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ABSTRACT In recent years, utilizing the electrical propulsion system in the marine industry has become
widely popular. Control of the propeller has been a high-priority design challenge in this industry. One of
the essential issues in propeller control is the speed control of the ships. A suitable control strategy for
the propeller should be economically-efficient while ensuring stability, reliability, and power quality of the
ship’s power system. This article proposes an improved propeller control strategy for increasing/decreasing
the ship’s speed. This scheme consists of two strategies: a maximum acceleration strategy and an efficient
operation strategy. The maximum acceleration strategy aims to quickly reach the final speed setpoint. On the
other hand, the efficient operation strategy is deemed to increase the reliability and power quality of the
ship power system, as well as having a slightly more acceleration than the conventional method. Moreover,
a mechanical index is employed for comparing the performance of the various speed change strategies.
By utilizing this index, which is known as loss of life (LoL), the effects of a speed change maneuver
on the propeller shaft fatigue are analyzed and the advantage of the proposed method in enhancing the
propeller lifespan is discussed. Simulations show that utilizing the proposed speed change scheme decreases
the propeller mechanical wear and tear to about 1.8 percent of the conventional methods and consequently
will increase its lifespan.

INDEX TERMS All-electric ships, electric propulsion system, microgrids, ship speed, loss of life, shaft

fatigue.

I. INTRODUCTION

Utilizing electrical propulsion system has gained favorable
attention from the maritime industry during the last decade.
It raises the ship’s electric power level from a few megawatts
to several tens of megawatts [1]. Combining the propulsion
system with the power system has led to an integrated power
system in ships. The control system of an all-electric ship
(AES) can be more advanced, compared to the conventional
ones. This advantage facilitates a more reliable, higher power
quality, energy-efficient performance of AES during different
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operational conditions [2]. Moreover, employing an electrical
motor for propulsion systems with variable speed drive con-
tributes to more reliable and cost-effective solutions for AES
operation and control [3]. Besides the significant benefits
offered by the integrated power system to modern ships, it has
introduced new challenges for control, operation, and protec-
tion of the power system. Because of the unique dynamics
of a ship propulsion system, these challenges call for new
and innovative solutions. Some of these challenges were
not of importance for conventional terrestrial microgrids [4].
Especially, power and energy management of the propulsion
system with considering its power fluctuations is a unique
challenge in a ship power system.

22595


https://orcid.org/0000-0002-8072-7714
https://orcid.org/0000-0003-0670-3375
https://orcid.org/0000-0002-2224-9953
https://orcid.org/0000-0001-8311-7412
https://orcid.org/0000-0003-4448-5698

IEEE Access

S. Nasiri et al.: Open-Water Efficiency Based Speed Change Strategy With Propeller Lifespan Enhancement in All-Electric Ships

By combining the positioning and power systems, a simu-
lator for marine vessels has been presented in [5]. Modeling
of AES with low-voltage DC hybrid power systems has been
discussed in [6]. Although these models subtly demonstrate
load fluctuations in the power system during dynamic posi-
tioning operations, ship motions and its effects on power
system during a maneuver and change of route operation have
not been investigated. In addition, the main concentration of
the aforementioned papers is the power system of AES and
the hydrodynamic aspects of the ship during a maneuver have
not been analyzed.

The propulsion system fluctuations caused by waves and
in-and-out-of-water effects can have an impact on the electric
power system through the electric motors and their drives [7].
As aresult, they affect power quality, stability, and reliability
of the ship power system. Various studies have attempted to
address solutions for the consequences of these fluctuations
on the voltage and frequency of the ship power grid. High-
frequency fluctuations have been stated as the main cause of
propulsion unit mechanical wear and tear. The in-and-out-of-
water effect has also been studied and an anti-spin thruster
controller has been presented in [8]. In [9], the robustness
of the three common controllers for the thruster shaft has
been compared: speed, torque, and power controllers. In order
to mitigate the power fluctuations of the propulsion system,
a hybrid energy system has been integrated into the ship
power system and two energy management strategies are
presented in [10].

