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Abstract: Large ships adopt a central fresh water-cooling system that indirectly cools waste heat
with seawater to discharge the ship’s waste heat out of the ship. Such a central fresh water-cooling
system is essential for future electric powered ships. Since 2010, shipping companies have attempted
to save energy by applying variable-speed cooling pumps to the central FW cooling system, but
due to the minimum-required discharge pressure of the pump, they have applied the existing 3-way
valve system alongside. However, since the control systems of the variable-speed cooling pump
and the 3-way valve are controlled by the same output variable, the two control systems collide
during operation. Therefore, for efficient energy-saving control, it is important to accurately model
the central fresh water-cooling system and find the optimal control method on this basis. In this
study, a ship’s central cooling system was mathematically modeled and verified by comparing it with
the actual ship’s operation data. A control solution method to effectively save energy for the central
cooling system was proposed

Keywords: ship’s central FW cooling system; variable-speed pump; energy-saving system; state
space modeling; integrated control; 3-way valve; heat exchanger

1. Introduction
1.1. Background

In the 21st century, oil prices have been steadily rising [1-3]. Since oil costs account
for 50-70% of the total operating costs [3-6], shipping companies are attempting to reduce
oil use [7,8] with efforts that include low-speed operation [9,10], hull modification [11,12],
ship waste oil recovery [13], and optimal route selection, and studies on energy saving in
ships actively continue [14,15].

As about 70% of the power energy load of a ship is used for electric energy, the most
efficient way to save energy is to reduce the electric load [16-18]. The seawater cooling
pump consumes more unnecessary power, because the motor’s capacity is selected with
a surplus capacity of about 30% of the required capacity in consideration of pipe loss
due to aging [17,19-21].

Shipping companies have adopted a central fresh water (FW) cooling system to
minimize the harmful effects of seawater in ship pipeline systems, and improve system
reliability. The central FW cooling system typically controls a 3-way valve only to keep
fresh water temperature constant, and adjusts the flow rate of fresh water, bypassing the
heat exchanger according to the fresh water outlet temperature [22-24].

However, the only 3-way valve applied central FW cooling system has inefficient
operation. As seawater temperature decreases, or waste heat load in the ship decreases,
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fresh water flow into the heat exchanger decreases by means of the 3-way valve openings,
so heat load on the heat exchanger decreases [25]. Fresh water bypasses the heat exchanger,
the cooling efficiency of the heat exchanger decreases, and the power of the constant
speed seawater pump, which is the cooling power, is wasted. Shipping companies apply
variable-speed control devices to seawater cooling pumps to reduce such power wastage
to save energy [26-28].

The central FW cooling system is applied via a VFD motor into the seawater pump,
3-way valve control system, and variable-speed control system. The seawater pump
operation range on its inverter is from 33% to 100%, which is 60 Hz as rated. Input
frequency is changed by the PI controller, of which the control reference is the 3-way valve
outlet temperature. Considering the seawater pump output pressure, the minimal input
frequency is set at 42% of the rated frequency. The openness of the 3-way valve is controlled
by another PI controller, of which the control reference is the fresh water outlet temperature
as well. Both independent controllers are designed to be controlled by the fresh water
outlet temperature of the central FW cooling system [18,29].

The energy-saving control methods have already been studied and are much in
use [20,24,30,31]. Moreover, the energy-efficient evaluating method for the adopted central
cooling system has been studied in [32-34]. Giannoutsos, S.V. and Manias, S.N. [35] studied
a self-tuned PID controller for seawater pumps. A study on problems occurring in the
actual central cooling water system and an efficient control solution was first studied by
Lee [36]. However, in the Lee study, as a new controller, the feed-forward controller was
added. There is an issue that makes its acceptance, from the perspective of ship makers
and ship owners, difficult. So, there is a need for a control solution to improve the control
system in an easily applicable way, while simplifying the control system. Therefore, the
purpose of this study is to propose a control method for energy saving that is easy to apply,
inexpensive, stable, and efficient.

From the viewpoint of the control system, the two controllers influence each other in
the central cooling system. Therefore, it is important to design the two controllers harmo-
niously. For an out of harmonized control case, two independent controllers occasionally
lead to a situation in which the variable-speed seawater cooling pump operates at full load,
and the 3-way valve operates at its minimum, as occurred in the Korea Maritime University
training ship ‘Hannara’. This inefficient case is shown through a simulation.

Further, the objective of this study is to propose a control method for energy saving
that is easy to apply and modify, and is inexpensive, reliable, and efficient. Through this
study, the state space modeling and simulation of the central cooling water system is based
on the manufacturer’s FAT (Factory Acceptance Test) of the training ship ‘Hanara’. The
simulation with the model shows the collided control problem of the typical two controller
system. To avoid the control collision, we present a control solution in which the seawater
pump control system'’s feedback point is changed from the existing 3-way valve outlet
to 3-way valve inlet. The simulation utilizes MATLAB’s SIMULINK and compares the
energy consumption of the current central cooling water system and the system to which
the proposed control solution is applied.

1.2. Research Content and Composition

The ship’s main engine system, power generation system, and other auxiliary mechan-
ical systems have independent cooling systems. Low-temperature fresh water is used as a
coolant for each of these cooling systems. This fresh water is re-cooled by seawater in the
central FW cooling system and then recirculated to each cooling system.

As shown in Figure 1, the central FW cooling system consists of a heat exchanger, a
seawater pump, and a 3-way valve.
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Figure 1. Central FW cooling system.

