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Abstract – The chaotic nature of liquid slosh and the complex fluid dynamic motion in the 
container makes the traditional model-based control techniques complex and difficult to synthesize 
in practice. This paper presents investigations into the development of single input fuzzy logic 
controller (SIFLC) for liquid slosh control. The proposed approach, known as the SIFLC, reduces 
the conventional two-input FLC (CFLC) to a single input single output (SISO) controller. Two 
parallel SIFLC are developed for both lateral tank position and liquid slosh angle control. With the 
purpose to confirm the design of control scheme, a liquid slosh model is considered to represent the 
lateral slosh motion. The performances of the control schemes are accessed in terms of lateral tank 
tracking capability, level of liquid slosh reduction and time response specifications. Supremacy of 
the proposed approach is shown by comparing the results with hybrid model-free Fuzzy-PID 
controller with derivative filter (PIDF). Finally, it is seen from the simulation results that the 
proposed control scheme has able to reduce the liquid slosh without unambiguously model the liquid 
slosh behavior. 
 
Keywords: liquid slosh control, single input fuzzy logic controller, PID, fuzzy logic 
 
Article History 
Received 20 September 2018 
Received in revised form 9 January 2019 
Accepted 9 January 2019 

 
I. Introduction 

It is a common fact that the unconstrained free surface 
of liquid has a tendency to cause large splash, even for a 
very small movement of the container. The motion of the 
free liquid surface inside the container is named slosh. 
Liquid sloshing can affect the performance of the system 
because it exerts an additional force and moments. 
Therefore, liquid sloshing has been a significant problem 
in several areas. For example, in the ship industries, the 
dynamic behavior of a vessel at sea is critically affected 
by the dynamics of moving partly filled tanks carried 
onboard [1]. In the metal industries, the pouring work has 
been generally employed by human operator that 
generates sloshing to the molten metal. Then, the molten 
metal often overflows out of the ladle due to the excessive 
sloshing, and dust, air bubble and inclusion are also 
trapped in the molten metal [2]. Besides, the fluid slosh 
forces and dynamic load transfers in the lateral and 
longitudinal directions and parametric uncertainties 
caused by moving liquid cargo affect the overall dynamics 
of the vehicle [3]. For that reason, it is essential to 

eliminate this residual liquid slosh resulting from the 
container motion. 

Nevertheless, controlling liquid slosh still faces several 
degrees of complications that need to be addressed before 
they can be used in abundance in everyday real-life 
applications.  The control issue of the liquid slosh is to 
design the controller so that the liquid tank can reach a 
desired position or track a prescribed trajectory precisely 
with minimum liquid slosh angle. In order to achieve these 
objectives, numerous studies have attempted to suppress 
the liquid slosh. Various passive methods are used to 
control slosh due to the no availability of the measurement 
of the slosh. For example, passive elements such as slosh 
absorbers and baffles are essentially used to dissipate the 
slosh energy [4]-[5]. These methods increase weight, 
construction time and complexity.  Another method in 
suppressing the liquid slosh are based on open-loop and 
closed-loop control. For instance, input shaping technique 
[6]- [7], combined input shaping and command smoothing 
[8], filtering techniques [9] and minimum time 
feedforward control [10] are used to generate a prescribed 
motion, which minimized the residual liquid slosh. These 
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methods are able to decrease the liquid slosh without using 
the feedback sensors. Regrettably, these open-loop control 
schemes are very poor in handling with any disturbances 
occurred. Instead, feedback control or closed-loop control, 
which is well known to be less sensitive to disturbances 
and parameter variations, has also been adopted for 
reducing the liquid slosh. These include active force 
control (AFC) [11], PID control [12]-[13], H control 
[14], sliding mode control [15] and Variable Gain Super-
twisting Algorithm (VGSTA) for output feedback control 
[16].  

