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Abstract: This paper presents the design and implementation of integral sliding mode control (ISMC) for the main cooling systems of 

ships. A ship cooling system is critical for maintaining optimal operational temperatures and ensuring the efficiency and reliability of 

ship machinery. However, conventional PI control often struggles to minimize energy consumption while maintaining stability under 

nonlinear disturbances, whereas standard sliding mode control suffers from chattering that can damage actuators. The proposed ISMC-

based method addresses the challenges posed by system uncertainties and external disturbances, which are common in marine envi-

ronments. Through mathematical modeling and simulation, ISMC is shown to save more energy than traditional control methods. 

These results indicate that seawater pumps are efficiently operated by ISMC. This study contributes to the advancement of control 

strategies in marine engineering and offers a viable solution for optimizing ship cooling systems. 
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1. Introduction 

1.1 Research Background and Motivation 

As energy efficiency and emissions reduction have emerged as 

critical challenges in the maritime and shipbuilding industries, the 

integration of the control and operation of auxiliary ship systems has 

become increasingly influential in shaping the overall energy profile 

and reliability of ships [1][2][3][4]. In particular, the proliferation of 

electric propulsion and shipboard microgrids has made the manage-

ment of voltage quality and system stability necessary to mitigate 

rapid, short-term load fluctuations [5][6]. Consequently, it is essen-

tial to ensure sufficient safety margins through real-time control in-

terventions. 

 As shown in Figure 1, the main cooling system plays a vital role 

in ensuring the thermal safety of engines and power electronic de-

vices. This system is a multi-input single-output (MISO) system be-

cause of the combined effects of several interacting factors, including 

the operation of variable-speed seawater pumps and three-way 

valves, nonlinear heat transfer characteristics of the heat exchanger, 

temperature disturbances at seawater and freshwater inlets, and 

equivalent time delays from pipelines and sensors. Therefore, a con-

trol strategy that considers both temperature-tracking performance 

and energy consumption (seawater pump power) is required. How-

ever, traditional PI or internal model control (IMC) methods struggle 

to stably handle disturbances and uncertainties while meeting satura-

tion constraints [7]. 

Sliding mode control (SMC), a representative method in robust 

control, provides structural robustness against matched uncertainties 

and has been systematically extended to nonlinear systems through 

the fuzzy Takagi–Sugeno model [8][9][10][11]. Furthermore, theo-

retical and design frameworks that incorporate practical constraints 

such as output feedback, actuator saturation, state delays, and singu-

lar system dynamics have been developed, broadening the applica-

bility of SMC to real-world processes, plants, and transportation sys-

tems [12]. 
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Figure 1: Main cooling system 
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Recent process control studies have introduced data-driven robust 

control schemes that also combine fuzzy neural network identifica-

tion, sliding observers, and disturbance observers to dynamically es-

timate and compensate for disturbances while adaptively tuning the 

switching gains [13][14]. Such developments provide a solid foun-

dation for addressing the variations in thermal–hydraulic nonlinear 

coupling and disturbances caused by changes in navigation condi-

tions. 

The main cooling system of a ship inherently involves nonlinear-

ity and model mismatch, disturbances (e.g., seawater/freshwater 

temperature and engine load variations), time delays, and actuator 

saturation with output constraints. Therefore, the development of a 

control strategy that simultaneously achieves stable and energy-effi-

cient operations is required. 

1.2 Previous Studies and Limitations of Existing Con-

trollers 

Traditional PI and IMC-based cooling controllers frequently per-

form poorly when faced with model discrepancies or fluctuations in 

disturbances. These types of controllers often cause considerable 

overshoot during transient responses, steady-state errors, and energy 

waste due to unwarranted pump overflows. The presence of actuator 

saturation and time delays necessitates cautious tuning, which ulti-

mately reduces performance [15][16]. 

 SMC provides strong tracking performance and robustness 

against matched uncertainties; however, its discontinuous switching 

action causes chattering, which may accelerate the wear of valves or 

pump components and introduce undesirable noise and vibration. To 

mitigate these issues, smooth control methods, higher-order sliding 

surfaces, and adaptive gain-adjustment techniques have been pro-

posed. However, overestimation of the disturbance magnitude can 

still lead to unnecessary switching activities and energy waste 

[17][18]. 

The integral SMC (ISMC) approach introduces an integral term 

into the sliding surface to eliminate steady-state error and ensure 

bounded state behavior under model uncertainties [19][20]. Never-

theless, several challenges remain when these methods are applied to 

real systems. Specifically, the controller must simultaneously ad-

dress actuator saturation, variable time delays, and complex nonlin-

ear thermal-hydraulic coupling. 

To handle actuator saturation and output constraints, output-feed-

back SMC and singular value decomposition-based dimensionality 

reduction techniques have been proposed [21][22]. However, their 

experimental validation remains insufficient in complex environ-

ments such as marine cooling systems, where multiple interacting 

variables and nonlinear constraints coexist. 