First, the fresh water cools the various systems of the ship and raises the temperature.

The A part of this fresh water flows into the central cooling heat exchanger to exchange
heat with seawater, and the rest is bypassed.

As shown in Figure 1, the cooled fresh water flows into side A of the 3-way valve, and
the remaining bypassed fresh water flows directly into side B of the 3-way valve. On side
C of the 3-way valve, the cooled and uncooled fresh water is combined and returned to the
ship’s cooling system.

Meanwhile, seawater is supplied to the central cooling heat exchanger using the main
seawater pump. The main seawater pump is rotated by a variable-speed motor driven by
an inverter.

The inverter changes the frequency of the input power supplied to the seawater pump
motor. This can change the seawater flow rate to the central cooling heat exchanger [37-39].

1.3. Actual Vessel Composition

The various parameters used in the study refer to the specifications of each piece
of equipment of the central FW cooling system installed on the actual ship. For the
comparative verification data, the power frequency of the variable-speed seawater cooling
pump in operation, the temperature at the outlet of the heat exchanger, and actual operation
data, we referred to [40].

The composition of the variable-speed seawater pump of the actual ship is shown
in Figure 2.

Three variable-speed seawater pumps were installed, each with a rated capacity of
400 m3/h. The variable-speed seawater pumps were designed so that each pump would
take 50% thermal load. The inverter device for each variable-speed motor and an integrated
controller were installed, and data information on the frequency change of the seawater
cooling pump, fresh water temperature change, and seawater temperature was collected
from the controller.

The fresh water heat exchanger of the actual ship is shown in Figure 3.
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(a) (b)

Figure 3. (a) Central heat exchangers (2 units in total); (b) 3-way valve and controller.

A total of two plate coolers were installed, each with a heat transfer area of 90.4 m?
and a heat transfer efficiency of 450.6 k] / m? min °C (90% of specification in the data sheet).
A plate heat exchanger was designed in the charged 50% thermal load. The heat exchanger
was equipped with a controller and is shown in Figure 3. The central FW cooling system
consisted of a heat exchanger, a seawater pump, and a 3-way valve for controlling the
fresh water temperature, and the data on the opening degree of the 3-way valve and each
temperature were recorded over time.

Table 1 shows the operational record of training ship Hannara [41]. Operational data
are from the ship’s alarm and monitoring system (AMS) in the entry and departure exit
section. The fresh water and seawater inlet temperatures were collected while the seawater
pump was running at 60 Hz, and the 3-way valve controller reference temperature was set
at 36 °C
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Table 1. Record of central FW cooling system in actual ship operation.
Operating Fresh Water Temp. to  Fresh Water Temp. from Seawater Temp. to
Condition Case Heat Exchanger (°C) Heat Exchanger (°C) Heat Exchanger (°C)
A 37 27.6 27
B 37 25.8 24
C 39 28 24
D 38 26 23
E 39 28.6 27
F 39 28.4 27
G 40 29.3 26
H 39 27.2 26
I 40 28.8 27
J 41 28.3 25
K 43 31.2 26
L 42 30.6 26
M 42 29.8 25
N 42 30.5 27

1.4. Research Procedures

This study, first, obtained a low-dimensional state space model, based on the operation
data of the training ship, in SIMULINK of MATLAB, and simulated it. The validity of the
modeling was verified by comparing the results with the training ship’s operation data.

Second, the input change of fresh water temperature was given to the simulated
central cooling water system. The simulation confirmed what problems occur due to the
collision of the two control systems in the existing ship’s central cooling water system.

Third, we proposed a control solution method to solve this problem and prove the
effectiveness of the energy saving effect through simulation results.

2. System Modeling
2.1. Heat Exchanger Modeling

The heat exchanger of the ship’s central FW cooling system is a plate-type heat
exchanger that exchanges heat between fluid and fluid. If the plate heat exchanger is
simplified, it can be represented as shown in Figure 4. Heat exchanger efficiency as per
the flow rate variation is not greatly affected by system status. This was ignored for the
modeling. And Table 2 shows the symbols used in the modeling equations.

Thc: Tca Tﬁh, Thi

M, Tei mp, Tho

Figure 4. Simplified plate-type heat exchanger.
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Table 2. Symbols.

Symbols Subscripts
A heat transfer area of the heat exchanger
Cph specific heats of fresh water
Cpe specific heats of sea water
C fluid capacitance
Cpm fluid capacitance number of poles of motor
fm seawater pump motor power frequency
FuF seawater pump motor power frequency rotational speed of
e pump flow rates of sea water
F. flow rates of sea water
F, flow rates of fresh water
Fupy flow rate of fresh water bypassing the heat exchanger
EF steady-state flow rate of fresh water output flow rate in steady
hte state of cooling pump
O flow rate of fresh water bypassing the heat exchanger opening
hby™=v degree of the 33-way valve
FoF flow rate of fresh water passing through heat exchanger
hin"h flowrate of fresh water passing through the heat exchanger
flow rate of cooling pump fluid capacitance number of poles
FCpm P
of motor
= output flow rate in steady state of cooling pump flow
FeRpC . . .
resistance fluid capacitance
flow rate of fresh water passing through the heat exchanger
FEcRp . .
flow rate of cooling pump flow resistance
== steady-state flow rate of fresh water output flow rate in steady
FyF F. . .
state of cooling pump flow rate of cooling pump
flow rate of cooling pump flow resistance number of poles
FeRppm of motor
= output flow rate in steady state of cooling pump flow rate of
FcFC . . .
cooling pump fluid capacitance
B flow rate of fresh water passing through the heat exchanger
FyFcRp output flow rate in steady state of cooling pump
flow resistance
B flow rate of fresh water passing through heat exchanger flow
FyinFnFc rate of fresh water passing through the heat exchanger output