Most of the open literatures on the liquid slosh control 
were concentrated mainly on the model-based control 
schemes. Unfortunately, it has conclusively been shown 
that the model-based control schemes are difficult to apply 
in practice and do not precisely consider the chaotic nature 
of liquid slosh and the complex fluid dynamic motion in 
the container. Thus, a model-free approach will be more 
attractive. On the other hand, a model-free Fuzzy Logic 
Controller (FLC) would provide us a promising approach 
for the liquid slosh suppression. FLC has been widely used 
because this controller is quite useful in terms of reliability 
and robustness. FLC is simple to control, low cost and the 
possibility to design without knowing the exact 
mathematical model of the system as known as model-
free. FLC system has been widely used on the various 
application such as in [17]-[20], however, for liquid slosh 
suppression are still lacking. Although FLC control 
methods are very promising for solving those system 
control problems, they require substantial computational 
power because of complex decision making processes. 
However, it is possible to take full benefits of FLC for 
liquid slosh suppression if the computational time of FLC 
is decreased. 

In this paper, the Single Input Fuzzy Logic Controller 
(SIFLC) is suggested. The SIFLC is a simplification of the 
conventional FLC (CFLC). It is succeeded by applying the 
signed distance method [21] where the input to SIFLC is 
only one variable known as “distance”. This is difference 
to the CFLC which requires an error and the derivative 
error as its inputs. The reduction in the number of inputs 
simplifies the rule table to one-dimensional, letting it to be 
a single input single output (SISO) controller. Thus, it can 
be a practical controller for liquid tank system. Two 
parallel SIFLC structures (comprise of two feedback 
loops) are considered. (1) The position error and the 
velocity of the cart position will be the inputs for the first 
SIFLC. (2) The slosh angle error and the velocity of the 
slosh angle will be the inputs to the second SIFLC. The 
objective of the design is to actuate the system to a certain 
cart position with minimal slosh angle. To prove the 
efficacy of the proposed control scheme, a liquid slosh 
model in [22] which consists of a small motor-driven 
liquid tank performing a rectilinear motion is considered. 
Then, the performance of the proposed method is assessed 
in term of level of slosh reduction and cart’s position 
tracking capability. The result obtained is compared with 
recently published articles based on hybrid model-free 
Fuzzy-PID controller with derivative filter [23]. Finally, it 

is concluded that the proposed SIFLC is yielding superior 
performance for liquid slosh suppression. 

The brief outline of this paper is as follows. In Section 
II, the liquid slosh model is described. In Section III, the 
SIFLC method is explained. Simulation results and 
discussion are presented in Section IV. Finally, some 
concluding remarks are given in Section V. 

II. Modelling of Liquid Slosh 
This section provides a brief description on the 

modelling of liquid slosh as a basis of a simulation 
environment for the development and assessment of the 
SIFLC technique. A liquid slosh model in [22] that 
performing rectilinear motion as shown in Fig. 1 is 
considered. Sloshing is represented by an equivalent 
mechanical model to provide a physical interpretation of a 
fluid free surface. Commonly used models are spring-
mass-damper and a pendulum. The representation of 
lateral sloshing by a simple pendulum has been widely 
reported in [22]. Herein, a sloshing liquid modelled by a 
simple pendulum having a slosh mass, 𝑚𝑚 and length, 𝑙𝑙 is 
considered. Pendulum angle, 𝜃𝜃 represents the slosh angle. 
The system is like a moving rigid mass coupled with a 
simple pendulum as shown in Fig. 2.  

 
The system parameters are as follows: 

 
𝑀𝑀 ∶ mass of the tank and liquid 
𝑚𝑚 ∶ mass of pendulum (slosh mass) 
𝑙𝑙 ∶ hypotenuse length of the slosh (length of pendulum) 
𝑢𝑢 : force applied for translational motion 
𝑦𝑦 : displacement of rigid tank 
𝑌𝑌 : displacement of 𝑚𝑚 in the horizontal direction 
𝑍𝑍 : displacement of 𝑚𝑚 in the vertical direction 
𝜃𝜃 : pendulum angle (slosh angle) 
𝑔𝑔 ∶ gravity 
𝑑𝑑 ∶ damping coefficient 
 

Referring to Fig. 2, 
𝑌𝑌 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃 + 𝑦𝑦                                  (1) 
𝑍𝑍 = 𝑙𝑙 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃                                   (2) 

 
The kinetic energy is 
 

𝑇𝑇 = 1
2 𝑀𝑀(�̇�𝑦)2 + 1

2 𝑚𝑚(�̇�𝑌)2 + 1
2 𝑚𝑚(�̇�𝑍)2              (3) 

