, are
crucial for maintaining stability'". The effectiveness of column reactions highly depends on the con-
tact quality between the descending liquid and the rising vapor, as inclination can lead to undesired
liquid maldistribution inside columns. The gas deacidification plate column and its typical place-

ment on a floating platform are illustrated in Fig.1.

(a) Column (b) Floating platform

Fig.1 Plate column and its typical placement on a floating platform
There have been numerous studies focusing on column performance under ship motions. Some
numerical simulations have been conducted to investigate liquid maldistribution in columns using
computational fluid dynamics models”™. Building upon this foundation, experimental methods have
been widely employed. Hanawa et al”' experimented with a single—axis rotating apparatus and a
packed amine column with a height of 4 m to reveal how FPSO motions influence the reaction per-
formance of the column. Son et al”’ measured the CO2 absorption performance of a column with a di-
ameter of 0.4 m and a packed height of 4 m installed on an FLNG. They found that roll motion can
affect the absorption performance of the column under certain conditions. Similar experiments con-
ducted were reported in Ref.[6], of which the authors investigated the effects of tilt, roll, heave and
sway motions on the mass transfer area of a pilot—scale column with a diameter of 0.8 m and a
height of 1.5 m. As a common practice, the platform is installed at the column bottom and sloshes

the column as it moves.

However, an issue arises with this traditional column

experimental layout. A column is generally designed with a C"’”m"’i

significant height and a thin shape to ensure complete reac-
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tions. Consequently, the center of gravity (CoG) of the col-
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when the platform is only slightly rotated. In Fig.2, the off- PO i

set refers to the horizontal distance from the center of the Fig-2 Traditional motion simulator for

Stewart top platform to the CoG of the column. Due to the column sloshing experiments
column’s weight, even a slight offset can exert considerable torque on the Stewart platform. If the
torque acted on the Stewart platform is inadequate, the column may tilt and collapse, posing a safety
risk for tall columns. Therefore, no matter whether it is a model test column or a realistic column, its
height is often limited for safety reasons.

Another challenging problem concerns the control of motion simulators for tall columns. These
simulators typically utilize hydraulic system to achieve high rigidity and substantial load capacity'”.

The hydraulic system, a complex large—scale network comprising numerous components and pipe-
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lines, introduces nonlinear elements that can affect the stability and accuracy of the control sys-
tem'™. These complexities necessitate a robust and stable control mechanism for motion simulators.
While a PID controller is often sufficient for experimental purposes, it fails to account for nonlinear
characteristics and is ineffective against disturbances. Among modern control methods, the Sliding
Mode Control (SMC) strategy has a better performance in stability and robustness due to its indepen-
dence on the mathematical model"”. Guo et al'" proposed the SMC method for a hydraulically driv-
en 6-DOF Stewart platform, demonstrating satisfactory position—tracking behavior. Cai et al"” ex-
tended this to a velocity feedforward SMC controller for a ship—deck—mounted Stewart platform, ef-
fectively rejecting motion disturbances in simulation.

However, specifying the SMC parameters in SMC design is challenging because they are cho-
sen based on a wealth of experience. A novel meta—heuristic optimization Marine Predator Algo-
rithm (MPA)!" was first proposed in 2020. The main idea of MPA is that marine predators achieve
an optimal hunting state through foraging strategies of Lévy flight and Brownian motion, providing
an efficient optimization framework. Recently, MPA has been effectively employed in power system

controlling""

and other engineering fields, as it demonstrates a faster convergence speed and a
greater accuracy than Ant Colony Optimization, Particle Swarm Optimization and other algo-
rithms'”!. However, it is still not used to solve complex motion—simulating control problems.

To this end, the present paper proposes a novel motion simulator for sloshing experiments of
higher columns and the MPA-optimized SMC method (MPA-SMC) for the proposed simulator. The
remainder of this paper is arranged as follows. Chapter 1 focuses on the description of the novel mo-
tion simulator, followed by the description of the simulator modeling in Chapter 2 and the MPA-
SMC method of the simulator in Chapter 3, while the results and discussions are provided in Chap-

ter 4. The conclusions are drawn in Chapter 5.