ththinfh
kpo EcFppp

kpoFnpcpncpn

me
e
my
my,
A

Mpin

M0 by M

M3wodhoMpinMp

flow rate in steady state of cooling pump
flow rate of fresh water bypassing the heat exchanger flow
rate of fresh water passing through heat exchanger
steady-state flow rate of fresh water
the flow rate per one rotate of pump flow rates of sea
waterflow rates of fresh water density of fresh water
the flow rate per one rotate of pump flow rates of fresh water
density of sea water density of fresh water specific heats of
fresh water
the mass of sea water
sea water input flow rate
the mass of fresh water
fresh water input flow rate
sea water input flow rate heat transfer area of the
heat exchanger
the rate of change in mass of fresh water at the outlet side of
the 33-way valve.
the mass of fresh water inside the 33-way valve amount of
heat of fresh water bypassing the central cooling heat fresh
water input flow rate
the mass of fresh water inside the 33-way valve amount of
heat of fresh water cooled through central cooling heat
exchanger the rate of change in mass of fresh water at the
outlet side of the 33-way valve the mass of fresh water
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Table 2. Cont.

Symbols Subscripts
the mass of fresh water inside the 33-way valve amount of
M3wodho heat of fresh water cooled through central cooling

mhin Qswo thy

i Fppy Ootity,

M3woqhby
vahFh
pmfmkpv
Pm wkpzz FcPc
Tno™hin

AnbyTho

qhbymhin QSvahbyOv

Ao Q3wo by OvFhinFr

Q
Q3wv
Q3wvov

QSvahbthin

QSvaUFhinthh Fe

RpCfm

RppmfmwkpoFy

Tci
TC 0

heat exchanger
the rate of change in mass of fresh water at the outlet side of
the 33-way valve amount of heat at the outlet side of the
33-way valve flow rate of fresh water bypassing the
heat exchanger
the rate of change in mass of fresh water at the outlet side of
the 33-way valve flow rate of fresh water bypassing the heat
exchanger opening degree of the 33-way valve fresh water
input flow rate
the mass of fresh water inside the 33-way valve amount of
heat of fresh water bypassing the central cooling heat
opening degree of the 33-way valve steady-state flow rate of
fresh waterflow rate of fresh water passing through the
heat exchanger
number of poles of motor seawater pump motor power
frequency the flow rate per one rotate of pump
number of poles of motor rotational speed of pump the flow
rate per one rotate of pump flow rates of sea water density of
sea water
amount of heat of fresh water cooled through central cooling
heat exchanger the rate of change in mass of fresh water at the
outlet side of the 33-way valve.
amount of heat of fresh water bypassing the central cooling
heat amount of heat of fresh water cooled through central
cooling heat exchanger
amount of heat of fresh water bypassing the central cooling
heat the rate of change in mass of fresh water at the outlet side
of the 33-way valve amount of heat at the outlet side of the
33-way valve flow rate of fresh water bypassing the heat
exchanger opening degree of the 33-way valve
amount of heat of fresh water cooled through central cooling
heat exchanger amount of heat at the outlet side of the 33-way
valve flow rate of fresh water bypassing the heat exchanger
opening degree of the 33-way valve flow rate of fresh water
passing through heat exchanger steady-state flow rate of
fresh water
heat transfer rate
amount of heat at the outlet side of the 33-way valve
amount of heat at the outlet side of the 33-way valve opening
degree of the 33-way valve
amount of heat at the outlet side of the 33-way valve flow rate
of fresh water bypassing the heat exchanger low rate of fresh
water passing through heat exchanger
amount of heat at the outlet side of the 33-way valve opening
degree of the 33-way valve flow rate of fresh water passing
through heat exchanger steady-state flow rate of fresh
waterflow rate of fresh water passing through the heat
exchanger flow rate of cooling pump
flow resistance fluid capacitance seawater pump motor
power frequency
flow resistance number of poles of motor seawater pump
motor power frequency rotational speed of pump the flow
rate per one rotate of pump flow rates of fresh water
sea water input temperature
sea water outlet temperature
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Table 2. Cont.
Symbols Subscripts
Thi fresh water input temperature
Tout outlet temperature of the 33-way valve
Teime sea water input temperature the mass of sea water
Teote sea water outlet temperature sea water input flow rate
Tho Thi fresh water outlet temperature fresh water input temperature
T m outlet temperature of the 33-way valve the mass of fresh
outTi3wo water inside the 33-way valve
outlet temperature of the 33-way valve amount of heat of
Toutq hby

fresh water bypassing the central cooling heat
outlet temperature of the 33-way valve the mass of fresh
ToutM3wonby water inside the 33-way valve amount of heat of fresh water
bypassing the central cooling heat
outlet temperature of the 33-way valve the mass of fresh
ToutM3woqno water inside the 33-way valve amount of heat of fresh water
cooled through central cooling heat exchanger
outlet temperature of the 33-way valve the mass of fresh
water inside the 33-way valve amount of heat of fresh water
bypassing the central cooling heat amount of heat of fresh
water cooled through central cooling heat exchanger
outlet temperature of the 33-way valve amount of heat of
fresh water bypassing the central cooling heat amount of heat
of fresh water cooled through central cooling heat exchanger
the rate of change in mass of fresh water at the outlet side of
the 33-way valve amount of heat at the outlet side of the
33-way valve opening degree of the 33-way valve

