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Abstract: The power unit generates heat during the operation of a ship, and excessive temperature
may cause damage to equipment. Therefore, it is necessary to design a cooling system for the multi-
working conditions and variable working conditions of a ship to reduce the adverse effects of high
temperatures. The traditional pipeline heat exchanger is inefficient, resulting in a serious waste of
resources. In this work, under the background of energy conservation and emission reduction, a new
type of cooling system is designed. Using a jet condenser with direct mixing of hot and cold fluids,
the technology of frequency conversion regulation is used to optimize the energy conservation of
the ship’s cooling system. By adjusting the frequency of the circulating water pump and using the
PID algorithm to control the flow of cooling water, the temperature of the condensate outlet can be
controlled under variable operating conditions, achieving the goal of maintaining the temperature
within a certain range. Because of the complex structure and controlled process of the cooling water
system, which has the characteristics of non-linearity and hysteresis, PID control has some limitations.
Based on this, the BP neural network is used to adjust and tune the parameters of PID control, thus
optimizing the control speed and achieving accuracy in the new cooling system.

Keywords: jet condenser; frequency conversion regulation; variable working conditions; PID control;
BP neural network

1. Introduction

A ship’s cooling system is an important part of its stable operation. With the ongoing
development of the ship industry, cooling systems of ships also need to be continuously
optimized. The control method of the cooling system needs to be designed from the
perspective of economy, safety, energy conservation, and emission reduction.

The central cooling water system of a ship is composed of two circuits—a low temper-
ature cooling circuit and high temperature cooling circuit. The low-temperature circuit is
partially cooled by heat exchange between seawater and low-temperature fresh water to
achieve the purpose of cooling circulating water. The high-temperature circuit part achieves
cooling of high-temperature steam through heat exchange between high-temperature and
low-temperature fresh water [1,2]. At present, research on ship cooling water is mostly
based on the central cooling water system, and optimization and development are carried
out on this basis, as follows:

(1) Sea water will not make direct contact the heat exchange equipment and cooler, which
will greatly reduce the risk of corrosion by sea water and improve the safety of marine
power equipment.

(2) The whole system is divided into two cooling circuits, which reduces the influence of
external factors on the temperature of the main engine and improves the temperature
stability of the high-temperature cooling circuit [1,3].

In recent years, with the continuous development and maturity of frequency conver-
sion technology, frequency conversion control has been widely used in ship cooling water
systems.
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Shanghai Maritime University carried out frequency conversion control on the sea-
water pump of a ship, and established its mathematical model through the operating
characteristic curve of the seawater pump. The central cooling water system was modeled
and simulated, and the mathematical relationship between inlet and outlet temperature
difference and heat load was obtained, which verified the feasibility and economy of
frequency conversion control [4].

Gerasimos Theotokatos of the UK analyzed the energy-saving effect of a ship cooling
water system with frequency conversion control under different loads by calculating the
pipeline loss and pump consumption of sea water, as well as low-temperature and high-
temperature fresh water systems [5].

Because of the complexity of the marine diesel engine cooling water system, the
parameters of the temperature controller designed by the PID algorithm are difficult to
adjust and the control effect is not very good, so the combination of artificial intelligence
and PID has become a new research hotspot [6].

Du Yuheng of Dalian Maritime University and others put forward the method of
“fuzzy control of cooling water temperature of marine diesel engine”, which combines
fuzzy control with PI, PD, or PID control to control the cooling water temperature [7].

T.K. Teng and others used the combination of a genetic algorithm and PID to auto-
matically select the best PID parameters for each generation by breeding, crossing, and
mutation, and conducted online PID tuning [8].

Traditional condensers use pipes for heat exchange, but the heat exchange efficiency
is not high. Therefore, there have been many applications and studies on the water
atomization technology of steam water direct mixing heat exchangers, both domestically
and internationally [9].

Harbin Turbine Works conducted water spray experiments on the film-forming ef-
fect of spray nozzles with different diameters of jet condensers under different pressure
differentials, and compared them with the same type of spray nozzles abroad [10].