On the other hand, an advanced energy management
system is another advantage of integrating the propulsion
system in the marine power system. It can lead to less
fuel consumption, and hence, less greenhouse gas emission.
A particle swarm optimization method and a fuzzy mecha-
nism have been applied to the power management system of
an AES in [11]. The presented optimization method aimed
to minimize the operation cost and reducing greenhouse gas
emissions. A distributed control agent approach for the AES
energy management system has been presented in [12]. For
automatic reconfiguration of the AES, a maximum flow algo-
rithm has been used. Therefore, most of the operation action
of the energy management system can be performed locally.
A model predictive control (MPC) power/energy manage-
ment system for the shipboard with DC-based AES has been
presented in [12]. Achieving optimal power dispatch while
maintaining the DC bus voltage stability is the main goal of
the presented approach. A model predictive control (MPC)
system for smoothing the harmonics of the AES power sys-
tem has also been discussed in [13]. A power management
system for AES that can function in normal/alert operation
conditions has been presented in [14]. In this article, security-
constrained optimal dispatch was the main concentration of
the presented power management system. In [15], a load
re-distribution controller for compensating frequency fluctu-
ations of a ship power system has been studied.

An important challenge in the operation of ships is to
identify an optimum speed for the ship at the operational and
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design levels. In recent years, reducing greenhouse emissions
and fuel consumption have brought a new perspective to this
issue. Over the past few years, international organizations
such as the International Maritime Organization (IMO) are
emphasizing this subject and notable regulatory rules have
been announced on this matter [16], [17]. An overview of
the international regulations for the high-speed craft has been
presented in [18].

The speed optimization studies can be categorized into
two levels: design level and operational level [16]. Since the
fuel consumption of a ship is related to its speed, the marine
industry is working on reducing the design speed of the ships
at the design level. This approach will result in reducing
fuel consumption and greenhouse gas emissions within oper-
ations. For instance, Maersk’s new 18,000 TEU ‘Triple-E’
containerships have a design speed of 17.8 knots. It is down
from the 20-26 knots range that has been the industry norm.
By reducing the design speed, the containership will emit
less greenhouse gas [19]. At the operational level, one of the
important goals is slow streaming, which is reducing the oper-
ational speed of a ship to decrease fuel consumption. In some
operational conditions, the speed cannot be reduced below
a certain threshold and slow streaming may be inconsistent
with the design speed of the ship. Thus, the ship control
system must compromise between the design speed and other
constraints in operational conditions such as fuel price and
inventory cost of the cargo [16]. In addition, slow streaming
may result in loss of revenues due to the voyage extension.
The tradeoffs between voyage duration, bunker costs, and
fuel-saving of ships have been discussed in [20] and three
models for the explicit determination of the optimal ship
speed have been suggested.

More advanced speed control can be achieved in AES with
electric motor drives. By using a fixed sequence of port call
and with a time window for each call, an algorithm for the
speed optimization problem has been presented in [21]. The
operating costs of liner ships on various routes have been
estimated in [22], where a method for ship speed optimization
has been presented. While the ship speed affects the voyage
duration and fuel consumption, the effect of oil price on ship
speed optimization has been discussed in [23]. A nonlinear
speed controller for enhancing the propulsion efficiency in
waves has been presented in [24].

While the previous studies have presented some interest-
ing speed optimization solutions for the vessels, they com-
monly concentrated on the steady-state speed of the ship. The
speed increase/decrease operational condition of the ship and
its challenges have not been considered in their optimiza-
tion studies. Besides, they have emphasized the mechanical
and hydrodynamics engineering of the ship. Nevertheless,
the speed change impacts on the power system and the related
electrical constraints have been ignored in the previous stud-
ies. In other words, the propulsion system dynamics and
the interactions between the power system and propulsion
system have not been considered thoroughly during the ship
speed change. As electric propulsion is the connection point
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where various fields like the mechanics, hydrodynamics, and
electric engineering studies meet, speed optimization in both
the design and the operation levels should be carried out by
considering the mentioned fields in an integrated model.

Considering the aforementioned issues and challenges, this
article proposes a strategy for speed change of the AES.

This proposed method optimizes the open-water efficiency
of the propeller during a speed change maneuver.