ToutM3woqniyno

ToutGnby ThoMin Q3o Oo

UA overall heat transfer coefficient of the heat exchanger heat
transfer area of the heat exchanger
w rotational speed of pump
WF.Fypcc rotational speed of pump flow rates of sea waterflow rates of
tretpe fresh water density of sea water specific heats of sea water
density of fresh water specific heats of fresh water fresh water
PrCpiTho outlet temperature
density of sea water specific heats of sea water specific heats
PecpeCpnThi of fresh water fresh water input temperature
density of sea water density of fresh water specific heats of sea
PcPnCpcTho

water fresh water outlet temperature

Here, m. , T,; is the seawater input flow rate and temperature, and T, is the seawater
outlet temperature, while my, , Tj; is the fresh water input flow rate and temperature and
Ty, is the fresh water outlet temperature that has passed through the heat exchanger.

The heat transfer rate Q from the fresh water side to the seawater side can be expressed
as Equation (1) [42].

Q = UA(Tyo — Teo) @D
where U is the overall heat transfer coefficient of the heat exchanger, and A is the heat
transfer area of the heat exchanger. Assuming that volume and density are constant, in

terms of energy balance, the amount of energy change on the fresh water side and the
seawater side is the same as in Equations (2) and (3) [43].

muConTho = FuCpn(Thi — Tho) — UA(Tho — Teo) @)

mccchco = Fccpc(Tci - Tco) + UA(Tho - Tco) 3)

Note that m;, and m, are the mass of fresh water and seawater present inside the heat
exchanger, respectively, while ¢, and ¢, are the specific heats of fresh water and seawater.
Considering the density, and ignoring the temperature change in Equation (2), the masses
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of fresh water and seawater were m;, = Vj,p;, and m, = V.p.. Equations (2) and (3) above
can be rewritten as Equations (4) and (5) [44]:

R UA

T,, = —(Ty,; — Ty,,) — T,, — T,). 4
ho Vh( i — Tho) VhPthh( o — Tco) 4)
. F UA

Teo = VCC(TCi — Tco) + m(Tho — TCO) . 5)

where p;, and p. are the density of fresh water and seawater, and F;, and F; are the flow
rates of fresh water and seawater.

2.2. Seawater Pump Modeling

A centrifugal pump was used as the seawater pump. As shown Figure 5, the flow
rate F; discharged by the seawater pump was proportional to rotational speed w (rpm) of
the pump [42,45].

fm.

Figure 5. Motor and seawater pump.

If kpy is the flow rate when the pump rotates once, the pump discharge flow rate can
be simplified as Equation (6):
FC = kpvw. (6)

Since the seawater pump was directly connected to the motor, the seawater flow rate
changed according to the rotational speed of the motor. In the case of an induction motor,
rotational speed w is determined by input frequency f Hz and number of poles p, of the
motor. Since number of poles p;, of the motor is fixed, rotational speed w of the motor is
determined by input frequency f and can be written as Equation (7).

120
F = kpo fn. @)

Pm

The seawater pump system was simply assumed to be a primary system.

In the flow system of the seawater pump, fluid capacitance C was ignored among
RC, which was the time constant, and only fluid flow resistance R, was left. The change
amount of flow rate dF. was equal to the difference between output flow rate F; changed
from the output flow rate in steady state F. during dT time. The output flow rate in steady
state F. can be obtained from Equation (7). This formula is summarized as Equation (8):

R,dF, = (F. - E.)dt.

dF 120,
R, df + F=Fc=kpy pmm
: F. 120k
Fc= - pvfm- (8)
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2.3. 3-Way Valve Modeling

The 3-way valve is shown in Figure 6. The actual valve flow rate was not proportional
as valve opening was changed. However, in order to develop controller modeling, the
valve flow rate was treated as a linearized operation at operating point.

Fnby, Thi

mr Tout

Figure 6. 3-way valve (installed downstream).

The 3-way valve was installed at end of the central cooling heat exchanger. Since
the total fresh water flow rate input to the central FW cooling system and the fresh water
output flow rate were the same in the end, they could be assumed to be the same as the
one installed in front of the heat exchanger.

Figure 7 shows the 3-way valve installed in front of the heat exchanger.

Fhin: Tout

Fhby, Thi

Figure 7. 3-way valve (installed upstream).

In the 3-way valve, the flow rate and temperature of fresh water bypassing the heat
exchanger were Fy;, and Tj;, and the flow rate and temperature of fresh water passing
through the heat exchanger were Fj, and Tj,.

O, represents the opening degree of the 3-way valve and has a value in the range
of 0 < Oy < 1. When Oy is 0, the valve is completely closed, and the flow rate to the
cooler becomes 0; when Oy, is 1, the valve is fully open, and the flow rate to the cooler
becomes maximum.

In other words, the fresh water flow passing through heat exchanger F, is proportional
to valve opening degree O, at input fresh water flow F;,,. Conversely, the flow rate of fresh
water passing through heat exchanger Fy;,, is proportional to the closed opening degree of
valve 1 — Oy at Fy;,,.

Then, the fresh water flow rate change passing to heat exchanger dF, is equal to the
difference between steady-state fresh water flow rate Fj, and output fresh water flow rate
Fj, during dt time.

In the flow system, flow resistance and capacitance are dynamic time constants of a
3-way valve and can be expressed as Equation (9) [45,46].