At present, the temperature control mode of the cooling water system of the real ship
is still dominated by conventional PID control, and the controller parameters are adjusted
by experience. However, the control effect is not very good when the working condition
changes during ship navigation, which requires a long adjustment transition time or a
large overshoot [11]. The new cooling system uses the technology of a jet condenser and
variable frequency regulation to carry out systematic energy-saving optimization for the
ship cooling system, and controls the sea water flow and cooling water flow through the
combination of PID and artificial intelligence algorithms in order to achieve the control
goal that the temperature can be adjusted quickly and maintained within a certain range.

The remaining sections are organized as follows: the model design of the new cooling
system is introduced in Section 2. In Section 3, we introduce the design of the control
algorithm. The simulation in Section 4 verifies the feasibility of the results. The conclusion
and future research plans are presented in Section 5.

2. Cooling System Design

The low power consumption of the new cooling system is mainly reflected through
two aspects: the use of jet condenser for the condensation process and the use of variable
frequency regulation to control the condensation circulating pump.

2.1. Introduction to the Principle of Jet Condenser

The difference between the jet condenser and the traditional shell-and-tube heat
exchanger is that the heat exchange in the shell-and-tube heat exchanger is carried out
through the heat exchange tube wall, while the jet condenser is directly mixed with cold
and hot fluids for heat exchange, and its schematic diagram is shown in Figure 1. The
circulating cooling water flows into the water chamber at a certain height difference, and
forms a large water film after being sprayed by the nozzle. The water film makes direct
contact with the steam for heat exchange [10].
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Figure 1. Schematic diagram of the jet condenser.

The application of an atomizing nozzle can form a large enough steam−water contact
surface area, so that the cooling water and the steam entering the condenser are fully mixed
for heat exchange, the steam is rapidly condensed, and the cooling water is heated. This
condensing device avoids the steam latent heat being taken away by the circulating cooling
water in the conventional heat exchange process, greatly reduces the fuel consumption, and
has an obvious energy-saving effect [12]. At the same time, because of the direct contact
and continuous condensation of the cooling water film ejected from the nozzle of the jet
condenser, there was no heat transfer end difference caused by the heat transfer of the
cooling pipe during the heat exchange process, and the theoretical end difference was only
related to the amount of non-condensable steam entering the condenser, namely, the air
volume [13].

2.2. Introduction to Ship Operating Conditions

For the overall ship cooling system, the steam generator simulated different operating
conditions based on different inputs and provided the corresponding steam flow rate to the
hybrid condenser. The corresponding steam flow rates for the four operating conditions
were 2 t/h, 1.5 t/h, 1 t/h, and 0.5 t/h, respectively. The steam flow rate corresponding
to condition one was 2 t/h, condition two was 1.5 t/h, condition three was 1 t/h, and
condition four was 0.5 t/h.

In the overall modeling process of the cooling system, the above four operating condi-
tions were designed, and based on this, changes in operating conditions were simulated,
and the temperature of the condensate outlet under variable operating conditions was
controlled.

2.3. Overall Design of the Low Power Consumption New Cooling System

The ship cooling system simulated different working conditions based on different
inputs. When the working conditions changed, the input steam was condensed through
a hybrid condenser, and the output condensate water outlet temperature was 60 ◦C. The
condensate at the outlet was cooled by the cooling tower, and 35 ◦C normal temperature
water was obtained as the cooling water for circulation. According to the opening of the
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control valve and the frequency of the condensate circulating pump, the cooling water
entering the condenser to participate in the condensation process was adjusted. The overall
flow model of the new condenser is shown in Figure 2. The arrows in the figure represent
the direction of flow of high-temperature steam and circulating water in the cooling system.
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Figure 2. Overall flow model diagram of the new condenser.