For systems with time delays and singularities, stabilization meth-

ods based on vector integral sliding surfaces have also been proposed 

[23]. Although theoretically effective, few studies have experimen-

tally validated these methods in scenarios with multiple delay 

sources, such as thermal inertia, sensor delays, and pipeline transport 

delays while maintaining the system state on the sliding surface. 

Additionally, methods that smoothly approximate actuator satura-

tion and guarantee fixed-time convergence have been presented. 

However, research applying these approaches to thermo-fluid cou-

pled systems, where thermal and flow dynamics are interdependent, 

or analyzing them from an energy consumption perspective, remains 

limited [24]. Furthermore, although adaptive SMC techniques that 

ensure the stability and continuity of the sliding manifold under time-

delay conditions have been explored, further investigation is required 

to generalize them to distributed delay and multi-disturbance envi-

ronments, such as marine cooling networks. 

Consequently, an experimentally validated integrated control 

framework that simultaneously addresses the practical operational 

conditions and navigation disturbances of the main cooling system 

of a ship while achieving both temperature regulation and power re-

duction is lacking. 

1.3 Research Objective 

This research focused on creating a control framework that en-

hances the performance and energy efficiency through simulations 

utilizing real temperature disturbance data from an actual shipping 

route, shown in Figure 2.  

Figure 2: Ship navigation route 
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The proposed approach employs ISMC to eliminate steady-state 

errors and maintain stable operation within defined limits amid 

model uncertainties. It also ensures resilience against input discrep-

ancies and matched uncertainties. By integrating an integral sliding 

surface with a departure-prevention control law that accounts for re-

sponse delays and dynamic constraints, the proposed framework en-

sures both the reachability and stability of the closed-loop system. 

2. Methodology

The mathematical representation of the system includes the non-

linear dynamics of the cooling mechanism to precisely depict its per-

formance across different operating scenarios. The symbols, nota-

tion, and subscripts used in the mathematical model are listed in Ta-

ble 1. 

Table 1: Symbols, notations, and subscripts 

Symbol Description 

Variables Lumped uncertainty  
(disturbances & model error) ሺ𝒕ሻ 

𝒆, 𝒆𝟏, 𝒆𝟐 Temperature tracking errors 
𝑬ሺ𝒕ሻ Total energy consumption 
𝒇𝒎 Power-supply frequency of seawater-pump 

motor (Control Input) 
𝒍𝟑𝒗 Three-way valve stem position  

(Control Input) 
𝒎𝒔ሶ  Seawater mass flow rate 
𝒎𝒇ሶ  Freshwater flow rate supplied to the heat ex-

changer 
𝒎𝒇ଙ𝒏ሶ  Total freshwater mass flow rate 

𝒎𝒃𝒚ሶ  Bypass mass flow rate through the 3-way 
valve 

𝑷ሺ𝒕ሻ Instantaneous electric power consumption 
𝒔ሺ𝒕ሻ Sliding surface function 
𝑻𝒇 Heat exchanger freshwater outlet temperature 

𝑻𝒇
∗ Desired freshwater outlet temperature 

𝑻𝒐𝒖𝒕 Freshwater outlet temperature  
(after 3-way valve) 

𝑻𝒐𝒖𝒕
∗  Desired outlet temperature of 3-way valve 

𝑻𝒇𝒊𝒏 Freshwater inlet temperature 

𝑻𝒔𝒊𝒏 Seawater inlet temperature 

Parame-
ters 

𝑨 Heat-exchanger surface area 
𝒄𝒑𝒇 Specific heat of freshwater 

𝒄𝒑𝒔 Specific heat of seawater 

𝛜, 𝒌 Sliding mode controller gains 
𝑬 System Gain constant 

𝑲𝟑𝒗 Gain between valve-stem displacement and 
freshwater flow 

𝑲𝒔𝒑 Gain between motor rotational speed and 
pump flow rate 

𝝀, 𝝀𝟏,𝟐 Slope of sliding surface (tuning parameter) 

𝛟 Saturation limit (boundary layer thickness) 
𝒔𝒊𝒈𝒏ሺሻ Sign function 
𝒔𝒂𝒕ሺሻ Saturation function 

𝑼 Overall heat-transfer rate of heat exchanger 

Subscript Meaning 
∗ Desired / Reference 

𝟏, 𝟐 Indices for states or errors 
𝟑𝒗 Three-way valve  
𝒃𝒚 Bypass 
𝒆𝒒 Equivalent control input for Sliding Mode 

Control 
𝒊𝒏 Inlet 
𝒇 Freshwater 
𝒍 Lyapunov 

𝒎 Motor  
𝒐𝒖𝒕 Outlet  
𝒔𝒑 Supply Pump  
𝒔 Seawater  

𝒔𝒘 Switching control input for Sliding Mode Con-
trol 

2.1 Seawater Pump and Three-Way Valve 

In the initial model, it is assumed that the flow rate of the seawater 

supply pump is directly related to its rotational speed, while any time 

delays induced by piping and other components are ignored. The 

pump operates via an induction motor, and its rotational speed fluc-

tuates based on the supply frequency from the electric power source. 