For analyzing the effects of this method on the ship
power system, the propeller, the electric power system, and
their interconnections in a notional ship have been modeled
thoroughly. Employing the proposed strategy decreases the
propeller torque variation during speed change operation.
Consequently, the frequency and voltage fluctuations of the
ship power system will be decreased and the power quality of
the power system will be increased. Besides, the proposed
method does not affect the voyage distance during a time
period. Thus, it will not result in the loss of revenues due
to the voyage extension. In addition, a mechanical index
for comparing different strategies of a ship speed change
is introduced in this article. Although this index has been
employed in mechanical literature for analyzing the failure
rate of materials for designing the propeller at the design
level, so far it has not been used in electrical state-of-arts for
comparing different strategies of operational maneuvers. This
index concerns the wear and tear of the propeller shaft and
by employing it, speed change strategies can be compared
considering the lifespan of the propeller shaft.

In the following, an integrated model for analyzing the
speed change strategies of a ship is presented in section II.
More details on the power system and hydrodynamic parts
of the model have also been presented in this section.
In section III an index for comparing operational methods
during a ship speed change scenario is introduced. This
index calculates fatigue damage of the propeller during an
operational condition. By employing that, the wear and tear
of the propeller are taken into account in the optimization
of the ship operation. The proposed algorithm for controlling
the ship speed during a speed change maneuver is presented
in section I'V. A mariner class vessel is simulated in section V
using the presented model. Then, the proposed algorithm for
speed increase/decrease is analyzed in this section and the
advantages of the proposed method compared to the con-
ventional ones are discussed. Finally, the outcomes of the
analysis and the novelty of this article are summarized in
section VI.

Il. INTEGRATED MODEL FOR ALL-ELECTRIC SHIP

In this section, an integrated AES model for analyzing ship
speed change strategies is presented. A ship control system is
responsible for defining the propeller speed reference to lead
the ship to its desired speed.

The ship’s acceleration/deceleration depends on its motion
model, associated with the propeller speed. The propeller
shaft is connected to an electric motor and a motor drive
controls its speed to attain the ship’s operational goals.

VOLUME 9, 2021

Besides, the speed or torque of the propeller follows its
unique dynamic characteristics [25]. A framework for this
integrated model for the ship speed change analysis is shown
in figure 1. In the integrated model, connections between the
electrical, mechanical, and hydrodynamic phenomena of a
ship motion have been considered. The model consists of
three main parts: the power system model, the ship model,
and the control system. In addition, the ship model has been
divided into two parts: the propeller model and the ship
motion model. Individual parts of this model framework will
be discussed in the following.

A. SHIP CONTROL

In a speed change scenario, the operator defines a reference
for the speed of the ship. In the control system, the speed
of the ship is being monitored. When the operator tends to
change the ship speed, the speed of the propeller should be
adjusted (or regulated) based on the propeller and the ship
characteristics [25], [26]. According to the propeller’s desired
speed, the motor drive will change its stator current in order
to reach the desired RPM (Round Per Minute). The produced
thrust of the propeller, which is related to the propeller char-
acteristics, will result in acceleration/deceleration of the ship
according to the ship’s motion condition.

B. SHIP POWER SYSTEM
A single line diagram of a notional ship power system is
shown in figure 2 [27], [28].

The major power consumer in a ship power system is
the propulsion system, which has its unique dynamic char-
acteristics. Without losing generality, other shiploads have
been considered as hotel loads (such as lighting, ventilation,
heating, and freshwater generation) and base loads. The main
bus voltage is 4.16kV/60Hz. Two types of power generators
have been considered in the power system, including gas
turbine and diesel generator. Since the gas turbine generator
efficiency is more than the diesel generator, it produces a
major part of electrical power in the ship power system.
In contrast, the diesel generator’s startup time is lower. Thus,
they can come in handy in some operational scenarios.

In this study, the gas turbine generator of the notional
power system in figure 2 is a 36-MVA round rotor generator.
In addition, a 4-M VA salient pole diesel generator is included
in the power system. Field voltages of these generators are
controlled by an AC1A type excitation system. This exciter
model is a field-controlled generator excitation system with
non-controlled rectifiers [29], [30]. In addition, a common
dynamic model for the gas turbine governor has been used
in this study. It includes speed control and temperature con-
trol loop [31]. The propulsion system has a 20 MVA asyn-
chronous motor, which is connected to a 12-pulse F.O.C
(Field-Oriented Control) drive. This motor drive orients the
stator current according to the rotor flux for attaining an
orthogonal spatial angle between the armature magnetomo-
tive force (MMF) and the field flux. Thus, the flux and torque
can be controlled independently [32].
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FIGURE 2. K7, Kq and g for the propeller given in Table 1.