RoCodF, = (Fj — B,)dt.
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dF, -
vavd—: +F =T, )

Since fresh water flow rate from the heat exchanger in a steady state was proportional
to the 3-way valve opening degree at the total input fresh water flow rate, it can be expressed
as Equation (10).

Fy = FyinOo. (10)

Therefore, if the dynamic state equation of flow rate of fresh water F, flowing to the
heat exchanger through 3-way valve is expressed, Equations (9) and (10) can be arranged
as Equation (11).

dFy,
RUCU dt + Fh - thnov
r Fh Fhm
F, = — 11
h R,Cy vav Op. ( )

Conversely, the dynamic state equation of the fresh water flow rate that bypasses heat
exchanger Fy,, applied Fyy, instead of F, and Oy, instead of O, in Equation (11). Then, it
can be written as Equation (12).

dFy,
RyCo— = + Phby Fhinoby~

d

: Fyp Fy;
F Y in
"y = TR,Cy | RyCy

On the other hand, Figure 6 shows that the change in the amount of heat at the outlet
side of the 3-way valve dQ3yy is equal to the sum the change in the amount of heat of fresh
water cooled through central cooling heat exchanger g5, and the change in the amount of
heat of fresh water bypassing the central cooling heat exchanger gy, during dT time.

Opy- (12)

In Equation (13), my,;, is the rate of change in mass of fresh water at the outlet side of
the 3-way valve.
AQswo = Agpedt + Aqppydt.

m3wvcphTout = mhcph(Tho — Tout) + mhbycph(Thi — Tout)-
m3wvcphTout = - (mh + mhhy)‘:phTout + mhcphTho + mhbycphThi- (13)

M3y 1s the mass of fresh water inside the 3-way valve, which can be converted into
the product of volume and density, so Equation (13) is summarized as Equation (14).

M50 Tout = — (Fh + Phby)phTout + FnonTho + Fnpyon Thi-

. (Fh + thy)ph F Fupyon
Taut = - Tout + hfoh T ho + 7yThi-
M3y M3y M3y
‘ (Fh + thy) F F
h hby
Tout = — T Tho T 14
out V3wv out + V3wv + V3wv hi- ( )

2.4. Linearization Model at the Operating Point

Equations (4), (5), (8), (11), (12) and (14), which modeled the heat exchanger in Sec-
tion 2.1, the seawater pump in Section 2.2, and the 3-way valve in Section 2.3, are as follows.

Ph + th

F, = —
h R,Cy ' RyCy,

Oy. (15)

: Fpp Ey,;
Py =~ cyv + S oby (16)
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. F. 120k
Fo=—=2+ . (17)
¢ R, Rppm’"
. F, UA
Tho = Vh(Thi — Tho) — W(Tho — Teo). (18)
p
: F, UA
Tco = VC(Tcz‘ - Tco) + VPT(Tho - Tco)- (19)
Cc cMrce pC
. (Fh + thy) F Fup
Tout = — Tout + ——Tpo + —L Tpi. 20
out V3wv out VBwv ho V3wv hi ( )

In the above equation, fresh water temperature T; and seawater temperature are
measurable disturbances T,;, and seawater pump motor power frequency f;; and 3-way
valve opening degree O, which are the control input, are the input variables u of the central
FW cooling system.

The flow rate of high-temperature fresh water through heat exchanger F;, the flow
rate of fresh water bypassing heat exchanger Fyy,, flow rate of seawater flow into the heat
exchanger F;, the temperature of seawater-cooled fresh water through heat exchanger Ty,
the temperature of seawater heated through heat exchanger T;,, and the outlet temperature
of the 3-way valve Ty, were set as the output variables and state variables.

Summarizing this, Equations (21) and (22) are the same.

[ [ Thi — T
Uz T — Ici
u= | us |= | fuFp @y
Uy O-U — Oy
L us L Opy — Opy
v1 ] x1 ] Fy —Fy
y2 X2 Fupy — Fhpy
|y | X3 o F.—F,
il | T | T Te- Theo 22
Ys X5 Teo — Zco
Yo | X6 | Tout — Tout

If these equations were linearized by partial differentiation at the operating point,
system matrix A could be obtained.

Lastly, linearized at the operating point for the central FW cooling system, system
matrix A, input matrix B, output matrix C, and forward path matrix D are expressed in
Equations (23)—(26), respectively.

— 1 -
e 0 0 0 0 0
—1
e 0 0 0 0
—1
0 0 X, 0 0 0
A= | Tu-Tw 0 (_ Fy _ _UA ) uA 0 (23)
Vi Vi VipnCpn ViPnCpn
Tci _Tcn UA _ E _ UA
0 0 Vi, VCPCCpC ( Ve VCPCCpC 0
Tho Thi 0 fh 0 —F hin
Vawo Vawo Vawo Vawo
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[0 0 0 0 & 0 ]
0 0 0 0 0 g
0 0 T2 0 0 0
B=15 o o 0 o o (24)
Vi =
0 % 0 0 0 0
fhb
v 0 0 0 0 0 |
"1 0 0 0 0 0
010000
001000
C=lo00100 (25)
000010
0000TO01
D = [0] (26)

The used parameters in the actual ship’s central FW cooling system are shown

in Table 3.

Table 3. Parameters of central cooling system.