Assuming that the density of seawater remains constant, the correla-

tion between the pump performance curve and motor frequency is 

derived in the following. First, the flow rate of the seawater supply is 

described by Equation (1). 

𝑚௦ሶ ሺ𝑡ሻ ൌ 𝐾௦௣𝑓௠ሺ𝑡ሻ   (1)

Furthermore, as shown in Figure 1, the amount of freshwater 

flowing from the three-way valve to the heat exchanger is di-

rectly influenced by the valve opening, which varies with the 

stem movement of the three-way valve. When the total freshwa-

ter flow to the three-way valve remains constant, the flow rate to 

the heat exchanger can be represented by Equation (2). 

𝑚௙ሶ ൌ 𝐾ଷ௩𝑙ଷ௩ሺ𝑡ሻ    (2)

Simultaneously, the rate of freshwater flowing past the heat ex-

changer is calculated by subtracting the amount supplied to the heat 

exchanger from the total freshwater flow entering the three-way 
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valve. This can be represented as Equation (3). 

𝑚௕௬ሶ ሺ𝑡ሻ ൌ 𝑚௙ప௡ሶ െ 𝐾ଷ௩𝑙ଷ௩ሺ𝑡ሻ   (3)

Next, the outlet temperature of the central cooling system is estab-

lished by combining the high-temperature freshwater flowing 

through the bypass side of the three-way valve with the cooled fresh-

water that has passed through the heat exchanger. The temperature 

variation within the three-way valve can be represented as the differ-

ence between the total thermal energy of the bypassed freshwater and 

heat-exchanged freshwater entering the valve and the thermal energy 

of the freshwater exiting the valve. This relationship can be described 

mathematically as Equation (4). 

𝑚ଷ௩𝑐௣௙
𝑑𝑇௢௨௧ሺ𝑡ሻ

𝑑𝑡
ൌ 

𝑚௕௬ሶ 𝑐௣௙𝑇௙௜௡ሺ𝑡ሻ ൅ 𝑚ሶ ௙𝑐௣௙𝑇௙ሺ𝑡ሻ െ 𝑚ሶ ௙௜௡𝑐௣௙𝑇௢௨௧ሺ𝑡ሻ 

(4)

The mathematical representation of the heat exchanger is subse-

quently formulated as two state equations. Based on the principle of 

energy conservation, the change in energy on the freshwater side cor-

responds to the difference between the energy that enters and exits 

the freshwater flow in addition to the energy conveyed to the sea-

water side via the heat exchanger. 

Similarly, the change in energy on the seawater side is related to 

the disparity between the energy entering and leaving the seawater 

flow along with the energy moved from the freshwater side via the 

heat exchanger. These connections can be represented mathemati-

cally as shown in Equations (5) and (6). 

𝑚௙𝑐௣௙
𝑑𝑇௙ሺ𝑡ሻ

𝑑𝑡
ൌ 𝑚ሶ ௙ሺ𝑡ሻ𝑐௣௙ ቀ𝑇௙௜௡ሺ𝑡ሻ െ 𝑇௙ሺ𝑡ሻቁ

െ 𝑈𝐴ሺ𝑇௙ሺ𝑡ሻ െ 𝑇௦ሺ𝑡ሻሻ 

𝑚௦𝑐௣௦
𝑑𝑇௦ሺ𝑡ሻ

𝑑𝑡
ൌ 𝑚ሶ ௦ሺ𝑡ሻ𝑐௣௦൫𝑇௦௜௡ሺ𝑡ሻ െ 𝑇௦ሺ𝑡ሻ൯

െ 𝑈𝐴ሺ𝑇௙ሺ𝑡ሻ െ 𝑇௦ሺ𝑡ሻሻ  

(5)

(6)

Assuming that the temperature distribution within the seawater is 

constant, with no changes in the internal seawater temperature, sub-

stituting Equation (1) into Equation (6) and rearranging the terms 

leads to Equation (7). 

𝑇௦ሺ𝑡ሻ ൌ
𝑓௠ሺ𝑡ሻ𝑐௣௦𝑇௦௜௡ሺ𝑡ሻ ൅ 𝑈𝐴𝑇௙ሺ𝑡ሻ

𝐾௦௣𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦ ൅ 𝑈𝐴   (7)

By substituting Equation (7) into Equation (5) and organizing 

the terms concerning the variation in freshwater temperature, the re-

sulting formula can be derived as Equation (8). 

𝑑𝑇௙ሺ𝑡ሻ

𝑑𝑡

ൌ
𝑚௙ሶ ሺ𝑡ሻ

𝑚௙
ቀ𝑇௙௜௡ሺ𝑡ሻ െ 𝑇௙ሺ𝑡ሻቁ

െ
𝑈𝐴𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦

𝑚௙𝑐௣௙൫𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦ ൅ 𝑈𝐴൯
ቀ𝑇௙ሺ𝑡ሻ െ 𝑇௦௜௡ሺ𝑡ሻቁ (8)

The rate of freshwater flow entering the heat exchanger, as defined 

in Equation (2), can be integrated into Equation (8), enabling it to 

be rearranged to create the first state equation, that is, Equation (9). 