 
The potential energy is  

𝑉𝑉 = −𝑚𝑚𝑔𝑔𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃                                 (4) 
 
The Lagrangian of the system is 

𝐿𝐿 = 𝑇𝑇 − 𝑉𝑉                                     (5) 
 

Then, the Euler-Lagrange equations in 𝑦𝑦 and 𝜃𝜃, which 
produce dynamic equations of the system, is given by 

 
𝑀𝑀�̈�𝑦 + 𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃�̈�𝜃 − 𝑚𝑚𝑙𝑙�̇�𝜃2𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃 = 𝑢𝑢,                  (6) 

𝑚𝑚𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃�̈�𝑦 + 𝑚𝑚𝑙𝑙2�̈�𝜃 + 𝑑𝑑�̇�𝜃 + 𝑚𝑚𝑔𝑔𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜃𝜃 = 0,                  (7) 
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Therefore, the control objective is to suppress the slosh 
angle 𝜃𝜃 in a moving tank while achieving a desired 
position 𝑦𝑦. The system parameters are depicted in Table I. 
Note that these parameters depend on the liquid fill ratio, 
tank geometry and liquid characteristics. These 
parameters have been identified using a quick-stop 
experiment as reported in [24]. 

 

 
Fig. 1. Liquid slosh motion 

 

 
Fig. 2. Slosh mass modeled by pendulum 

 
TABLE I  

PARAMETERS OF LIQUID SLOSH MODEL 
Parameter Value Unit 

𝑀𝑀 6.0 kg 
𝑚𝑚 1.32 kg 
𝑙𝑙 0.052126 m 
𝑔𝑔 9.81 𝑚𝑚𝑚𝑚−2 
𝑑𝑑 3.0490 × 10−4 𝑘𝑘𝑔𝑔𝑚𝑚2/𝑚𝑚 

 

III. Single Input Fuzzy Logic Controller 
Design 

In this section, the SIFLC for liquid slosh suppression 
of a liquid tank system is proposed. The main objective of 
this control scheme is to achieve good performance in 

input tracking of cart position with minimal slosh angle. 
FLC is a linguistic based controller that tries to imitate the 
way human thinking in solving a certain problem by 
means of rule inferences. Naturally, a FLC has two 
controlled inputs, namely error (𝑒𝑒) and the change of error 
(�̇�𝑒). Its rule table can be generated on a two-dimensional 
space of the phase-plane (𝑒𝑒, �̇�𝑒) as shown in Table II. It is 
common for the rule table to have the same output 
membership in a diagonal direction. Furthermore, each 
point on the certain diagonal lines has a magnitude that is 
relative to the distance from its main diagonal line 𝐿𝐿𝑧𝑧. This 
is known as the Toeplitz structure. The Toeplitz property 
is true for all FLC types which use the error and its 
derivative terms, namely �̇�𝑒, �̈�𝑒 … and 𝑒𝑒(𝑛𝑛−1) as input 
variables [25].  
 

TABLE II  
RULE TABLE WITH TOEPLITZ STRUCTURE 

𝑒𝑒 
�̇�𝑒 

 
PL 

 
PM 

 
PS 

 
Z 

 
NS 

 
NM 

 
NL 

NL Z NS NM NL NL NL NL 
NM PS Z NS NM NL NL NL 
NS PM PS Z NS NM NL NL 
Z PL PM PS Z NS NM NL 

PS PL PL PM PS Z NS NM 
PM PL PL PL PM PS Z NS 
PL PL PL PL PL PM PS Z 

 
By noticing the consistent patterns of the output 

memberships in Table II, there is a chance to simplify the 
table significantly. As an alternative of using two-variable 
input sets(𝑒𝑒, �̇�𝑒), it is possible to obtain the corresponding 
output, 𝑢𝑢0 using a single variable input only. The 
importance of the reduction was first realized by Choi et 
al. and is known as the signed distance method [21]. The 
method simplifies the number of inputs into a single input 
variable known as distance, 𝑑𝑑. The distance signifies the 
absolute distance magnitude of the parallel diagonal lines 
(in which the input set of 𝑒𝑒 and �̇�𝑒 lies) from the main 
diagonal line 𝐿𝐿𝑧𝑧. To derive the distance, 𝑑𝑑 variable, let 
𝑄𝑄(𝑒𝑒0, �̇�𝑒0) be an intersection point of the main diagonal line 
and the line perpendicular to it from a known operating 
point 𝑃𝑃(𝑒𝑒1, �̇�𝑒1), as illustrated in Fig. 3.  
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Fig. 3. Derivative of distance variable 
 