Symbol Value Unit Symbol Value Unit
A 180.8 m? Ry 0.5 min/kJ
Cpe 3.93 kJ/kg°C o 1025 kg/m3
Con 4.18 kJ /kg°C On 1000 kg/m3
Cot 3.344 KJ/°C T, 25.7 °C
fon 60 Hz Thi 39 °C

Fin 9 m3/min Teo 27.7 °C
F. 12.8 m3/min Tout 36.3 °C
Fy 2.25 m3/min Tho 28.3 °C
Frpy 6.75 m3/min u 450.6 kJ/m? min°C
kpo 0.0071 m3/rpm Vawo 0.014 m3
Pm 4 pole Ve 0.27 m3
RyCy 0.5 min/°C Vi, 0.27 m3

During normal operation, if input seawater temperature is 10 °C, the input fresh
water temperature is 39 °C, the pump motor power input frequency is 60 Hz, and the
3-way valve opening degree is 0.95, system matrix A and input matrix B are expressed by

Equations (27) and (28).

-2 0 0 0
0 -2 0 0
A 0 0 -2 0
37.95 0 0 —83.24
0 0 —6.92 7491
2053.76  2785.71 0 160.71
0 0 0
0 0 0
B— 0 0 0.43
8.3 0 0
0 4741 O
482.14 0 0

72.17

—122.32

o O O O o

0

—
O O O O O

—642.86

(27)

(28)
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3. Simulation
3.1. Simulation Configuration for Steady State

Using MATLAB and Table 1 operational data, a simulation system was configured, as
shown in Figure 8.

3

Flow Rate [m/minute]

Operational_Data S
F.W. In Temp. to HEX |- »{T_hi dT_hi .
F.W. In Temp. to HEX oF h FhE
[ S.W. In Temp. to HEX dF_h - F.W. Flow into HEX [:]
S.W. In Temp to HEX |- »{T_ci dT_ci »{dF_hby F_hby - >
g dF_hby - F.W. Flow bypass
o - Motor Frequenc: X=Ax+ Bu > dF_c Fof ; >
F.W. Out Temp from HEX* |2 Y plim  dim > L dF c | S:W.Flowinto HEX
y=Cx+ Du »{dT_ho T_ho~ »>
3-way valve dT_ho |_F.W. Out Temp. from HEX(s)
e Opening oo . »dT co T cof- >
=T FW. out Temp from HEX - - Central Cooling System dT_co - S.W. Out Temp. from HEX
dT_out  T_outf*
dT_out 3-way valve
O_by dO_by dy out Temp.
Motor Frequency 3-way valve du
= Bypass Opening 3-way valve
o_v out Temp.
O_by -
Reference P40 v
F.W. Temp. -

12
10

N O

Figure 8. Configuration of simulation with ship operational data.

The conditions and methods of the simulation were as follows.

When the seawater pump operates at 60 Hz in an actual ship, the entered fresh water
temperature and seawater temperature are used.

The input frequency of the seawater pump was fixed at 60 Hz.

The outlet temperature of the central FW cooling system was controlled by the 3-way
valve and PI controller, and the target value was set to 36 °C. A PI controller was used for
simulation, so that the 3-way valve positional data were recorded at actual operation.

Actual operational data were sequentially input 12 times every 5 min.

The fresh water outlet temperature of the heat exchanger was obtained through
simulation and actual fresh water outlet temperature of the heat exchanger were compared
and verified according to operating conditions.

3.2. Simulation Results

Simulation results are shown in Figures 9-12. Figure 9 shows the flow rate change
for fresh water flow into the heat exchanger, bypass, and seawater supply into the heat
exchanger. The speed of the seawater pump was fixed, as the input frequency was fixed at
60 Hz, and the seawater supplied to the heat exchanger was kept constant.

I 1 I I 1 I 1 I I I I 1

| F.W. Flow into HEX(Simulation) |

F.W. Flow bypass(Simulation)
S.W. Flow into HEX(Simulation) 7]

Operating Condition Case

Figure 9. Simulation FW and SW flow data.
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I I T I I
—. 40 — .
?('_), I_I_I F.W. In Temp. to HEX(Operation)
g 35 S.W. In Temp. to HEX(Operation) H
5 F.W. Out Temp from HEX(Operation)
8 30
§ l_l—l—“=|_
1 I
o — — L L
| | ’_ | | | | | | | |
A B C D E F G H | J K L M

Operating Condition Case

Figure 10. Operational data graph for FW inlet/outlet and SW outlet temperature from/to HEX.

I A Y S S —

B s v v . . -
> S.W. Out Temp. from HEX(Simulation)
é 3way valve out Temp.(Simulation)

©

30 - _[—\_[_‘—\;
L |
£ I

L

25 | | | | ! \ ! | \ ! n
A B c D E F G H [ J K L M
Operating Condition Case
Figure 11. Simulation graph for FW outlet temp. at 3-way valve and SW outlet temp.
32 | | I I |

S

o 30

L 28 ) '

£ -—_- = = =F.W. Out Temp from HEX(Operation)

5 - !

F 26 F.W. Out Temp. from HEX(Simulation)

| | L l | \ L |

F G H | J K L M
Operating Condition Case

Figure 12. Comparison of simulation and operational data for FW output temp from HEX.

Figure 10 shows the fresh water input temperature and seawater temperature input
variation for the heat exchanger as per operational data.

Figure 11 shows that the 3-way valve outlet temperature was maintained well at 36 °C.
On this basis, the 3-way valve openness worked well as the actual operating condition.
The simulation result of the seawater outlet temperature from the heat exchanger is shown
in Figure 11.