𝑇௙ሶ ሺ𝑡ሻ ൌ
௄యೡ௟యೡሺ௧ሻ

௠೑
ቀ𝑇௙௜௡ሺ𝑡ሻ െ 𝑇௙ሺ𝑡ሻቁ െ

௎஺௄ೞ೛௙೘ሺ௧ሻ௖೛ೞ௠೑

௖೛೑൫௄ೞ೛௙೘ሺ௧ሻ௖೛ೞା௎஺൯
ቀ𝑇௙ሺ𝑡ሻ െ 𝑇௦௜௡ሺ𝑡ሻቁ (9)

By substituting Equations (2) and (3) into Equation (4) and or-

ganizing the terms according to the changes in the three-way valve 

outlet temperature, the resulting formula is the second state equation, 

which can be expressed as Equation (10). 

𝑇௢௨௧ሶ ሺ𝑡ሻ ൌ
𝑚௙ప௡ሶ
𝑚ଷ௩

ቀ𝑇௙௜௡ሺ𝑡ሻ െ  𝑇௢௨௧ሺ𝑡ሻቁ  

൅
𝐾ଷ௩ 𝑙ଷ௩ሺ𝑡ሻ

𝑚ଷ௩
  ቀ𝑇௙ሺ𝑡ሻ  െ  𝑇௙௜௡ሺ𝑡ሻቁ (10)

These two state equations describe the temperature dynamics of 

the freshwater and the mixed outlet, forming a nonlinear MISO ther-

mal system. 

To design the controller, the state-space form of Equations (9) and 

(10) can be expressed as 

𝑥ሶ ൌ 𝑓ሺ𝑥ሻ ൅ 𝑔ଵሺ𝑥ሻ𝑢ଵ ൅ 𝑔ଶሺ𝑥ሻ𝑢ଶ ൅ 𝑑ሺ𝑡ሻ (11)

where 𝑥 ൌ ൣ𝑇௙, 𝑇௢௨௧൧
்

, 𝑢ଵ denotes the seawater pump frequency in-

put, 𝑢ଶ is the three-way valve opening, and 𝑓ሺ𝑥ሻ represents the un-

controlled system dynamics. In addition, 𝑔ଵሺ𝑥ሻ and 𝑔ଶሺ𝑥ሻ are func-

tions that express the response of the system to control inputs 𝑢ଵ and 

𝑢ଶ, respectively. Finally, 𝑑ሺ𝑡ሻ represents temperature disturbances. 

This formulation enables the application of SMC theory described in 

the next section. 

2.2 Definition of the Sliding Surface 

An analysis of the state equations (Equations (9) and (10)) reveals 

that the system dynamics fluctuate based on the inputs and external 
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disturbances. Furthermore, this system is a MISO system, where the 

two control inputs consist of the power supply frequency for the sea-

water pump motor and the position of the three-way valve opening. 

Moreover, the single output is the freshwater outlet temperature from 

the three-way valve. 

To simplify the control design, the control objectives are divided 

into two components, 𝑇௙
∗ and 𝑇௢௨௧

∗ , and a control strategy is designed 

such that 𝑇௙
∗ is equal to or lower than 𝑇௢௨௧

∗ . Since the target tempera-

ture is constant and the inlet freshwater and seawater temperatures, 

which act as disturbances, do not change abruptly, the sliding surface 

𝑠ሺ𝑡ሻ is defined in terms of the temperature tracking error of the fresh-

water outlet temperature, as expressed in Equation (12). 

𝑠ሺ𝑡ሻ  ൌ  𝑒ሺ𝑡ሻ  ൅  𝜆  න 𝑒ሺ𝜏ሻ
௧

଴
𝑑𝜏, 𝑒ሺ𝑡ሻ ൌ 𝑇௢୳୲ሺ𝑡ሻ െ 𝑇௢୳୲

∗
(12)

Here, 𝜆 is a positive design parameter (𝜆 > 0) that determines the 

bandwidth of the error dynamics on the sliding surface. When the 

system state reaches the sliding manifold (i.e., 𝑠ሺ𝑡ሻ ൌ 0), the error 

dynamics are governed by the first-order differential equation 

𝑒ሶሺ𝑡ሻ ൅ 𝜆𝑒ሺ𝑡ሻ ൌ 0 . Consequently, 𝜆   dictates the exponential con-

vergence rate of the temperature tracking error to zero. The reaching 

law adopts the exponential form in Equation (13) [25], 

𝑠ሶሺ𝑡ሻ ൌ െ𝜖 sign൫𝑠ሺ𝑡ሻ൯ െ 𝑘 𝑠ሺ𝑡ሻ, 𝜖 ൐ 0,  𝑘 ൐ 0, (13)

which is standard in SMC. 