1 Description of the novel motion simulator

Fig.3 illustrates the proposed novel motion simulator, which consists of a Stewart platform and
a steel framework. The Stewart platform includes a
top platform, a bottom platform, six extensible legs
and motion joints to connect platforms and legs. Gen- Steetframework Sk
erally, the top platform is movable while the bottom : - "’ h¥
platform is fixed for simulation purposes. In this mo- 7
tion simulator, the Stewart top platform is installed

at the CoG level of the column to reduce offset when

the column sloshes. To firmly unite the Stewart top

Fig.3 Novel motion simulator

platform and the column, six skirts are welded on the
column and connected with the top platform through enhanced bolts, the sizes of which can be de-

termined according to industrial standards.
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The steel framework serves as the base for both the Stewart platform and the column, and can
be reused in a production facility after the column sloshing experiment is completed. The Stewart
platform is installed on the top deck of this steel framework, requiring reinforcement plates and stiff-
eners. Moreover, the top deck is designed to allow a circular opening for the column to pass through
and slosh. The remaining space on the top deck and the middle deck of the steel framework is re-
served for other supporting equipment including boilers, tanks, line pipes, pumps and measuring in-
struments. The structural dimension of the motion simulator is usually determined by the size and
the weight of the column. In this paper, a regeneration column is used for sloshing experiments, the
detailed information of which is shown in Tab.1. The full water weight in the table is assumed to be

the load capacity of the motion simulator.

90° wave direction

Tab.1 Parameters for the regeneration column Platform North
Regeneration column parameter /unit Value
Height /m 16.64
Upper part diameter /m 0.6 0° wave direction
Lower part diameter /m 1.0 7
Net weight /kg 5003 :" ¥
Full water weight /kg 15000 Global coordinates
Packed volume /m* 1.73 . . . .
acked volime Fig.4 Coordinate of the semi—submersible
Column’s CoG level /m 7.0

platform

The desired motion of the simulator involves the regeneration column’s motion on floating plat-
forms, which can be simplified to the motion of a deep—draft semi—submersible platform where the
column will be mounted. Fig.4 shows the coordinate of the semi—submersible platform. The origin of
the platform’s coordinate is at the water surface, with the Z—axis pointing straight upward.

The column will suspend operation under extreme sea conditions, therefore, as the most hazard-
ous state, the fourth sea state is chosen as the column sloshing condition. Tab.2 shows the simula-
tor’s motion requirements determined on the basis of motion response data of the floating platform
under the fourth sea state. In terms of the simulator’s parameters, the diameters of the Stewart top
platform and bottom platforms are 2.6 m and 4.6 m respectively. The length of the hydraulic actuat-
ing cylinder is 1.65 m according to the standard GB2348-2018, with a piston rod length of 1.5 m.
Additionally, the height and the side length of the steel framework unit are 7 m and 5 m respectively.

Tab.2 Specifications for the simulator

Displacement range Period scope
Surge, Sway, Heave +0.25m =28 s
Roll, Pitch, Yaw +2.5° 28 s

2 Mathematical modeling of the motion simulator

2.1 Kinematics analysis

A local reference frame O (x, y, z) attached to the top platform and a fixed frame O,(x, y, 2) at-
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tached to the bottom are defined, as shown in Fig.5.