Referring to actual operating data, and as per Figure 12, the fresh water temperature
input to the central FW cooling system varied from 37 to 43 °C. The dotted line is the
actual fresh water outlet temperature of the ship’s heat exchanger, and the solid line is the
simulation result. The two values showed a difference of about 1 °C, and the temperature
change trend of the two values was similar. This analysis shows that the modeling of the
central FW cooling system worked correctly.

3.3. Simulation Configuration for Dynamic Response

The step input test for configuration is as shown in Figure 13. Conditions and methods
of the simulation were as follows.
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Step Input to S.W. Pump Motor -~
F.W. Inlet Temp. to HEX =
S.W. Inlet Temp. to HEX
/\s.w. Outlet Temp. from HEX :—ba F.W. In Temp. to HEX
»{T_hi dT_hi .
F.W. Outlet Temp. from HEX ?—ba dF h »|dF_h  Fhi= EW. Flow into HEX ”
S.W. In Temp. to HEX - = o
= »(T_ci dT_ci dF_hbyF_hby >
3-way valve Outlet Temp. F———] dF_hby L F.W. Flow bypass
¢ dF ¢ F_cp
= Motor Frequenc = 1= = p d
Motor Frequency L2 quency i aim N %= Ax+Bu o oF ¢ | S.W.Flow into HEX
y=Cx+Du P dT_ho T_ho = >
dT_ho |_F.W. Out Temp. from HEX(s)
3-way valve Opening »dT co T col= >
08 v dO_v Central Cooling System dT_co =" 77| S.W. Out Temp. from HEX
P{dT_out T_out |-
3-way valve dT_out o 3-way valve Out Temp.
Opening O_bydO_by dy
3-way valve

Bypass Opening
du

Figure 13. Configuration for step input for simulation.

The 3-way valve opening was fixed at 80%.

The seawater pump input frequency was only step-down changed from 60 to 30 Hz.
The other input variables were kept steady.

Table 4 shows the data record for the step input to the seawater pump.

Table 4. Record of central FW cooling system for step input to seawater pump.

Time SW Inlet Temp. to Heat SW Outlet Temp. from FW Inlet Temp. to FW Outlet Temp. from 3-Way Valve Outlet
(min) Exchanger (°C) Heat Exchanger (°C) Heat Exchanger (°C) Heat Exchanger (°C) Temp. (°C)

0 24.5 334 41.0 34.0 34.8

1 245 33.4 41.0 34.0 34.8

2 245 334 41.0 34.0 34.8

3 24.5 33.4 41.0 34.0 34.8

4 245 334 41.0 34.0 34.8

5 24.5 335 41.0 34.0 34.9

6 24.5 33.6 41.0 34.1 34.8

7 24.5 344 41.2 35.1 36.2

8 24.5 35.6 421 35.6 37.2

9 24.6 36.4 42.8 35.9 37.6

10 24.6 36.8 43.1 36.1 37.9

Table 4 data were taken from the training ship Hannara to compare between the
following simulation results and the actual responses against the step input response. The
fresh water inlet temperature was changed from 4 to 43.1 °C, as per Table 4 and Figure 14
because fresh water was circulated through heat loads. Fresh water temperature eventually
increased. Realistically, in an actual operating system, the fresh water return temperature
to the heat loads is not able to sustain more than 38 °C for longer than 4 min. This is a
limiting condition for recording data.

3.4. Simulation Result of Step Input

Figure 14 shows the simulation input data. Figure 15 compares the simulation and
actual operation data. Figure 14 shows that step-down input was given to the seawater
pump motor at 6 min. Figure 15 shows that, after the step-down input, the seawater and
the fresh water outlet temperature from the heat exchanger followed the actual operation
data. The 3-way valve outlet temperature similarly followed the actual operational data.
Their temperature deviation was around 1 °C. The dynamic response trend was similar
with actual operational behavior.



J. Mar. Sci. Eng. 2022, 10, 679 17 of 23

- 60 . . . . -
Z
350 - —
S Motor Frequency
qg). 40 — —
L 30t ! | | ! | ‘ : :
0 1 2 3 4 5 6 7 8 9 10
Time [minute]
6 I I
43 =
E F.W. In Temp. to HEX(Operation) |
©
542 —
£
2 41 ] ] . : + 1 r | !
0 1 2 3 4 5 6 7 8 9 10
Time [minute]
Figure 14. Step down input to SW pump and FW inlet temperature to heat exchanger.
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Figure 15. Comparison of operation data and simulation results on step down input.

4. Step Input Simulation for Finding Inefficient Operation Case
4.1. Test Condition of A Typical Control Method

In order to find whether the typical central cooling system is run inefficiently, a step
signal for fresh water supply temperature is applied to the modeled system. The step
signal is composed of step up and step down, as shown in Figure 16. The sea water input
temperature is constant at 23 °C.
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Figure 16. Input signals.
The controller configuration is the same as described in chapter 1.3 previous. The
typical two PI controllers are equipped on the system, as shown in Figure 17.
s‘epmpurFWH” TEW.nTemp 0 HEX | o HEX F:W. Flow into HEX [ » Pis) Motor Frequency
nlet Temp. . In Temp. to S 1
FiW. Flow bypass D @ Motor Frequency
SW. inlet Temp, |2V InTemp. O HEX o iiTomp] to HEX T *
e =H \ I 3-way valve Opening
PI Controllers G FW. Out Temp. from HEX(s) |- P Pl(s)
s WA ~ D 3-way valve Opening

Motor Frequency
174 <

3way-valve Operning |-
~

T

S.W. Out Temp. from HEX |-

3way-valve Opening

3way-valve Out Temp. =

3-way valve out Temp.