C. PROPELLER MODEL
Two non-dimensional terms are usually used to depict the
performance of a propeller: (1) Trust coefficient (K7), and
(2) Torque coefficient (Kp). They are associated with the
geometrical configuration of the propeller and are obtained
by open-water tests on propellers [33].

Force and torque produced by a propeller can be calculated
as:

T = Krpn’D* 1)
Q = Kopn’D’ 2)

where D is the diameter of the propeller, 7 is the rotational
speed, p is the water density, T is the thrust produced by the
propeller, and Q is the torque of the propeller. Furthermore,
these non-dimensional coefficients are related to other hydro-
dynamic parameters, given as [34]:

P Ag t

Kr = fi(Ru, Ja, =, ==, 2. = 3
Tfk(nADAUZc) 3)

Ko = fo(Rn, J P A & “)
0 = Joxy, A’D’AO’Z’C

where P/D is the pitch diameter ratio, z is the number of
propeller blades, Ag/A, is the blade area, R, is Reynold’s
number, t/c is the ratio of the maximum propeller blade
thickness to the length of the cord at a characteristic radius,
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Thrust

and Jy is the advance coefficient that can be determined by
the velocity of advance (V,) by using (5).

Va
= nD
The velocity of advance, V,, is the speed at which water is
passing through the disc of the propeller. For a straightfor-
ward study, it can be approximately assumed to be equal to
the ship speed. But, if the propeller is placed behind the ship
hull and for more precision, the ship motion effects such as
wake fraction can be taken into account. For this study and
without loss of generality, the velocity of advance has been
assumed to be equal to the speed of the ship.

An essential coefficient, which is going to be used in the
proposed strategy for speed changing of the ship, is called
open-water efficiency of the propeller, 7.

It is defined as the ratio between the required power to
rotate the propeller and the thrust power. The latter is the
product of the thrust and the ship speed [35].

For a deeply submerged propeller, the propeller efficiency
can be calculated according to propeller characteristics [36].

_ VaTa . VoKt . JaKT
2rnQq 2mnKgD  2nKp

&)

10 (6)
Multiple regression analyses have been applied to
Wageningen B-series propeller open-water characteristic data
from [34] and K7 and Ko with respect to J, have been
extracted. K7, Kg, and g curves are shown in figure 3.

The parameters of the propeller used for drawing this
figure are given in Table 1. As it can be seen in figure 3, when
J, is equal to 1.33, the ship has reached its steady-state and
final speed.

Thus, K7 and its acceleration will become zero. In reality,
there is a deviation from zero for coping with the ship and
wind resistance. Furthermore, the propeller reaches its maxi-
mum efficiency when J,, is 1.09. It means that at this point the
ratio of produced to consumed power is at its highest efficient
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FIGURE 3. Notional ship power system with two different generators.

TABLE 1. Propeller Properties.

Symbol Value
P/D 1.25
Ag/A, 0.65
VA 4
D 5.6m
Y 997 kg/m”"3

state. Considering that the efficiency of the propeller speed
is the core idea in this article, the proposed speed change
strategy will use ng to find an efficient state for the propeller
during the ship operational conditions. More details about
considering this important matter in the proposed algorithm
are discussed in section IV.

D. THRUST MODELLING

The thrust of the propeller will result in acceleration of the
ship and can be used in ship dynamic analysis. Change of
the velocity with a produced thrust can be calculated by
using (7) [24].

mU = R(u) + T(1 — 1) (7

where m is the total mass including the ship mass and added
mass like cargo, U is ship velocity and ¢4 is thrust deduction
due to hull resistance. R(u) is the total resistance of the
ship while moving forward. It contains various components.
Common resistances, which are usually being considered,
are wave-making resistance, wind resistance, various wave
spectrum disturbances, and frictional resistance [26].