2.3 Controller 

2.3.1 Control Input for the Three-Way Valve 

The control input is decomposed into an equivalent part and a 

switching part as follows: 

𝑢ሺ𝑡ሻ ൌ  𝑢௘௤ሺ𝑡ሻ ൅  𝑢௦௪ሺ𝑡ሻ. (14)

Differentiating the sliding surface based on Equation (12) gives 

𝑠ሶଵሺ𝑡ሻ ൌ 𝑇ሶoutሺ𝑡ሻ ൅ 𝜆ଵሺ𝑇outሺ𝑡ሻ െ 𝑇out
* ሻ ൌ 0. (15)

By setting 𝑇outሺ𝑡ሻ ൌ 𝑇out
*  in Equation (10) and substituting 

𝑇ሶ
outሺ𝑡ሻinto Equation (15), we solve for the equivalent input (valve 

stem position) as Equation (16). 

𝑙ଷ௩
௘௤ሺ𝑡ሻ ൌ

1

𝐾ଷ௩ ቀ𝑇௙ሺ𝑡ሻ െ 𝑇௙୧୬ሺ𝑡ሻቁ
𝑚ሶ ௙୧୬ ቀ𝑇outሺ𝑡ሻ െ 𝑇௙୧୬ሺ𝑡ሻቁ

െ
𝑚ଷ௩

𝜆ଵ
൫𝑇outሺ𝑡ሻ െ 𝑇out

* ൯ (16)

Using Equation (10) together with Equation (13), the reaching 

(switching) component for the three-way valve becomes Equation 

(17). 

𝑙ଷ௩
௦௪ሺ𝑡ሻ ൌ െ

𝑚ଷ௩

𝐾ଷ௩ ቀ𝑇௙ሺ𝑡ሻ െ 𝑇௙୧୬ሺ𝑡ሻቁ
ሺ𝜀ଵ 𝑠𝑖𝑔𝑛ሺ𝑠ሺ𝑡ሻሻ

൅ 𝑘ଵ𝑠ሺ𝑡ሻሻ (17)

To assess stability under parameter mismatch or unmodeled dy-

namics, let the lumped uncertainty be Δሺ𝑡ሻ. Then, the reaching dy-

namics are expressed as Equation (18). 

𝑠ሶଵሺ𝑡ሻ ൌ െ𝜀ଵ 𝑠𝑖𝑔𝑛ሺ𝑠ଵሺ𝑡ሻሻ െ 𝑘ଵ𝑠ଵሺ𝑡ሻ ൅ 𝛥ሺ𝑡ሻ (18)

Given the Lyapunov candidate 𝑉ℓሺ𝑠ଵሻ ൌ
ଵ

ଶ
𝑠ଵ

ଶ , its derivative is 

Equation (19). 

𝑉ሶℓ ൌ 𝑠ଵ𝑠ଵሶ ൌ െ𝑘ଵ𝑠ଵ
ଶ െ 𝜀ଵ ∣ 𝑠ଵ ∣ ൅𝑠ଵΔሺ𝑡ሻ (19)

Hence, if 𝜀ଵ ൐ sup ∣ Δሺ𝑡ሻ ∣, then 𝑉ሶℓ ൏ 0for 𝑠ଵ ് 0, guarantee-

ing global asymptotic convergence to the sliding manifold. 

2.3.2 Motor Supply Frequency Input for the Seawater Pump 

The supply frequency channel adopts the same structure as that in 

Equation (14), with the sliding surface defined as in Equation (20). 

𝑠ሶଶ ൌ 𝑒ሶଶ ൅ 𝜆ଶ𝑒ଶ ൌ 𝑇ሶ௙ ൅ 𝜆ଶሺ𝑇௙ െ 𝑇௙
*ሻ ൌ 0 (20)

On the sliding manifold, the equivalent motor frequency is the 

value that makes 𝑇ሶ௙ ൌ 0. Setting 𝑇ሶ௙ ൌ 0 in Equation (9) and solving 

for 𝑓௠ሺ𝑡ሻ obtains Equation (21). 

𝑓௠
௘௤ሺ𝑡ሻ

ൌ
1

𝐾௦௣𝑐௣௦

𝑈𝐴ሺ𝑇௙
* െ 𝑇௦inሺ𝑡ሻሻ െ 𝐾ଷ௩𝑙ଷ௩ሺ𝑡ሻ𝑐௣௙ሺ𝑇௙inሺ𝑡ሻ െ 𝑇௙

*ሻ

𝑈𝐴 ൅ 𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦
 (21)

𝑓௠
௘௤ሺ𝑡ሻ ൌ

1
𝐾௦௣𝑐௣௦

𝑈𝐴ሺ𝑇௙
* െ 𝑇௦inሺ𝑡ሻሻ െ 𝐾ଷ௩𝑙ଷ௩ሺ𝑡ሻ𝑐௣௙ሺ𝑇௙inሺ𝑡ሻ െ 𝑇௙

*ሻ

𝑈𝐴 ൅ 𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦
(21)
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By substituting Equation (9) into the time derivative of sliding 

surface 𝑠ሶଶ and applying the partial derivative with respect to 𝑓௠ in 

Equation (21), we obtain the sensitivity function 𝐺ሺ𝑓௠ሻ as shown 

in Equation (22). 

