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ABSTRACT 

The control of the level of liquefied natural gas (LNG) has vital 

importance to maintain safe transportation and operation. The paper 

presents the control of the level in a storage tank using three proposed 

controllers: PD-PI, I-PD and 2DOF controllers. A proper tuning 

technique is selected to tune the controllers using a proper performance 

index. The step time response of the control system using the three 

proposed controllers is presented and compared with that using a 

conventional PID controller from previous research work. The 

comparison reveals the best controller among the three controllers  

depending on a graphical and quantitative comparison study. 

 

KEYWORDS: Liquefied natural gas (LNG), PD-PI controller, I-PD controller, 2DOF 

controller, PID controller, controller tuning. 

 

INTRODUCTION 

Natural gas is a clean source for energy and in production in many locations world wise. As a 

gas it occupies large volumes and required huge tanks to transport it to consumers or very 

expensive pipelines. The solution of this problem is to liquefy it and transfer it in tanks. For 

safety of the transportation problem the liquefied nature gas (LNG) variables: level, pressure 

and temperature has to be controlled to avoid un-safe transportation of the LNG. We start by 

taking an idea about some of the research work in this field. 
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Li, Wang and Liu (2018) outlined that an accurate detection of liquid level in LNG tanks is 

an important issue to insure safe and stable operation of LNG ships and a key parameter in 

supply and safety control systems. They used the analysis of LNG temperature under 

different pressures to calculate the liquid level and storage of LNG and providing more 

reliable basis for the calculation of energy consumption.
[1]

 He et al.(2018) presented a method 

for liquid storage monitoring in LNG tanks. They suggested by supporting the LNG tank by 

helical springs and assumed the resulting dynamic system as a SDOF vibrating system with 

very simple relationship for its natural frequency from which the storage quantity (mass) can 

be estimated through the measurement of the tank natural frequency. Using springs with 31.5 

mm length, 4.5 mm coil diameter and 4 turns provided the best results in predicting the stored 

quantity of the LNG.
[2]

 Cao, Zhang and Zou (2010) investigated the pressure control of LNG 

in an LNG carrier using a nonlinear feedback technique and a closed-loop shaping algorithm 

for both reference and disturbance inputs. They used s delayed first-order + an integrating 

model for the pressure of the LNG in the storage tank. They compared three control 

strategies: with and without nonlinear feedback and 2DOF control strategies.
[3]

 Kulor, 

Markus and Apprey (2019) investigated the control of gas-liquid cylindrical cyclone using 

MPC-PID control. They derived a 2DOF dynamic model for the level and pressure of the 

LNG inside the cyclone and provided a block diagram for the MPC-PID based control 

system. Using MATLAB, they provided the step time response for the two cyclone variables 

for reference and disturbance inputs.
[4]

 

 

Zhao, Zhang and Li (2020) introduced a new controller to control the level of a LNG carrier 

tank. They used a Gaussian function to decorate nonlinearly the output of the linear controller 

designed by a second-order closed-loop gain-shaping algorithm. They compared the 

performance of the LNG level control system using their proposed controller with controller 

without nonlinear decoration and a PID controller. They used a transfer function for the tank 

level composed of a first-order pole and an integrator with very small process gain,
[5]

 Jo, 

Bangi, Son, Kwon and Hwang (2021) proposed the use of a model predictive control (MPC) 

to regulate an LNG tank pressure. They developed a dynamic model for the LNG storage 

tank pressure and a reduced-order model for the control purpose. They applied the offset-free 

MPC controller to control the tank pressure.
[6]

 Liang, Zhang, Go, How and Li (2022) 

proposed a robust control with asymmetric barrier Lyapunov function considering predicted 

output constraints under unknown dynamics and external disturbances. They employed a 

predictor based method to deal with time delay induced by the control inputs. They verified 
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the performance of the proposed control system through simulation.
[7]

 Princewill, Ubasom 

and Chibuike (2023) reviewed works on liquefied petroleum gas (LPG) storage tanks to 

assess boil-off gas (BOG). They outlined that continuously evaporated LPG vapor causes the 

pressure inside the tank to rise due to heat entering the tank during storage and 

transportation.
[8]

 

 

LNG Storage Tank Model for Level Control 

The analysis of any control system depends on both process and controller/compensator.  The 

LNG tank used is a Da-Peng Sun liquid tank cargo number 2 manufactured in China and its 

cross-section is shown in Fig.1.
[9]

 

 

 

Figure 1: Cross-section of LNG Dapeng Sun tank No.2.
[9]

 

 

It has the following dimensions (in m).
[5,9]

 

h1 = h0 = 17.55;   h2 = 3.05    

B0 = 35.5;   B1 = 23.75;   B2 = 29.4 

Tank full capacity: 41,747 m
3
 

 

Operating pressures inside the LNG tank for gas propelled ships ranges from 0.7 to 7 bar,
[10]

 

and the maximum allowable LNG level in the tank is 95 % of the full total filling level of the 

tank.
[11]

 This means that there is a need to provide control systems to deal with the level of 

those two operating variables of the LNG tank. The present work deals with level control of 

the LNG level inside the storage tank.     