 
It can be seen that the main diagonal line can be 

represented as a straight line function, 
 

�̇�𝑒 + 𝜆𝜆𝑒𝑒 = 0                                      (8) 
Variable 𝜆𝜆 is the slope magnitude of the main diagonal 

line 𝐿𝐿𝑧𝑧. The distance 𝑑𝑑 from point 𝑃𝑃(𝑒𝑒1, �̇�𝑒1) to point 
𝑄𝑄(𝑒𝑒0, �̇�𝑒0), can be derived as [25]: 

 

𝑑𝑑 = �̇�𝑒 + 𝜆𝜆𝑒𝑒
√1 + 𝜆𝜆2

                                  (9) 

 
The derivation of distance input variable lead to a one-

dimensional rule table, in difference to a two-dimension 

table required by CFLC. The reduced rule table is 
presented in Table III, where 𝐿𝐿𝑁𝑁𝑁𝑁, 𝐿𝐿𝑁𝑁𝑁𝑁, 𝐿𝐿𝑁𝑁𝑁𝑁, 𝐿𝐿𝑍𝑍, 𝐿𝐿𝑃𝑃𝑁𝑁, 𝐿𝐿𝑃𝑃𝑁𝑁 
and 𝐿𝐿𝑃𝑃𝑁𝑁 are the diagonal lines of Table II. The diagonal 
lines relate to the new input of this rule table, while NL, 
NM, NS, Z, PM and PL represent the output of 
corresponding diagonal lines. As can be recognized, the 
control action of FLC is now exclusively determined by 𝑑𝑑. 
It is therefore suitable to call it the Single Input FLC 
(SIFLC). 

 The structure of SIFLC derived from the signed 
distance method can be illustrated as a block diagram in 
Fig. 4. Two system state variables  𝑒𝑒 (error) and �̇�𝑦 
(velocity) are selected as the feedback signal. The input to 
the FLC block is the distance variable 𝑑𝑑, while the output 
from FLC block is the change of control output �̇�𝑢0. The 
final output of this FLC is obtained by multiplying �̇�𝑢0 with 
the output scaling factor, denoted as 𝑟𝑟. The output 
equation can be written as:  

𝑢𝑢 = �̇�𝑢0𝑟𝑟                               (10) 
 
Accordingly, the slope magnitude, 𝜆𝜆 was set to −1 

while the output scaling factor, 𝑟𝑟 for cart position tracking 
and liquid slosh angle were deduced as 26 and -17 
respectively. The complete control structure of the 
proposed controller which consists of two parallel SIFLC 
is shown in Fig. 5. The implementation environment is 
developed within MATLAB/Simulink software for 
evaluation of performance of the control scheme. Fig. 6 
shows the simulation setup done in MATLAB/Simulink. 

 
TABLE III  

THE REDUCED RULE TABLE USING THE SIGNED DISTANCE METHOD 
𝑑𝑑 𝐿𝐿𝑁𝑁𝐿𝐿 𝐿𝐿𝑁𝑁𝑁𝑁 𝐿𝐿𝑁𝑁𝑁𝑁 𝐿𝐿𝑍𝑍 𝐿𝐿𝑃𝑃𝑁𝑁 𝐿𝐿𝑃𝑃𝑁𝑁 𝐿𝐿𝑃𝑃𝐿𝐿 

𝑢𝑢0 NL NM NS Z PS PM PL 

 
Fig. 4. SIFLC structure for liquid slosh suppression with linear control surface 
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Fig. 5. Block diagram of SIFLC structure for liquid slosh suppression 

 
Fig. 6. SIFLC in MATLAB/Simulink 

 
 