3. System Modeling
3.1. Jet Condenser Modeling

As the main condensing equipment in the condensing system, the jet condenser is
responsible for the condensation of saturated water vapor generated in the steam generator,
converting it into fresh water. Part of the condensed fresh water returns to the steam
generator, and the other part enters the cooling tower for cooling. There are four water
chambers in the jet condenser, and the flow of each water chamber can be controlled
separately by the valve. In order to simplify the calculation, the following assumptions are
made:

The water film is continuous;
The air content in the condenser is certain;
The heat transfer coefficient K is known;
The corresponding saturation temperature under saturated steam can be obtained by

referring to the corresponding relationship table, and part of the data are extracted to draw
Figure 3.
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After investigating and reading the literature, the mathematical model of jet condenser
used in this paper mainly includes the following formulas: first, the heat calculation
formula [12,14–17].

q = K1F1∆tm = Gwcpw(t2 − t1)/3.6 (1)

∆tm = (t2 − t1)/ln
(

tsat − t1

tsat − t2

)
(2)

q—heat exchange between water film and steam of each nozzle, KJ/s;
K1—water film heat transfer coefficient, W/m2·◦C;
F1—water film heat transfer area of nozzle, m2;
Gw—nozzle flow, t/h;
cpw—specific heat capacity of water at constant pressure, KJ/kg·◦C;
t1—temperature at the beginning of water film, ◦C;
t2—water film terminal temperature, ◦C;
∆tm—logarithmic mean temperature difference, ◦C;
tsat—steam saturation temperature at corresponding pressure, ◦C.
According to Formulas (1) and (2), the heat transfer coefficient K1 can be determined

according to the experimental data provided,

t2 = tsat −
(tsat − t1)

eK1F1/Gwcpw/3.6 (3)

t2 can be obtained from (3), and the heat transfer q can be obtained by substituting it
into Equation (1). According to the heat transfer, the condensed steam volume ∆Gs (kg/h)
can be calculated as follows,

∆Gs = q/r (4)

In the formula, r is the latent heat of vaporization of saturated water, KJ/kg;
Using the obtained flow rate of the nozzle, condensed steam volume, water film termi-

nal temperature, and steam saturation temperature under corresponding pressure, the con-
densate outlet temperature t0 of the condenser can be obtained from the
following formula,

t0 =
∆Gs·tsat + Gw·t2

∆Gs + Gw
(5)

Referring to the thermal calculation formula in the jet condenser and taking into
account other factors in the condenser, the established Simulink simulation model of the
jet condenser has seven input ends, namely, the opening of water chamber 1 valve, the
opening of water chamber 2 valve, the opening of water chamber 3 valve, the opening of
water chamber 4 valve, the total flow of cooling water, the initial temperature of water
film, and the steam flow, and the output end is the generated flow and the condensate
temperature. The established Simulink simulation model is shown in Figure 4.
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3.2. Circulating Water Pump Modeling

The circulating water pump used in the pipeline is generally a single-stage centrifugal
pump, which is a vane pump. It increases the energy of the liquid through the high-speed
rotating impeller.

The main performance parameters of the centrifugal pump are head H and flow
QG. The pump characteristic curve composed of these two parameters is called the Q−H
curve [18].

The actual Q−H curve is provided by the manufacturer or the data are fitted by
the experiment.

In practical engineering, there is an empirical formula for the flow of pipeline
water pump

Qm =
Pη

2.37H
(6)

In the formula, P—pump shaft power, W;
η—pump efficiency;
H—head of water pump, m.
The Simulink simulation model of the circulating water pump is established according

to the commonly used formula of the pump flow and head. The module model has
three inputs, namely “rated head (m)”, “variable frequency regulation coefficient”, and
“extracted cooling water volume (t/h)”. The third input variable is the pumping function
of the circulating water pump, which can be temporarily ignored during the simulation of
the sub-module. The output of the model is “output flow (t/h)”. The Simulink simulation
package model of the circulating water pump is shown in Figure 5.
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3.3. Steam Generator Modeling

The function of the steam generator is to generate saturated water vapor and send
it to the jet condenser for condensation. In this circulating cooling system, there are four
stable conditions for the steam generator, and the corresponding steam flow rates under
the four conditions were 2 t/h, 1.5 t/h, 1 t/h, and 0.5 t/h, respectively. In the process of
Simulink modeling, it was assumed that condition 1 corresponded to a steam flow of 2 t/h,
condition 2 corresponded to a steam flow of 1.5 t/h, and so on. The Simulink simulation
package model of the steam generator is shown in Figure 6.
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3.4. Cooling Tower Modeling