lIl. FATIGUE DAMAGE DUE TO SPEED CHANGE

Life prediction of components such as the propeller shaft
plays an important role in the design and operation levels
of a vessel. This analysis depends on the cumulative fatigue
damage of the components [37]. Some important impacts
that can cause shaft fatigue failure are wear and tear of the
propeller shaft, corrosion effects, overloads, stress concen-
tration, and impact loads, all of which reduce the fatigue
strength of shafts [38]. When the propeller torque changes
during a maneuver, fatigue damage increases in its shaft in
a cumulative manner, which may lead to a fracture of the
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shaft. Although this matter is crucial in the reliability of a
ship operational method and affects the maintenance cost of
the ship, it has not been taken into account in state-of-the-arts
for finding optimized operational methods. In the follow-
ing, a proper index for comparing operational methods with
respect to their effects on the wear and tear of the propeller
will be proposed.

In 1945, Miner presented a mathematical form for the
linear rule of fatigue damage [39], [40]. The number of cycles
to failure (NCF) caused by torque t is an index that can be
used for calculating the mechanical fatigue of the shaft. NCF
for ASTM 293/2-3 class materials, which is commonly used
as shafts, can be calculated as follows [41]:

NCF = 0.5(6.4 x 1076 x %)—17“ (8)

where R is the shaft radius and 7 is the applied torque to the
shaft. To quantify the impact of mechanical oscillations on
the shaft lifespan, the Miner’s mathematical expression can
be used [39], [42].

n;
LoL =" NCF, )

k
i=1
where LoL is loss of life duration of the shaft, n; is the number
of cycles the torque t is applied to the shaft and k is the
number of power oscillation cycles.

The LoL index is a number between zero and one. When
it reaches one during a time period, it means that the shaft
is completely damaged. During the lifespan of a shaft, this
aggregated index will increase according to the applied torque
to the shaft until it reaches its final value and the shaft
is damaged. According to this index, one can identify the
method which has lower fatigue damage on the propeller for
speed changing of a ship. Any method that has lower LoL
during a simulation time period has a lower effect on the shaft
fatigue.

In this study, this index has been used for comparison of
the proposed methods with the conventional ones. For this
purpose, the aggregated 1/NCF during the simulation time is
calculated using (9).

The result will indicate the LoL index. Considering the pro-
peller shaft lifespan in searching for the optimized methods of
speed changing will result in a more economically-efficient
operation of the vessels.

IV. THE PROPOSED EFFICIENT SPEED

CHANGE STRATEGY

In the state-of-the-art ship speed optimization studies,
the propeller efficient operation during a ship speed change
maneuver has not been considered.

The optimization goals presented in the literature are
focused on finding the optimum speed for the ship to con-
vey in steady-state operational conditions [16], [23], [24].
Conventionally, for increasing/decreasing the ship speed,
the desired propeller speed will be calculated according to
the desired ship speed [25], [26]. Considering V,, equal to the
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Speed Change Command

Max. Acceleration or
Efficient Acceleration

| &

FIGURE 4. Proposed speed change algorithm.

desired ship speed and J, equal to the amount at which the
propeller thrust is zero, the desired propeller speed can be
determined by (5).

In this section, two new strategies for changing the ship
speed are proposed: (1) the maximum acceleration strategy
(MAS), and (2) the efficient acceleration strategy (EAS).
The functional algorithm for these strategies is presented
in figure 4. In this algorithm, n,,,, is the maximum speed
at which the propeller motor can work, 7, is the propeller
speed reference determined by the ship control system, nfq
is the speed of the propeller at the desired speed of the
ship, and n,, is the speed of the propeller at the actual ship
speed in the operational condition. Moreover, Ju(final) 18 the
advance coefficient in the desired speed, Jy(f) is the advance
coefficient when the propeller has the highest efficiency, U is
the actual speed of the ship, and U,y is the desired speed of
the ship.

When the ship operator decides to change its speed,
the ship control system can reach the new speed with two
different strategies: MAS or EAS. In MAS, the propeller
speed will deploy its maximum stable speed by the propeller
motor drive. This will produce the full thrust and according to
(7), the ship will have the highest acceleration. When the ship
reaches its desired speed, the propeller speed will be fixed by
the motor drive. Thus, at this state, the ship acceleration will
become zero. In EAS, the ship control system should monitor
the ship speed. According to (6) and considering the actual
speed of the ship, the speed of the propeller for the highest
efficient operation can be calculated. Then as the speed rises,
the new propeller speed is calculated and sent to the motor
drive control. These two strategies are simulated in the next
section. In addition, their results are discussed and compared
with the conventional methods of increasing/decreasing the
ship speed.
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FIGURE 5. Speed of the ship during an acceleration from 13 knots to
16 knots using different strategies of MAS, EAS and conventional.