𝐺ሺ𝑓௠ሻ ൌ
∂𝑠ሶଶ
∂𝑓௠

ൌ
𝜕𝑇ሶ௙
𝜕𝑓௠

ൌ
𝑈𝐴 𝐾௦௣𝑐௣௦

𝑚௙𝑐௣௙  ሺ𝐾௦௣𝑓௠𝑐௣௦ ൅ 𝑈𝐴ሻଶ ሺ𝑇௦୧୬

െ 𝑇௙ሻ (22)

Using the exponential reaching law 

𝑠ሶଶሺ𝑡ሻ ൌ െ𝜀ଶ 𝑠𝑖𝑔𝑛ሺ𝑠ଶሺ𝑡ሻሻ െ 𝑘ଶ𝑠ଶሺ𝑡ሻ, 𝜀ଶ ൐ 0,  𝑘ଶ ൐ 0 (23)

and a first-order approximation 𝑠ሶଶ ൎ 𝐺ሺ𝑓௠ሻ 𝑓௠
௦௪ , the switching 

component for the motor frequency becomes Equation (24). 

𝑓௠
௦௪ሺ𝑡ሻ

ൌ െ 
𝑚௙𝑐௣௙ ሺ𝐾௦௣𝑓௠ሺ𝑡ሻ𝑐௣௦ ൅ 𝑈𝐴ሻଶ

𝑈𝐴 𝐾௦௣𝑐௣௦ ሺ𝑇௦୧୬ሺ𝑡ሻ െ 𝑇௙ሺ𝑡ሻሻ
ሺ𝜀ଶ 𝑠𝑖𝑔𝑛ሺ𝑠ଶሺ𝑡ሻሻ

൅ 𝑘ଶ𝑠ଶሺ𝑡ሻሻ (24)

To prevent chattering in the switching input of the power fre-

quency of the seawater supply pump, the discontinuous sign function 

in Equation (24) is replaced with a continuous saturation function, 

as expressed in Equation (25), thereby smoothly approximating the 

switching region. 

sgnሺ𝑠ሻ ൌ ൞ 

െ1,      𝑠 ൏  െ𝛷

  
𝑠
𝛷

,     |𝑠|  ൑     𝛷 

൅1,        𝑠 ൐    𝛷 (25)

With Lyapunov function 𝑉ℓ ൌ
ଵ

ଶ
𝑠ଶ

ଶ, we have 

𝑉ሶℓ ൌ െ𝑘ଶ𝑠ଶ
ଶ െ 𝜀ଶ ∣ 𝑠ଶ ∣ ൅𝑠ଶ Δሺ𝑡ሻ, (26)

where Δሺ𝑡ሻrepresents modeling errors or disturbances. Thus, if 𝜀ଶ ൐

sup ∣ Δሺ𝑡ሻ ∣, then 𝑉ሶℓ ൏ 0, and the state reaches the sliding manifold 

and remains there. The final frequency command to the seawater-

pump drive is the sum 

𝑓௠ሺ𝑡ሻ ൌ 𝑓௠
௘௤ሺ𝑡ሻ ൅ 𝑓௠

௦௪ሺ𝑡ሻ. (27)

Consequently, 𝑓௠ is determined based on the inlet freshwater tem-

perature, inlet seawater temperature, and three-way valve opening.  

3. Simulation

3.1 Model 

The simulation model was implemented in MATLAB/Simulink, 

as shown in Figure 3, which replicates the main cooling system of 

an actual ship. The model configuration follows the practical layout 

described in [26]. 

The setup includes two heat exchangers, a three-way valve, and a 

pair of seawater supply pumps. Each pump and heat exchanger can 

manage 50% of the designated load, allowing both units to function 

simultaneously. The speeds of both seawater-supply pumps is regu-

lated using a single controller. Figure 4 shows the variable-speed mo-

tor drive incorporated in the model. While the actual ship utilizes in-

duction motors for the seawater supply pumps, a DC power supply 

library block was implemented to facilitate electrical power calcula-

tions. 

Figure 3: Simulink simulation model. S.W.: seawater; F.W.: freshwater 
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Figure 4: Seawater supply pump motor driver part 

The connections between the motor speed, current usage, and 

torque were defined using the data sheet of the 45 kW, 4-pole, 60 

Hz seawater-pump motor from the modeled vessel.  

Consequently, the parameters in the Motor & Drive (System 

Level) blocks shown in Figure 4 were configured as reported in 

Table 2, and the minimum supply frequency was set to 30 Hz, in 

alignment with the reference vessel.  

Because the supply voltage in the model is DC, the instantaneous 

electrical power and total consumed energy are calculated using 

Equations (28) and (29), respectively. 