In this condensing system, the function of the cooling tower is to provide sea water at
a normal temperature, and the temperature of the cooling water at a normal temperature
required in this condensing system was 35 ◦C. The inlet of the cooling tower was connected
to the outlet of the hybrid condenser, and it was cooled to a specified temperature of
35 ◦C. The flow into the cooling tower was consistent with the output flow, and both were
equal. When establishing the cooling tower model, the input variables were “inlet water
flow t/h” and “inlet water temperature ◦C”, and the two outputs were “outlet water flow”
and “outlet water temperature ◦C”. The Simulink simulation package model of the cooling
tower is shown in Figure 7.
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3.5. Equal Percentage Valve Modeling

The valves initially proposed for the condensate system were equal percentage regu-
lating valves. The equal percentage characteristic curve of the control valve means that the
relative stroke of the equal percentage characteristic was not in a linear relationship with
the relative flow. The change in flow caused by the change in unit stroke at each point of
the stroke was proportional to the flow at this point, and the percentage of flow change
was equal [19]. So, its advantage was that when the flow rate was small, the flow rate did
not change much. When the flow rate was large, the flow rate changed greatly. That is, it
had the same adjustment accuracy at different openings.

In this paper, the characteristic curve of the flow and opening of the valve was simply
selected as the parabolic function with the opening facing upwards. The maximum flow
that the preliminarily selected valve could pass was 80 t/h, and the valve opening changed
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from 0–1. If it exceeded 1, the valve was fully open by default, and if it was lower than 0,
the valve was closed by default. The Simulink simulation package model of valve is shown
in Figure 8.
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3.6. Overall System Modeling

The overall model framework of the ship’s overall cooling system is shown in Figure 9,
and the sub-models are established and connected in Simulink according to this structural
framework.
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The input variables and output variables of the simulation model are shown in Table 1.
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Table 1. Input and output variables of the simulation model.

Input Variables Output Variables

Variable Name Variable Value Variable Name Variable Value

working condition 1, 2, 3, 4 Steam flow 2 t/h, 1.5 t/h, 1 t/h,
0.5 t/h

Steam generator
valve opening 1 Condensate outlet

temperature 60 ◦C

Valve opening of
condenser water

chamber
0~1 Outlet temperature of

cooling tower 25 ◦C

Rated head of
circulating water

pump
12.5 m

Output flow of
circulating water

pump

Change with
frequency

Circulating water
pump frequency

percentage
0.75~1

Output flow of
condensate

circulating pump

Change with
frequency

4. Control System Design
4.1. Introduction of th BP Neural Network PID Control Theory

As the PID control effect depends on its parameter setting, it is difficult to achieve the
optimal effect under several conditions by using a group of parameters for temperature
control under variable conditions, so it is necessary to optimize the PID parameters. In
order to make the PID controller adaptive, the artificial neural network was added to the
PID controller to automatically adjust the parameters of the controller, kp, ki and kd, under
the condition of the variable working conditions of the system [20].

The back-propagation learning algorithm (BP neural network) of the multilayer feed
forward network was proposed by many scholars in the 1980s. It is an algorithm applied to
a multilayer feed forward network using the gradient descent method. The model structure
is shown in Figure 10. The network is composed of an input layer, hidden layer, and output
layer, where u and y are input and output, respectively.
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A three-layer neural network was adopted. The number of neurons in the input layer
is m1, and the number of neurons in the hidden layer is m2. As the purpose of the neural
network was to adjust the PID parameters, the number of neurons in the output layer of
the neural network was set to 3, and the output was is kp, ki, kd [21].

The structure of the PID controller based on the BP neural network is shown in
Figure 11.
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4.2. Cooling System Control Scheme

In the case of variable working conditions, the ship cooling system needed to develop
different control schemes to meet the requirements of the system so as to control the
vacuum, super cooling and condensate outlet temperature within a certain range, and
to achieve the goal of energy conservation. In the case of changing working conditions,
the controlled parameter was the temperature of the condensate outlet T1, which can
ensure the normal and efficient operation of the equipment by controlling the constant
water temperature. The control quantity that could be changed included the power of the
circulating water pump and the opening of the valve. The current maximum flow and head
could be changed by changing the power of the circulating water pump; by changing the
valve opening, the flow could be further controlled under the premise of maximum flow.
Therefore, the control scheme was designed to change the control object under different
operating conditions. During the process of changing working conditions, the power of the
circulating water pump and the opening of the valve were controlled separately to achieve
the temperature control goals and to achieve energy conservation.