Central Cooling System

(a)System configuration

(b) PI controllers

Figure 17. Control
(b) PI controllers.

system configuration with two PI controllers. (a) System configuration;

The reference fresh water outlet temperature is 36 °C. The 3-way valve out temperature
is the feed-back signal for both PI controllers. In other words, the two controllers get feed-
back signals from the same point.

4.2. Test Result of a Typical Control Method

Figure 18 shows the result of sea water pump motor input frequency, 3-way valve
openness, fresh water input temperature, and the controlled 3-way valve out fresh
water temperature.

On the first row of the graph, from 3.2 min to 5.1 min, the 3-way valve out fresh water
temperature is not maintained at 36 °C. When the 3-way valve is completely opened, the
sea water pump motor input frequency is at its maximum. It would be expected that the
heat load exceeds the heat exchanger capacity.

On the second row of the graph, around 6.8 min, the motor input frequency is not
going down to 30 Hz as in the previous 0 ~ 1.6 min, even though the freshwater temperature
is 37 °C. In other words, over 6.8 min, the sea water pump motor is run inefficiently.

4.3. A Suggested PI Control Method (Separated the Feed-Back Points)

In the previous simulation result, the issue was the sea water pump motor frequency
did not decrease, even though the heat load decreased. The reason is that the 3-way valve
controlled the 3-way valve outlet fresh water temperature rapidly before the sea water
pump motor input frequency decreased.
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Figure 18. Test result graph of the typical PI control method.

So, in order to avoid the phenomenon, which was previously mentioned earlier in
this paper, it is necessary to move the feed-back point for sea water pump motor input
frequency control. If the feed-back point is moved to the fresh water outlet of the heat
exchanger, the sea water pump is expected to only run at the required speed to cool down
the heat load at the heat exchanger.

4.3.1. The Simulation Configuration for the Suggested Control Method
The PI controller for sea water pump motor gets the feed-back signal from the fresh
water outlet point of the heat exchanger, as shown in Figure 19.
| Motor Frequency
Step Inme_W_ o e ntomp onex | - F.W. Flow into HEX PQ » Pl(s) y :(FD
F.W. Flow bypass » @ * olor Frequency

S inet Tomp [T SW.inTemp. o HEX | Tomp] o HEX S i o . Set Temp. PQ » Pis) 3way-valve Opening

] 1 b~ e 3-way valve Opening
Pl Controllers Motor Frell FW. Out Temp. from HEX(s) (- »>
, ‘M".f".' hiegHency | S.W. Out Temp. from HEX o [:]

3 Ive Opening o »| 3way-valve Opening TR, ol
o : L 3-way valve out Temp.

I Central Cooling System

F.W. out Temp. From HEX
(a) Control system (b) PI controllers

Figure 19. Control system configuration with separated feed-back signals. (a) Control system;
(b) PI controllers.

4.3.2. The Simulation Result for the Suggested Control Method
Figure 20 shows the result of the separated feed-back signals for the two PI controllers.
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Figure 20. The simulation result graph for separated feed-back signals.

The inefficient operation of sea water pump, wherein the motor input frequency did
not decrease to 30 Hz, is not found over 6.8 min. At over 6.8 min, the motor is run at 30 Hz,
which is the minimum operating frequency. The controlled fresh water temperature from
the 3-way valve is acceptably maintained at 36 °C, except from 3.2 min to 5.1 min when the
heat load exceeded the heat exchanger capacity.

4.4. Comparing the Typical PI Control Method and Separated Feed-Back Signal Control Method

The sea water pump is the equipment that can save the most energy. Comparing sea
water pump input frequencies is a way to check if energy is saved. Figure 21 compares sea
water pump motor input frequencies when using the typical PI control method and the
separated feed-back signals PI control method.

[4,]
[=]

1
f
H

Separated point of feed back signal
= = = Same point of feed back signal

[
o

= | | | | t t

(=]

1 2 3 4 5 6 7 8
Time[minute]

Figure 21. Comparing S.W. pump motor input frequency.

As per Figure 21, if the central cooling system gets a step-down temperature input of
fresh water, the separated feed-back signal control method operates more efficiently than
using the same feed-back signal for the PI controllers.

5. Conclusions

In this study, model values were obtained that had been linearized at the operating
point by modeling the ship’s central FW cooling system. A simulation was performed to
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verify the modeling, using the ship’s actual operational data. Steady-state and dynamic-
response modeling were verified by comparing the heat exchanger fresh water outlet
temperatures between the actual operational data of the ship and the simulation results.
Then, through the model simulation, inefficient operation of the sea water pump was
shown. Then it was proposed that feed-back signals for the sea water pump be moved
to the heat exchanger outlet. This simulation result exhibited a more efficient operation
than the control method, which used the same feed-back point. The proposed method is
expected to be more accessible and less expensive to suit requirements for new buildings
and existing ships that have already applied two controllers for the central cooling system.
In terms of operation reliability, even if one controller is out of service, the central cooling
system can be controlled.

In the future, using the proven modeling, we aim to design a stable controller that does
not cause interference between the 3-way valve control system and the cooling sea-water
pump control system. We intend to study a controller design for performance and efficient
energy saving in response to irregular parameter changes, such as a decrease in the heat
transfer coefficient, due to long-term operation, changes in seawater temperature, and
changes in seawater flow, due to changes in the ship’s draft.
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