Input variables are selected as q =[x, vy, z, a, B, ], which

represent the position and orientation of the top platform. The

ith leg vector L, with respect to the fixed frame can be denoted

as

L =RS +T -F, (1) Fig.5 Coordinate system of the
where, S, denotes the position vector of the ith upper joint in Stewart platform
reference frame, F, denotes the position vector of the ith base

joint, and R, represents the rotation matrix defined as follows:

1 0 0 cos3 0 —sinfB |/ siny cosy O
R, =|0 cosa -sina 0 1 0 cosy -—siny 0 2)
0 sina cosa J|sinB 0 cosB 0 0 1

Besides, T; denotes the translation vector of the origin of the top platform with respect to the

fixed frame, and it is denoted as

x 0 0
T.=10 y O (3)
0 0 =z
Then, the length of the ith leg can be computed by the Euclidean norm as follows:
L= @)

2.2 Modeling of hydraulic actuator
Fig.6 shows the scheme of a hydraulic servo sys-

tem, which consists of an asymmetric hydraulic cylin-

der and a three—position four-way servo valve. The

area ratio of the piston is n = A,/A |, where A, and A,

are effective working areas at the non—piston and pis-

ton sides. P, and P, are the forward and return pres-
sures in the cylinder. Thereby, the load pressure
P, =(A,P, = A,P,)JA, =P, — nP,, and the load
flow Q, = Q, according to the cylinder’s out power N = P,Q, — P,Q, =(P,-nP,)Q, = P,Q,.

Fig.6 Scheme of hydraulic servo system

The dynamic model of the hydraulic servo system is made up of three parts'"”. The force bal-
ance equation on the actuating piston of the cylinder is given as follows:

AP, =mi, + Bx, + Kz, + F, )
where, x, means the piston displacement, m represents the total mass of the piston and the load re-
ferred to the piston, B denotes the viscous damping coefficient of the piston and the load, K denotes
the load spring gradient, P, denotes the load pressure, and F, denotes the load force acting on the
piston.

With hypotheses that the pressure in each chamber is the same anywhere as well as the temper-

ature and density are constant, the cylinder flow continuity equation can be given as follows:
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v, .
tpP], + TB’:PI (6)

where, (), refers to the load flow, V, is the initial volume of the chamber, B, is the effective bulk mod-

Q. :Al‘x}p +C

ulus of the system, and C, is a leakage coefficient of the piston.

p

For the spool valve, its linearized flow equation can be written as
Q.=Kx, - KP, (7)
where x, is assumed as the spool valve core displacement, K, is the flow—pressure coefficient, and
K, is the flow gain coefficient of the valve.

Eqgs.(5)—(7) completely describe a third order dynamics of the hydraulic servo system of the
Stewart platform. By combining these three equations and defining X =[x,, x,, x;]'=[x,, £, ¥,]’, the
corresponding state space function of the hydraulic actuators can be written as follows:

X, =X,
Xy = X4 )

Xy, =a,x, + a,x, + a,x, + bu +d

b 48.K. K 4B.K.B  4BAT K BK. B b 4B,K, A,
= - = — + + — = — + — = - =
where. @ Vim * V.m V.m m/| o V, m/| Vim
4B.K., 1.
- FL + 7FI, ” Kce = Kc + Krp'
V.m m

3 Control of the motion simulator

Based on the dynamic model of the hydraulic actuators, the MPA-SMC method is proposed for
Stewart leg actuator control.
3.1 Sliding mode controller design
Given x, as the target position signal, an error between the desired position and the state vari-
ables of the actuating leg is defined as
e, =x, — x,
e, =%, — x, ©)
€3 = Xqg T X3
The sliding surface can be described as follows:

d n-1
S:(dt+)\) e, (10)

where A is a positive constant and can transform the nth—order tracking problem into an equivalent

Ist—order stabilization problem"®. For n = 3, Eq.(10) is rearranged as

s=Ae, +2\e, + e, (11)
Then, the derivative of s is obtained as follows:
s=Ae, + 2 e, + ¥, — X, (12)
Substituting Eq.(8) to Eq.(12) yields
s=Ae, +2 ey + X, —a,x, — a,x, — a;x, — bu — d (13)

To improve the reaching performance of the sliding surface and eliminate chattering from the

control voltage, an exponential reaching law!'” is designed as
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s=-nsgn(s)— ks (14)
where, n > 0 and k£ > 0.