We took the water outlet temperature T1 at the condenser as the controlled parameter
of the internal cooling system, and the goal was to keep its temperature at 60 ◦C. Under
variable working conditions, it was assumed that the steam flow would gradually decrease
from the full working condition. At this time, the nozzle valve was kept fully open. By
reducing the power of the condensate circulating pump, the surplus flow of the pump dur-
ing operation or the surplus head were reduced, and the temperature T1 of the condensate
outlet was controlled within an error range of 60 ◦C [22]. In order to ensure the safe and
efficient operation of the variable frequency pump and to achieve sufficient outlet pressure,
its operating frequency value needed to be higher than the minimum safe frequency f0.
When the frequency of the variable frequency pump was reduced to f0, the frequency could
not be further reduced. If T1 could not reach the set value of 60 ◦C at this time, the outlet
temperature of the condensation was controlled by adjusting the opening of nozzle valve,
and the bypass valve of circulating pump was opened in parallel. When the steam flow
rate increased from low operating conditions, the opening of the nozzle valve was adjusted
first. If the target temperature could not be reached even with the valve fully open, the
power of the variable frequency pump was adjusted until the temperature stabilized to the
target value. The control scheme flow chart of the jet condenser is shown in Figure 12.
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4.3. Design of Ship Cooling Control System Based on PID Algorithm

Under four stable operating conditions, the system can ensure that the water tem-
perature at the outlet of the hybrid condenser is stable within the allowable range of a
60 ◦C error. Under condition 1, the valve was fully open and the pump was at 0.9. Under
condition 2, the valve opening was 0.8 and the pump opening was 0.75. Under condition 3,
the valve opening was 0.65 and the pump opening was 0.75. Under condition 4, the valve
opening was 0.46 and the pump opening was 0.75. Therefore, temperature control was no
longer required for the cooling system under stable operating conditions.

Under variable operating conditions, the structure of the ship’s cooling system was
complex and the accurate transfer function of the mathematical model could not be obtained.
Therefore, the condenser used Matlab Function to write two incremental PID to control the
valve and condensation circulating pump, separately.

There were six types of variable operating conditions, namely, the upward operating
conditions from operating condition 4 to operating condition 3, from operating condition
3 to operating condition 2, from operating condition 2 to operating condition 1, and the
downward operating conditions from operating condition 1 to operating condition 2, from
operating condition 2 to operating condition 3, and from operating condition 3 to operating
condition 4.

In order to study the ability of PID control to adjust the temperature of the model, two
groups of temperature curves were selected for observation when the working conditions
changed under the conditions of rising and falling. The simulation results are shown in
Figure 13. When changing from condition 1 to condition 2 under stable operating conditions,
the valve opening and circulating water pump frequency values remained under stable
operating conditions before changing, and the temperature control effect was observed
through the simulation. The simulation results are shown in Figure 13a. For the change
from condition 2 to condition 3, the simulation results are shown in Figure 13b. For the
change from condition 4 to condition 3, the simulation results are shown in Figure 13c. For
the change from condition 3 to condition 2, the simulation results are shown in Figure 13d.
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It can be seen from the simulation image that PID control can adjust the temperature to
a stable temperature of 60 ◦C under variable working conditions, which has a good control
effect on the control system, but when the working conditions of the controlled object
change, the control effect also changes. In order to achieve a better control effect under
all of the working conditions, the PID parameters needed to be continuously adjusted.
Therefore, the combination of neural network and PID control could make the temperature
regulation of the ship cooling system more ideal by using the self-learning and adaptive
ability of the neural network.