 

The dynamics of the cargo tank of the LNG transportation for its liquid level inside the tank 

is defined by a transfer function, Gp(s) relating the tank head H(s) and its input flow rate Qi(s) 

given by
[5]

:   

G(s) = 0.0025 / {s(1579.74s + 1)}          (1) 
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The transfer function in Eq.1 represents an unstable system that upon receiving a step input it 

will not reach a steady-state value. This represents a challenge for proposed controller used to 

control the LNG level inside the tank. It has to stabilize the level first and secondly to provide 

good dynamic performance through controller tuning. The unit step time response of the 

LNG level is generated using MATLAB „step‟ command,
[12]

 for the dynamic model in Eq.1 

which is shown in Fig.2. 

 

 

Figure 2: Step response tracking of the LNG level. 

 

Controlling the LNG Level Using a PD-PI Controller  

The PD-PI controller was introduced by the author in 2014 to control a number of difficult 

processes including: first-order delayed processes,
[13]

 highly oscillating second-order 

process.
[14]

 integrating plus time-delay process,
[15]

 delayed double integrating process,
[16]

 

third-order process.
[17]

 and boost-glide rocket engine.
[18]

 

 

The transfer function of the PD-PI controller, GPDPI(s) given by:
[18]

 

GPDPI(s) = [KdKpc2s
2 

+ (KdKi+Kpc1Kpc2)s+Kpc1Ki]/s      (2)  

Where:  Kpc1 = proportional gain of the PD-control mode. 

   Kd = derivative gain of the PD-control mode. 

  Kpc2 = proportional gain of the PI-control mode. 

   Ki = integral gain of the PI-control mode. 

 

The PD-PI controller has four gain parameters (Kpc1, Kd, Kpc2 and Ki) to be tuned to satisfy 

the objectives of using the controller in controlling the LNG level in the storage tank. It is 

tuned as follows:  
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- The transfer function [H(s)/R(s)] of the control system incorporating the PD-PI controller 

and the LNG tank level process is derived using the control system block diagram and Eqs.1 

and 2 and given by: 

 

H(s)/R(s) = [aKdKpc2s
2
+a(Kpc1Kpc2+KdKi)s+aKpc1Ki]/D(s)   (3) 

Where: 

D(s) = bs
3
+(1+aKdKpc2)s

2
+a(Kpc1Kpc2+KdKi)s+aKpc1Ki 

a = 0.0025 (process parameter from Eq.1) 

b = 1579.74 (process parameter from Eq.1) 

- The step command „step‟ of MATLAB is used to evaluate the step time response of the 

control system for reference input tracking.
[12]

 

- The MATLAB optimization toolbox
[19]

 is used to minimize an ISTSE performance 

index.
[20]

 

- The tuned parameters of the PD-PI controller obtained using the above procedure are as 

follows: 

Kpc1 = 0.392328,    Kd =    250.00135 

Kpc2 = 100.0033,     Ki = -0.08281      (4) 

- Using the closed-loop transfer function of the closed-loop control system in Eq.3 and the 

PD-PI controller gains in Eq.4, the reference input tracking unit step response of the LNG 

tank-level is shown in Fig.3. 

- Comments: 

 The maximum overshoot is zero. 

 The settling time is 100 s. 

 The steady-state error is zero. 

 

Controlling the LNG Level Using an I-PD Controller  

The I-PD controller was introduced by the author in 2014 to control a number of difficult 

processes including: highly oscillating second-order process
[21],[22] 

and a third-order 

process.
[23]

 The block diagram of a control system incorporating an I-PD controller and a 

controlled process is shown in Fig.4.
[23]
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Figure 3: LNG level step time response using PD-PI controller. 

 

 

Figure 4: Control system using an I-PD controller.
[23]

 

 

The transfer function of the control system using an I-PD controller for the LNG level 

process, H(s)/R(s) for reference input tracking is derived from the block diagram in Fig.4 and 

using Eq.1 of the process giving: 

H(s)/R(s) = aKpcKi/[bs
3
+(1+aKpcKd)s

2
+aKpcs+aKpcKi]   (5)  

 

A and b are the process parameters given in Eq.1 and Ki, Kpc and Kd are the I-PD controller 

gain parameters. Eq.5 is used in drawing the reference tracking step time response of the 

control system and used in the tuning of the I-PD controller. 

 

The I-PD controller is tuned using the MATLAB optimization toolbox
[19]

 and the ISTSE 

performance index.
[20]

 The tuned I-PD controller gain parameters are: 

 Ki = 0.00908;   Kpc = 479.9999;   Kd = 54.9999    (6) 
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The reference input tracking step time response of the control system using the tuned I-PD 

controller is shown in Fig.5. 