𝑃ሺ𝑡ሻ ൌ 𝑉ሺ𝑡ሻ𝐼ሺ𝑡ሻ (28)

Table 2: Parameter settings of the motor and drive model 

Parameter Value Unit 

Continuous opera-

tion maximum 

torque envelope 

242.22, 242.22, 242.22, 

242.22, 242.22, 120.00, 0 
N ∙ m 

Corresponding rota-

tional speed 

0, 900, 1260, 1530, 1710, 

1775, 1800 
rpm 

Torque control time 

constant 
0.02 s 

Motor and driver 

overall efficiency 
93.6 % 

Speed at which effi-

ciency measured 
1775 rpm 

Torque at which ef-

ficiency measured 
242.22 N ∙ m 

Iron losses  1 kW 

Fixed losses 0.8 kW 

Rotor inertia 0.546 kg ∙ mଶ 

Rotor damping 0.02 N ∙ m ∙ s/rad

Table 3: Parameter settings of the heat exchanger model 

Parameter Value Unit 

Wall thermal resistance 2.53✕10-7 K/W 

Wall mass 407 kg 

Wall specific heat 523 J/K ∙ kg 

Minimum free-flow area 6.38✕10-2 mଶ 

Hydraulic diameter for pres-
sure loss 

6.92✕10-3 m 

Thermal liquid volume 0.1355 mଷ 

Heat transfer surface area 90.4 mଶ 

Liquid-wall heat transfer co-
efficient 

1.4✕104 W/mଶ ∙ K 

Fouling factor 1.06✕10-5 mଶ ∙ K/W 

𝐸ሺ𝑡ሻ ൌ න 𝑃ሺ𝜏ሻ
௧

଴
𝑑𝜏 (29)

The heat exchanger was modeled based on the manufacturer’s 

data sheets using the Heat Exchanger (Thermal Liquid–Thermal 

Liquid) block in Simulink. Its parameter settings are listed in Ta-

ble 3. 

3.2 Simulation Conditions and Controller Parameters 

The simulation utilized the system model illustrated in Figure 3, 

which was executed in MATLAB/Simulink 2025a. The overall du-

ration of the simulation was 48 h, representing the equivalent ship 

operation time. The primary goal of the cooling system control was 

to sustain a steady freshwater outlet temperature of 36 °C. 

The freshwater and seawater inlet temperatures, acting as disturb-

ances, were varied according to the real ship operational data, as 

shown in Figure 5. In this study, rather than changing the reference 

temperature, these two inlet temperatures were used as 

Figure 5: Operational data of freshwater (F.W.) and seawater 

(S.W.) inlet temperatures 
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Table 4: Parameters of PI-PI controller 

Controller 𝑲𝑷 𝑲𝑰 

S.W. supply pump -548.8 -6.1 
3-way valve -13.1 -0.1 

Table 5: Parameter values for SMC 

Parameter Value Unit 

𝑈 16670 W/mଶ ∙ K 

𝐴 180.8 mଶ 

𝑐௣௙ 4180 J/kg ∙ K 

𝑐௣௦ 3990 J/kg ∙ K 

𝐾௦௣ 3.8 kg/s ∙ Hz 

𝐾ଷ௩ 0.553 kg/s ∙ mm 

𝑚ଷ௩ 10 kg 

𝑚ሶ ௙௜௡ 110.66 kg/s 

𝑇௢௨௧
∗  36 ℃ 

𝑇௙
∗ 36 ℃ 

time-varying disturbance inputs to evaluate the robustness of the 

controller under realistic operating conditions. 

Two controller types were applied and compared under iden-

tical environmental conditions. First, a PI–PI controller was de-

signed using the IMC tuning method to ensure simple implemen-

tation and stable response characteristics. Second, an ISMC was 

developed based on the mathematical model derived in Section 2 

with the aim of enhancing robustness against parameter uncer-

tainties and external disturbances. 

The performance comparison of these two controllers focused 

on three key aspects. First, the freshwater outlet temperature re-

sponse was examined to evaluate control accuracy and stability. 

Second, the rotational speed and corresponding power consump-

tion of the seawater-supply pump motor were analyzed to assess 

energy efficiency. Finally, the stem displacement of the three-

way valve was monitored to evaluate the actuator effort and me-

chanical stability of the system. 

The PI–PI controller was tuned according to the IMC method 

proposed by Jeon and Jung [26]. The gains listed in Table 4 were 

selected to achieve a stable closed-loop response without exces-

sive overshoot while ensuring sufficiently fast recovery from 

load disturbances. 

The ISMC parameters are listed in Table 5. The values of the heat 

transfer coefficients, heat exchanger area, fluid properties, and mass 

flow rates were determined using the manufacturer’s data sheets and  

the design specifications of the modeled vessel. 

4. Simulation Result

Figure 6 shows the changes in the temperature of the freshwater 

outlet, along with the fluctuations related to the freshwater and sea-

water inlet temperatures. At the beginning of the simulation, the 

freshwater inlet temperature was roughly 38 °C, and after approxi-

mately 16 h, it surpassed 40 °C, ultimately reaching 43 °C. The sea-

water inlet temperature began at approximately 24 °C and steadily 

increased to approximately 30 °C after 18 h of operation. This move-

ment aligns with the transition of the vessel from latitudes greater 

than 30° N to less than 25° N, as indicated by the navigation route 

shown in Figure 2.  