V. SIMULATION RESULTS

Considering the integrated model framework shown in
figure 1 and the concepts presented in the second section,
the ship model has been simulated in Simulink/MATLAB.
A notional mariner vessel with a total mass of 48 kilotons
and a length of 160 meters is assumed [43]. Considering the
power system model, which consists of a converter for the
propeller motor drive, the step time of the simulation has been
set to 60 us. For this study, one of the regular operations of a
vessel [28] has been discussed. Ship speed increase/decrease,
which is a common operational maneuver during a vessel
journey, has been studied using the proposed algorithm and
power system fluctuations during this operational condition
has been extracted.

It is assumed that the operator tends to increase the ship
speed from 13 knots by about 23 percent to 16 knots. For
simplicity and without losing generality, wave resistance
and wake fraction have been neglected in this scenario.
Figure 5 depicts the speed of the ship during this scenario.
As expected, the MAS has the highest speed acceleration
compared to other strategies, and it reaches the final speed
faster. Besides, it can be seen that after 60 seconds of the sim-
ulation, the EAS speed surpasses the conventional method.

Figure 6 shows the actual propeller speed during this
maneuver. In the MAS, the propeller speed reference reaches
the maximum possible level and the actual propeller speed
follows that. In the conventional method, the propeller speed
reaches the steady-state value corresponding to the desired
speed of the ship. In the proposed efficient strategy, the speed
of the propeller increases in a manner in which the advance
velocity will be kept at its efficient amount.

The advance velocity of the ship during the scenario has
been shown in figure 7. The J, coefficient in the efficient
strategy has been kept equal to 1.09 during the scenario,
which is the efficient level for propeller operation according
to figure 3. However, in the other methods, the J,; coefficient
has exceeded this amount while the propeller speed increases.

Before investigating the advantages of the proposed EAS
on the ship power system, the distance that the ship has
been voyaged and the energy consumed by the propeller
during the time has been depicted in figure 8 and figure 9,
respectively. For a better comparison, the consumed energy
has been normalized according to MAS. In the maximum
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FIGURE 8. Voyage distance of the ship during an acceleration from
13 knots to 16 knots using different strategies of MAS, EAS and
conventional.

acceleration method, the route distance at the end of the
simulation is 20 meters more than the two other strategies,
which is negligible. Similarly, the consumed energy in this
strategy is slightly more than two other strategies, which is
also negligible. It means that while the energy consumption
and the traveled distance is almost equal in these strategies,
the efficient strategy has the advantages which will be dis-
cussed in the following.

Figure 10 and figure 11 show the voltage and frequency
fluctuations of the ship power system during the speed
increasing scenario. As shown in figure 10, the least voltage
drop during the maneuver belongs to EAS. The voltage drop
in this strategy is just 0.2 percent. This is about half of the
conventional method voltage drop, which is 0.42 percent.
This low voltage drop demonstrates better power quality
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conventional.

1.02 —— T T T T T
i ——EAS
101 fTRE o e MAS J
E-', 0.7%1 —=-—=Conventional
g ! R ¥020%
c ; * 1%
Sogof |k ! |
o i 25%
o H
w098l i i
\ - T 10 15 20 25
0.97 L 1 1 x . \
0 20 40 60 80 100 120
Time(s)

FIGURE 11. Frequency of the ship power system during an acceleration
from 13 knots to 16 knots using different strategies of MAS, EAS and
conventional.

during vessel voyage, as well as improving the power system
stability during extreme operational conditions. The MAS has
the highest voltage drop, which is about 1.2%. Frequency
fluctuation during the scenario is also lower in the EAS. The
conventional method and MAS have 1% and 2.5% frequency
drop, respectively.