Therefore, the best approximation of a continuous control voltage u can be obtained by achiev-

ings = 0.
1

u= E(/\zé + 20 + X, — a,x, — a,x, — ayx, —d + nsgn(s)+ ks) (15)

To prove the stability of the control system, the Lyapunov function is defined as

1
V= ) s’ (16)
The derivation of Eq.(16) is

V= s =s(—nsgn(s)— ks)s —ks’ (17)

Finally, the following convergence effect is derived with the lemma'"®.

Vi, < ey (18)

‘o)
As can be observed, both V|, and s are convergent, indicating that the control system is stable.
3.2 Marine predator algorithm for parameter optimization
Parameters of A, n and £ in the processing of the SMC design are obtained through an optimiza-
tion method called Marine Predator Algorithm (MPA). Fig.7 depicts the flowchart of MPA.

| Start

Initialize Prey matrix and
calculate Elite matrix

‘Exploration stagel | Intermediate stage | ‘ Exploration stage ‘
T

*
A plish FADs and
| Update Prey matrix

¥
Iter = Iter+1
Yes Iter<Iter_ma
No

.
| Return the optimum parameters |

Fig.7 Flowchart of MPA!

In MPA, the initial population X is generated in the search space.
X() = X + rand (Xma\’ - Xmin) (19)

where, X and X, are the upper and lower limits of each variable, and rand means a uniform ran-
dom vector between 0 and 1.

A Prey matrix (M,,,) is built firstly to contain all individuals, and the individuals with the best
fitness value from the prey matrix are recorded as a top predator vector, which is described as an

Elite matrix (M ,,)-
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X],l Xl,(l Xl,] Xl,d
MPrey = E tee E Ml‘]lite = E oo E (20)
X X X X

n, 1 n.d n,1 n,d

The fitness value increases as the error function decreases. In particular, the error function is
assumed to be the Integral of the Absolute Error value (IAE), and the control amount is also includ-

ed in the error function, as shown in Eq.(21).
T
E = [ (0.99]e(1)] + 0.01u* (1)) d 1)
0

According to the different velocity ratios between the predator and the prey, three iterative
phases are divided. In the exploration phase, the prey moves faster than the predator. The latter’s

motion is assumed to maintain the status quo as a Brownian walk. The position of prey is, when

1
Iter < glter_ max, updated by

tep l7e

=R, ®( o~ R, xxpm), 1,2.3....n )

XPn‘,yL = XPT(V + P R ® I" P = 0.5

ste pslze 2

where, R € [(), 1 ] means a random vector, and RB represents the Brownian motion vector.

) . ) 1 2 . .
The second is an intermediate phases, glter_ max < [ter < glter_ max, in which both predator

and the prey move at the same speed. The predator is following a Brownian motion for global explo-
ration, while the prey changes its motion pattern to Lévy flight for local development. Thus, the

whole population is partitioned into two halves.

sthswe R ® ( Elite; - R x XFre\ )7 15"' 52

2 (23)
XPre),L = XPre\, + P R ® rslepsue’ P = 0‘5
where R, is a random vector based on Lévy distribution.
—_— . n
stepslze R ®( R ® ( XElm-‘ - XPTE}'[ )’L = E’ cee sl
Dlter (24)
It Iter_max
X, = Elite, + PCF @ r,, . CF = (1 - ”)
[ter _max

2
The third phase occurs when lter > g[ter_ max, in which the predators select Lévy flight for a

partial exploitation and move faster than the prey. The prey’s position is represented by

slepsue R ®( R ®( XEhle - XPre)i )7 l’ = 1727 cee L
X

Prey;

(25)
_XHIte +PCFQr,

(E])bl?e

The predator’s behavior can change to the effect of eddy formation and Fish Aggregating Devic-
es (FADs), which is presented as

X CF[ X+ B (X, - X,)|® UL if r< FADs
X, = c (26)
Xy + [FADs(1 = 1) + r]( . Xh) if r> FADs

Prex
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where, FADs reaches an optimization target when FADs = 0.2 is the probability. U is a random bina-
ry solution in[0,1], 7 €[ 0, 1] means the uniform random number, X, and X, are upper and lower

limits of a vector dimension, and r1 and r2 are random exponents of the prey matrix.