 

 

Figure 5: LNG level step time response using I-PD controller. 

 

Comments 

 The maximum overshoot is 6.9 %. 

 The settling time is 380 s. 

 The steady-state error is zero. 

 

Controlling the LNG Level Using a 2DOF Controller  

A number of structures for the 2DOF controller were introduced by the author in 2015 to 

control second order processes,
[24,25]

 green house temperature,
[26]

 and a rocket engine,
[27]

 The 

block diagram of one of the structures of the 2DOF controller is shown in Fig.6,
[24]

 The 

2DOF controller has two elements: A feedforward element of a transfer function Gc1(s) 

receiving the reference input R(s) and a feedback element of a transfer function Gc2(s) 

receiving the process output signal as shown in Fig.6. The controller has the transfer 

functions: 
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Figure 6: Structure of a 2DOF controller.
[25,28]

 

 

Gc1(s) = Kpc1 + (Ki/s)   and   Gc2(s) = Kpc1 + (Ki/s)               (7) 

Where;  Kpc1 = Proportional gain of the feedforward part. 

Ki = Integral gain of both controller elements. 

Kpc2 = Proportional gain of the feedback part. 

 

The 2DOF controller structure shown in Fig.6 has three gain parameters to be tuned to 

achieve an optimal performance for the LNG head. It is tuned as follows:  

- The transfer function [H(s)/R(s)] of the control system incorporating the 2DOF controller 

and the LNG tank level process is derived using the control system block diagram in Fig.6 

and Eqs.1 and 7 and given by: 

H(s)/R(s) = [aKpc1s+aKi] / [bs
3
+s

2
+aKpc2s+aKi]    (8) 

- The step command „step‟ of MATLAB is used to evaluate the step time response of the 

control system for reference input tracking.
[12]

 

- The MATLAB optimization toolbox.
[19]

 is used to minimize an ISTSE performance 

index.
[20]

 

- The tuned parameters of the 2DOF controller obtained using the above procedure are as 

follows: 

Kpc1 = 6.5545,    Ki =    0.54894 

Kpc2 = 956.9997       (9) 

- Using the closed-loop transfer function of the closed-loop control system in Eq.8 and the 

2DOF controller gains in Eq.9, the reference input tracking unit step response of the LNG 

tank-level is shown in Fig.7. 
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Figure 7: LNG level step time response using 2DOF controller. 

 

Comments 

 The maximum overshoot is zero. 

 The settling time is 5930 s. 

 The steady-state error is zero. 

 

Comparison with PID controller 

The effectiveness of the proposed controllers is investigated through comparison with a PID 

controller used to control the same process,
[5]

 The comparison takes two forms: graphical and 

quantitative ones as follows:   

- Graphical comparison: It was planned to compare all the step time responses of the three 

proposed controllers besides the PID controller. This was difficult because of the large 

difference in the response range. Therefore, I split the comparison to two graphs as illustrated 

in Fig.8 for PD-PI and I-PD controllers and Fig.9 for 2DOF and PID controllers. 
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Figure 8: Step response tracking with PD-PI and I-PD controllers. 

 

- Quantitative comparison: The time-based characteristics of the control system for the 

level control of the LNG in the transporting tank are quantitatively compared in Table 1 for 

reference input tracking. 

 

 

Figure 9: Step response tracking with 2DOF and PID controllers. 
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Table 1: Time-based characteristics of the LNG level control using PD-PI, I-PD, 2DOF 

and PID controllers. 

 

 

CONCLUSION 

 The objective of the paper was to investigate the use and tuning of PD-PI, I-PD and 

2DOF controllers to control a LNG level in a transportation tank. 

 The three controllers were tuned using the MATLAB optimization toolbox and the ISTSE 

performance index. 

 The PD-PI controller succeeded to eliminate the maximum overshoot of the control 

system compared with 5.3% for the PID controller. 

 The PD-PI controller succeeded to settle after 100 s compared with 16000 s for the PID 

controller. 

 The I-PD controller could not eliminate the maximum overshoot of the control system. It 

provided a maximum overshoot 30.2% more than that of the PID controller.  

 The I-PD controller succeeded to settle after 380 s compared with 16000 s for the PID 

controller. 

 The 2DOF controller succeeded to eliminate the maximum overshoot of the control 

system compared with 5.3% for the PID controller. 

 The 2DOF controller succeeded to settle after 5930 s compared with 16000 s for the PID 

controller. 

 The controlled process had a difficult dynamic model: un-stability and very large 

difference between its parameters. This made the effort to tune the proposed controllers 

very awkward. 

 The proposed PD-PI controller was the best choice recommended to control such a 

difficult dynamic process as depicted from Table 1 and Figs.8 and 9.  
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