IV. Implementation and Results 
In this section, the proposed control scheme is 

implemented and tested within simulation environment of 
the liquid tank system and the corresponding results are 
presented. The performances of the control schemes are 
assessed in terms of input tracking capability and liquid 
slosh suppression in time domain. Zero initial conditions 
were considered with a step input of 0.5 meter. The 
reference of the cart position is given by 

 

𝑟𝑟(𝑡𝑡) = { 0,            0 ≤ 𝑡𝑡 ≤ 0.5𝑠𝑠,
0.5 𝑚𝑚,           0.5 < 𝑡𝑡 ≤ 10𝑠𝑠.                (11) 

 
The simulation results are considered as the system 

response under liquid tank motion control and will be used 
to evaluate the performance of the proposed control 
scheme. The response of cart position, liquid slosh angle, 
slosh rate and control inputs are depicted in Figs. 7 to 10 
for system with SIFLC and Fuzzy-PIDF. Fig. 7 shows that 

the tank settles to the desired position (0.5m) in about 2.5 
s for SIFLC while for Fuzzy-PIDF is 7.5 s. As we can see, 
the rise time for SIFLC and Fuzzy-PIDF controller is 1.5 
s and 3.5 s, respectively. It is noted that, no overshoot 
occurred for both controllers. However, a noticeable 
amount of liquid slosh occurs during the movement of the 
cart.  

Slosh is regulated nicely, as shown in Fig. 8 and Fig. 9 
for both controllers. The slosh is settles within 4 s for 
SIFLC while for Fuzzy-PIDF controller, the slosh is 
settles within 8 s. Fuzzy-PIDF has a bigger slosh with a 
maximum residual of ±0.1 radian compared to SIFLC with 
only ±0.035 radian as shown in Fig. 8. From the Fig. 9, 
SIFLC has a better slosh rate with maximum residual 
±0.22 radian/sec as compared to Fuzzy-PIDF with ±1.1 
radian/sec. Fig. 10 shows the necessary control efforts. 
The control signal overshoots for a very short period (0.5s) 
when there is a step change in the command signal. SIFLC 
has a less overshoot with 2 Newton compared to Fuzzy-
PIDF with 12.5 Newton and both control inputs are settles 
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at 4s. Hence, we can confirm that the SIFLC has a good 
potential in reducing the liquid slosh while maintaining 
the desired cart position. The time response specifications 

of cart position and maximum slosh angle is summarized 
in Table IV.

 

 
Fig. 7. Cart position response 

 

 

 
Fig. 8. Slosh angle response 

 
 

 

 
Fig. 9. Slosh rate response 

 

 

 
Fig. 10. Control input response 
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TABLE IV 
TIME RESPONSE SPECIFICATIONS OF LIQUID SLOSH SYSTEM 

Controller Settling 
Time, Ts (s) 

Rise Time, 
Tr (s) 

Percentage 
Overshoot, 
%OS (%) 

Steady State 
error 

Maximum Slosh 
angle, 𝜃𝜃 (radian) 

Maximum 
Slosh rate 
(rad/sec) 

Control input 
Overshoot (N) 

Hybrid Fuzzy-
PIDF 

7.5 3.5 0 0 0.100 1.11 12.5 

SIFLC 2.5 1.5 0 0 0.035 0.22 2.0 
 

 
V. Conclusion 

In this study, the development of SIFLC for liquid slosh 
suppression has been presented. The proposed method has 
been tested to liquid slosh model. Gains of the proposed 
controller are obtained using the heuristic method based 
on time response behavior of the system. It is noted that 
significant improvements are obtained with SIFLC 
controller compared to hybrid Fuzzy-PIDF. The 
simulation results demonstrate that the proposed control 
approach yields a minimal liquid slosh while achieving the 
desired cart position. From above analysis and discussion, 
it is assured that the proposed control technique may 
become a suitable controller for solving the liquid slosh 
problem in aforementioned industries. Nevertheless, the 
implementation of SIFLC requires a large amount of 
design effort to tune output scaling factor, 𝑟𝑟 in order to 
achieve the better performance. What is now needed is a 
study involving the optimal tuning of gains of controller 
using soft computing optimization techniques. Further 
investigation and experimentation for an online model-
free technique might be investigate using a motor-driven 
liquid slosh experimental rig. 
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