4.4. Design of Ship Cooling Control System Based on BP Neural Network

A three-layer feed forward neural network was designed, and the neural network
was used to adjust the three parameters of the PID controller in real time according to the
relationship between the number of hidden layer neurons m2 and the number of input
layer neurons m1 in the three-layer BP network [23]:

m2 = 2m1 + 1 (7)

The number of neurons in the design input layer was 2, which was the valve opening
and the frequency of the circulating water pump; the number of neurons in the hidden layer
was 5, and the number of neurons in the output layer was 6, which were the parameters of
two groups of PID control. Neural network training and simulation test verification were
carried out using the neural network fitting toolbox of the MATLAB platform [24]. We set
the training data to 70%, the verification data to 15%, and the test data to 15%. The trained
BP network was encapsulated into the BPNN module in Simulink through S-Function to
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adjust the parameters of the PID module. The simulation model of the sub-module neural
network PID controller BPNN is shown in Figure 14.
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In order to compare the temperature control effects of conventional PID and neural
network PID controllers on the cooling water system, we selected several groups of variable
operating conditions that were the same as the conventional PID simulation, and only
changed the controller under the same other conditions. Simulation experiments were
conducted and the simulation results were compared. The four groups of simulation results
are shown in Figure 15. Among them, the simulation results are shown in Figure 15a when
changing from condition 1 to condition 2. When changing from condition 2 to condition
3, the simulation results are shown in Figure 15b. When changing from condition 4 to
condition 3, the simulation results are shown in Figure 15c. When changing from condition
3 to condition 2, and the simulation results are shown in Figure 15d.

In Figure 15a, PID control could stabilize to the target temperature for about 23 s,
while BPPID control could stabilize to the target temperature for about 15 s, reducing
the stabilization time by 35%. In Figure 15b, PID control could stabilize to the target
temperature for about 10 s, while BPPID control could stabilize to the target temperature
for about 7.5 s, reducing the stabilization time by 25%. In Figure 15c, PID control can
stabilize to the target temperature for about 7 s, while BPPID control could stabilize to the
target temperature for about 4 s, reducing the stabilization time by 43%. In Figure 15a, PID
control could stabilize to the target temperature for about 8.5 s, while BPPID control could
stabilize to the target temperature for about 6 s, reducing the stabilization time by 29%.

Comparing the control effects of the two controllers under the conditions of rising and
falling, it was found that the regulation effect of the two controllers under the conditions
of high working conditions was not as good as that under the conditions of low working
conditions, and under the same conditions, the BPPID controller took less time to adjust
and stabilize to the target temperature than the conventional PID controller, and the control
effect was better.
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5. Summary

Conventional PID control has a simple structure and mature technology, which is a
common control technology in industrial engineering. However, because of the problem
of parameter adjustment, the PID controller has obvious defects in control performance
under the condition of complicated modern industrial objects. The neural network results
in the control system possessing stronger learning and adaptability. Compared with
the traditional PID algorithm control, the neural network PID control has the ability to
approximate the nonlinear function arbitrarily, thus realizing the nonlinear control. The
information in the neural network is distributed and processed in parallel, so it has a better
processing accuracy and fault tolerance. In the training process, you can find the rule
information from the sample data, which results in an adaptive ability [3]. The adaptive
self-learning of neural network technology and its ability to deal with nonlinear problems
allows the parameters of the PID controller to be adjustable and helps obtain a better
regulation quality.

The temperature control process of ship cooling water is a complex process. In this
paper, the system was appropriately simplified during the modeling process, and the
simulation results were obtained under ideal conditions. There were certain differences
between the model and the actual ship system, leading to certain errors in the simulation
results. The accuracy of the model needs to be further improved. In future research, various
parts of the model will be optimized and corrected based on the actual situation of the
ship, which can record the differences between the actual sampling samples and the default
sampling samples of the simulation system [25]. At the same time, the BP neural network
will use the measured dataset as training data to further optimize the simulation results.
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The combination of BP neural network and PID overcomes the problem that traditional
PID parameters cannot be adjusted, but it also has some defects such as being difficult to
jump out of the local minimum and a slow convergence speed [26]. With the continuous
development of intelligent control, it is possible to optimize the existing model according
to other types of intelligent control, such as genetic algorithm, fuzzy theory, particle swarm
algorithm, and the use of the LSTM model to train longer sequences and develop a new
intelligent controller to improve the defects in BP neural network learning [27–29].
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