4 Simulation and results

4.1 Motion simulation for sloshing experiments

The sloshing experiments simulate the motion of the column in irregular waves. One of the
semi—submersible platforms operating in sea states with high occurrence frequency and typicality is
selected for simulation analysis, in which the wave moves from the northeast with a significant wave
height of 1.51 m and a peak frequency of 8.5 Hz, and the surface current speed and the wind speed
are 0.39 m/s and 6.86 m/s, respectively. The column’s motion under this operating sea condition, as
shown in Fig.8(a), is taken as the desired driving motion for the simulator, within its operational mo-
tion range. Sway and surge motions are excluded due to their minimal impact on the column'’s reac-
tion performance. Therefore, these two DOFs are limited to zero due to their unnecessary effect on
working degrees!". In the paper, a dynamic model is built in Adams software to calculate the leg po-

sitions of the Stewart platform, as shown in Fig.8(b).
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(a) Column’s motion to be simulated (b) Leg positions of the motion simulator

Fig.8 Motions of the Stewart top platform and its legs
Additionally, the torque for the Stewart platform legs of the novel motion simulator is obtained.
The torque is compared with the torque result of a traditional motion simulator, as described in
Fig.2. Given that the motion of both simulators is the same, the torque on the proposed motion simu-
lator is reduced to a lesser extent, as illustrated in Fig.9. It is proved that the new motion simulator

is much safer than a traditional simulator for tall column sloshing.
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Fig.9 Leg torques on the traditional and novel motion simulators
4.2 Controller performances

Numerical simulations are implemented using MATLAB/Simulink to verify the effectiveness of
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the MPA-SMC method before the experimental apparatus is applied. Parameters for the hydraulic
actuators of the motion simulator are shown in Tab.3. In MPA, lter_ max and population size are set
to 30 and 50, respectively. At the same time, the lower and upper bounds of A, , and £ in SMC de-
sign are [0, 200],[0, 50 ], and [ 0, 10 ] through abundant tests. Fig.10 describes the iterative curves
of the above three parameters optimized by MPA and the error function curve. The ability of MPA to
seek optimization within the target range is vital. After the twentieth iteration, it basically reaches
stability. The final optimal result is [149, 34, 3.5], and the error function value is 42.083. As a com-
parison, an optimized PID controller is also constructed in MATLAB/Simulink, whose proportional,
integral and derivative values have been self-tuned at [11.8, 61.9, —0.04] using the PID self-tuning

tool.

Tab.3 Specifications for the simulator

Parameter Value Parameter Value
B, 6.9%x10° N/m? m 2567.43 kg
K, 1.78%107" m*/N-s B 1x10°N+s/ m
c, 1.2x10™" m*/N +s A, 0.03801 m?
K 0 N/m Ps 2.5%107 N/m*
v, 0.0266 m* K, 0.2083 m*/A +s
200
— A —k—y

@
=]

%ﬁ

Error function value
(=]
o

Parameters
2
=]

% 50
L ‘
— . .
o 5 1015 20 25 30 o s w0 15 20 25
Iterations Iterations
(a) Optimized parameters (b) Fitness function value

Fig.10 Optimization result by MPA

4.2.1 Position tracking capability

Fig.11 exhibits the position tracking outcomes of the legs on the motion simulator by two differ-
ent controllers, where the red curve refers to the tracking trajectory of MPA-SMC, and the blue
curve indicates the tracking trajectory of the PID controller. Two curves overlap with the black one,
representing the desired position signal of the Stewart platform legs, indicating that both controllers
can track the legs’ positions effectively. Additionally, the tracking error of six legs is displayed in
Fig.12. Both MPA-SMC and PID controllers can achieve an extremely high tracking accuracy with-
in1x10"m.
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Fig.12 Position tracking errors of two control methods