However, the frequency drop in EAS is 0.2 percent.
Although the frequency increases with 0.7% at the EAS when
the ship reaches its desired speed, it has 80 percent less
frequency drop than the conventional method. It will result in
enhanced reliability and power quality of the power system
in extreme conditions.

In addition, sensitive equipment such as computers, which
are sensitive to frequency drop, will operate more reliable
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FIGURE 12. Torque of the propeller during an acceleration from 13 knots
to 16 knots using different strategies of MAS, EAS and conventional.
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FIGURE 13. Loss of life duration of the shaft during an acceleration from
13 knots to 16 knots using different strategies of MAS, EAS and
conventional.

utilizing the proposed EAS. In other words, the EAS results
in better functionality of the ship power system during the
ship speed change, while the ship acceleration is not lowered
in comparison with the conventional method. On contrary,
the ship acceleration has been increased fairly at some points.
Figure 12 shows the propeller torque fluctuations during the
speed change maneuver. While the maximum acceleration
strategy has the highest torque fluctuations, which rises to
0.8 p.u. during the speed increase, the EAS has the least
torque fluctuations. For EAS the torque rises to 0.28 p.u.
at most. This torque increase is about 25% less than the
conventional method, which is 0.37 p.u. One of the most
important advantages of decreasing torque fluctuations is to
yield a much longer shaft life duration.

For comparing fatigue damage to the shaft in the inves-
tigated methods, the LoL index introduced in section III
is employed. Figure 13 shows the loss of life duration of
the shaft for the speed change maneuver with the discussed
methods. As mentioned in section I'V, the LoL index can show
the fatigue damage of a material during a torque fluctuation
experience. Lower LoL in an operational strategy shows that
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TABLE 2. Summary of the Methods Effectiveness.

Parameter Conventional EAS MAS
Voltage drop 0.42% 0.2% 1.17%
Frequency drop 1% 0.2% 2.5%
Torque rise 0.36 p.u 0.27 p.u 0.8 p.u
Loss of Life 3.3*%10° 6*10°! 2.1*%1073

utilizing that approach can result in a longer lifespan of the
shaft. As it can be seen in figure 13, the proposed EAS has
the lowest LoL index. It is 1.8 percent of the conventional
method. It means that by utilizing the proposed method,
the propeller shaft can survive from fatigue damage 55 times
more than the conventional method.

Notably, the propeller shaft experiences other fluctuations
such as wave encounter effects during its operation time. But
as far as speed changing operation affects its lifetime, the pro-
posed method will increase its lifespan 55 times more than
the conventional method. The MAS has the highest fatigue
damage on the propeller shaft, which is about 6000 percent
more than the conventional method. It means that although
this method will result in a rapid acceleration in the ship
speed, this method has a massive fatigue impact on the shaft.
Thus, it should only be used in necessary operational condi-
tions such as fleeing from danger. For a better perspective of
the proposed methods effectiveness, Table 2 summarizes the
performance indexes and analysis data of the proposed and
conventional methods.

VI. CONCLUSION

This article has proposed a novel strategy for increasing/
decreasing the speed of all-electric ships. The proposed algo-
rithm consists of two strategies: one of them leads to maxi-
mum possible acceleration for the ship, while the other one
prioritizes open-water efficiency and lifespan of the propeller
operation. For investigating these methods, an interconnected
ship motion and power system model comprising the related
equations and concepts has been presented. In addition,
an index for comparing the ship operational methods with
respect to the propeller shaft lifetime has been employed.
This index, which is called loss of life (LoL) of the shaft, can
identify which operational method leads to less fatigue dam-
age on the ship shaft. Employing the operational strategies
with consideration of LoL will decrease wear and tear of the
shaft and consequently decrease downtimes and maintenance
costs.

Using the aforementioned interconnected model and the
lifetime index, the proposed speed change strategies have
been compared with the conventional method. It was shown
that utilizing the efficient strategy will result in more power
quality of the ship power system during a speed change
maneuver. Besides, the proposed efficient method will reduce
the fatigue damage of the propeller shaft drastically in
comparison with the conventional method. This will result
in reducing the operational and maintenance costs and
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downtimes of the ship. On the other hand, using the maximum
acceleration method will make the ship rapidly reach its
desired speed. For future works, the proposed strategies will
be used to improve the power management system in all-
electric ships.
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