The temperature of the freshwater outlet was maintained at 36 °C 

using both the traditional PI–PI controller and the ISMC. A slight rise 

followed by a drop in the outlet temperature can be observed around 

the 32-h and 40-h marks. This pattern occurs because, as illustrated 

in Figure 7, the seawater pump motor achieved its peak speed during 

these times, and Figure 8 indicates that the three-way valve was fully 

extended (200 mm). As a result, the heat exchanger functioned at its 

maximum capacity and reached its thermal transfer threshold.  

Figure 7: RPM of the seawater supply pump motor 

Figure 6: Controlled freshwater outlet temperature 



Integral sliding mode control for ship main cooling systems 

Journal of Advanced Marine Engineering and Technology, Vol. 49, No. 6, 2025. 12        533 

Figure 9 illustrates the electrical power usage of the seawater-

pump motor under both control strategies. When ISMC was used, 

the pump commenced operation at its lowest rotational speed, and as 

the thermal load on the heat exchanger increased from 16 h to 24 h, 

the opening of the three-way valve increased proportionately. After 

24 h, the rotational speed of the seawater pump began to elevate, re-

sulting in an increase in power consumption, as depicted in Figure 9. 

In contrast, when the PI–PI controller was used, the seawater-

pump motor ran at approximately 1400 rpm from 0 h to 14 h, using 

nearly 40 kW, and then functioned close to its peak speed, drawing 

approximately 80 kW. The overall electric energy usage of the sea-

water-pump motor was calculated using Equation (31) for the entire 

48-h duration of the simulation. 

The findings indicate that the overall energy usage with the pro-

posed ISMC was 1103.2 kWh, and that of the PI–PI controller is 

3194.9 kWh. Consequently, ISMC attained an energy-saving benefit 

of roughly 65% (equating to a decrease of 2091.7 kWh) relative to 

standard control, all while keeping the outlet temperature consist-

ently at 36 °C. These findings indicate that ISMC has the ability to 

reliably manage temperature and increase energy efficiency by ad-

justing the pump speed and valve position in response to fluctuating 

thermal loads, even when faced with real-world ship navigation chal-

lenges. 

5. Discussion and Conclusion

In this study, an ISMC model was implemented for the main cool-

ing system of a ship to address the shortcomings of the traditional 

IMC-based PI-PI controller and to enhance both temperature stabil-

ity and energy efficiency. The designed controller considers the non-

linear heat-transfer properties of the heat exchanger, the temperature 

fluctuations of seawater and freshwater, and the actuator saturation 

limits for both the pump and valve. To minimize chattering due to 

abrupt switching, a saturation function was utilized instead of a sign 

function, facilitating smoother control transitions. The simulation re-

sults indicate that the load on the seawater pump was reduced, and 

over a period of 48 h, the overall power consumption dropped from 

3194.9 kWh (PI–PI control) to 1103.2 kWh, which is a 65% de-

crease. This illustrates that the proposed ISMC can concurrently 

achieve temperature-control stability and energy savings within a 

marine cooling system. The enhancements in performance are at-

tributed to the incorporation of an integral term in the sliding surface, 

which removes steady-state deviations resulting from model discrep-

ancies or disturbances, as well as the application of a saturation func-

tion that alleviates discontinuities in the control input. Moreover, by 

coordinating the pump frequency and the opening of the three-way 

valve, the system operates close to the optimal point for energy-effi-

cient performance.  

Nevertheless, this study has several limitations. The proposed con-

troller was primarily validated through simulations based on 

MATLAB/Simulink; although actual operational data were used in 

the simulation, there was no real-ship validation. Additionally, be-

cause the parameters employed in the simulation were tailored to a 

specific ship’s cooling system setup, their applicability to different 

vessel types and operational scenarios has not been evaluated. Fur-

thermore, the applied disturbances were primarily based on route-

specific temperature changes, thus necessitating further validation 

under various simultaneous disturbances and load variations. Future 

research will concentrate on overcoming these limitations via hard-

ware-in-the-loop experiments and data-driven parameter-estimation 

methods, allowing adaptable compensation for system uncertainties. 

The proposed ISMC framework will also be broadened to an inte-

grated optimal control design that merges the energy management 

systems of ship microgrids with propulsion and auxiliary systems. In 

summary, this study demonstrated the effectiveness of ISMC for a 

ship’s main cooling system, which achieved both resilient temperature 

Figure 8: Stem stroke of the three-way valve 

Figure 9: Electric power consumption of the seawater supply 

pump motor 
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tracking and substantial energy savings under realistic conditions. 

Although the validation is confined to a single ship model, the find-

ings imply that the proposed method offers a promising basis for the 

advancement of digital twin-based marine energy management sys-

tems in future intelligent vessels. 
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