4.2.2 Anti—interference performance

To evaluate the anti—interference performance of the MPA-SMC method under disturbance im-
posed on the motion simulator, three types of signals, namely sinusoidal wave, square wave and ran-
dom wave, are applied to controllers. The MPA-SMC is then tested and compared with the PID con-
troller. Assuming that Leg 1 is disturbed by a sinusoidal force of 100 kN and a frequency of 0.25
rad/s, the position of Leg 1 and its position tracking error with different controllers are shown in Fig.
13. It is noteworthy that the tracking error of PID controller rises from the non—disturbance error
level of 1 X 10™*m to nearly 5 X 10™* m, whereas the tracking error of MPA-SMC increases only to al-
most 1 X107 m.
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Fig.13 Position tracking performance with a sinusoidal disturbance
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Then, a sudden disturbance of 100 kN is applied to the system for evaluating the performance
of controllers.As shown in Fig.14, the sudden signals occur at the tenth second, regularly appear ev-
ery 20 seconds, and lasting for 4 seconds once time. It is evident that the PID controller exhibits a
substantial stagger approximately 3 X 107 m when the sudden load is imposed at the start of each
interference, which diminishes as the interference concludes. In contrast, the MPA-SMC handles
this sudden perturbation very gently and maintains its tiny error over the entire 4 seconds of each

disturbance, thereby preventing the motion simulator from abruptly breaking down.
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Fig.14 Position tracking performance with a sudden disturbance
Similarly, Fig.15 demonstrates the position tracking results when random interference occurs.
For the entire 120 seconds, the random disturbance force is limited to +50 kN, the same as the am-
plitudes of the sinusoidal and square signals. The MPA-SMC is still superior at dealing with ran-
dom interference than the well-tuned PID controller. The latter generates a tracking error of 2 X

107 m, significantly large compared with the tracking error of MPA-SMC.
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Fig.15 Position tracking performance with a random disturbance
By comparing the three cases above, MPA-SMC method always outperforms PID. The former
shows adequate consistency and stability no matter which kinds of disturbance it confronts, thereby
achieving the objectives of column motion simulation under various interference conditions. In con-
clusion, the derived controller can satisfy the tracking accuracy and anti-interference requirements

of the hydraulic servo system applied in the motion simulator.
5 Concluding remarks
Traditional motion simulators do not perform well in handling sloshing experiments with high

columns. An original motion simulator for regeneration columns on floating platforms was proposed

in this paper. The simulator consisted of a typical Stewart platform and a fundamental steel frame-
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work to provide enough support for the platform. For safety concerns, the Stewart top platform was
installed at the CoG level of the column, thus significantly reducing the offset of the CoG when col-
umn sloshing occurs. Furthermore, an MPA-SMC method was developed to control the motion simu-
lator legs actuated by the hydraulic servo system. The MPA was integrated to optimize parameters in
SMC design and improve the controller’ s performance. Finally, a numerical simulation was imple-
mented using computed motions of the column under an operating sea state in MATLAB/Simulink.

The results show that both MPA-SMC and PID controller have a high accuracy within 1 x 107
m without perturbations, while the former’ s tracking error is a slightly smaller than that of the lat-
ter. When subjected to sinusoidal, sudden, and random disturbances of 100 kN, the PID’s tracking
errors increase to about 5 X 107 m, 3 X 10™ m and 2 X 10~ m, respectively, whereas the MPA-
SMC’ s error level remains below 2 X 10™ m, demonstrating that MPA-SMC exhibits higher track-
ing precision and greater robustness compared to a self~tuned PID controller.

In summary, the novel motion simulator and the MPA-SMC control method enable researchers
to safely conduct sloshing experiments with tall columns on floating platforms, thereby enhancing
the efficiency of LNG processing units and the production capability of floating platforms. However,
the proposed method is based on a virtual simulation. Some details, such as the numbers of bolts on
the column skirts and the enhanced area for the top deck, need to be confirmed through real column
experiments. Such information will be provided in the future. Moreover, further discussions are

needed regarding peak phenomena and other potential energy consumption issues that may arise
when using MPA-SMC.
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