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Abstract
Ship motions affect the propulsion system, which causes fluctuations in the power sys-
tem. Mutually, the power system variations impact the ship velocity by generating speed
changes in the propeller. Therefore, interconnecting the ship hydrodynamic and power
system has paramount importance in designing and analysing an all‐electric ship (AES).
The lack of an integrated model that can be evaluated in various operating conditions,
such as manoeuvring, is evident. This paper explores the required perceptions for the
power system and hydrodynamic analysis of an AES. Then, an integrated theoretical
model comprising both the ship motion and power system is proposed. In addition to
providing an accurate model for the ship in varying situations, this study demonstrates
that the ship speed estimation during a ship route change differs from when the in-
terconnections are overlooked. In the light of this determination, a straightforward
enhancement for the ship speed control system is proposed. The effects of this modi-
fication on the ship power system are explored using the proposed model. The developed
model is examined in different scenarios, and its advantages are discussed. It is shown
that this model is suitable for employing in the model‐based design of AESs.
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1 | INTRODUCTION

After introducing the electrical propulsion system and its
benefits, naval organizations have widely welcomed the
all‐electric ship (AES) concept during the last decade.
Formerly, the electric power level in ships was a few megawatts
and mainly was used for typical electric power loads like ship
services. With the advent of the electric propulsion system, the
electric power level has been significantly raised in AES [1].
The integrated power system used in AES makes it easier to
control all aspects of the power system. This capability can lead
to increased reliability, power quality, and efficiency of the
power system performance [2]. Utilizing electric propellers
resulted in more advanced energy management and decreasing
fuel and greenhouse gas emission. On the other hand, this
interconnection generated critical control and operation
challenges [3]. Since the naval propulsion system has a unique

dynamics and is impacted by the ship motion, these challenges
necessitate novel solutions that were not essential for typical
terrestrial microgrids.

The electrical load of a propulsion system fluctuates due to
various impacts from waves or in‐and‐out‐water effects [4].
Several studies aimed to explore the impact of these variations
on the ship power system. Some of these fluctuations exist
particularly in a marine power system. A control method
focussing on energy storage control is presented in Ref. [5],
and power fluctuations and the cost of energy storage systems
are reduced by optimizing the configuration of the battery and
supercapacitor. Likewise, analytic equations for the estimation
of system marginal cost of a ship power system equipped with
energy storage and photovoltaic system are obtained in Ref.
[6], and the economic operation of this system is analysed. A
model predictive control system for mitigation of harmonics in
a diesel‐electric ship is discussed in Ref. [7]. Here, the authors
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studied a microgrid with two harmonic load buses and
recommended a method to mitigate the harmonics in the
microgrid by taking advantage of an active power filter. In Ref.
[8], a load re‐distribution controller for compensating
frequency fluctuations of a ship power system is provided. In
addition, one of the power quality problems in a ship electric
network is voltage and frequency modulation. In Refs. [9, 10],
in a series of two companion papers, the theoretical analysis of
voltage and frequency modulation is established by high-
lighting the critical parameters affecting them. Then, the
modulations are expressed, comprising several parameters of
an AES power system.

A few studies are focussed on the dynamic stability of an
AES power system and different approaches are analysed for
properly controlling and stabilizing the power system. In Ref.
[11], dynamic and mathematical modelling for stability analysis
of onboard DC power systems is presented. It emphasized the
power electronic parts of the power system. In Ref. [12], a
model for different components of an AES power system is
presented. It provided a model for uncontrolled full‐bridge
rectifiers and suggested a model predictive algorithm for sta-
bilizing the DC voltage. A control strategy that improves the
stability of MVDC bus voltage in the presence of destabilizing
constant power load converters is presented in Ref. [13]. This
adaptive control is capable of solving the problem of voltage
instability induced by incremental negative resistance of con-
stant power load converters. Ref. [14] examines alternative
models of propulsion system components, with an emphasis
on propeller drive models. In Ref. [15], simulations are per-
formed for various frequencies of load fluctuations in a ship
power system, and the results are evaluated. A power man-
agement strategy for mitigating the torque fluctuations and
enhancing the propeller lifespan is presented in Ref. [16]. A
simulator for maritime vessels is presented in Ref. [17] by
considering the navigation and power systems. Ref. [18]
discussed AES modelling with DC hybrid power systems.
Although these models subtly depict load variations in the
power system in dynamic positioning conditions, the impact of
ship movements on the power system in a manoeuver and
change of route operation is overlooked. Furthermore, the
primary focus of the previously stated studies is either the AES
power system or the ship motion in a specific operating
condition. Thus, the lack of a model that considers both these
concepts in different situations is evident.

The above‐mentioned investigations have found some
attractive solutions for the challenges in AES power systems.
However, they have commonly used system models in their
studies with a notable lack of precision. Common issues in the
previous works are: (1) The propulsion system dynamics are
not modelled thoroughly. In some studies, only a constant load
profile or torque pattern has been used. Neglecting the
particular characteristics of the propeller load in different
operational conditions can result in uncertain dynamics and
instability of the ship. (2) The power system and propulsion
system interconnections are not investigated precisely. Power
system fluctuations caused by the ship's typical loads can
impact the propulsion system functionality. Disregarding these

impacts can affect ship speed and position estimations in the
ship control system. On the other hand, propulsion torque
fluctuations caused by ship motion can affect the ship power
system. Considering these impacts are essential in power
system stability and reliability analyses. (3) Manoeuvring con-
ditions and the ship motion consequences on the power sys-
tem have been unnoticed. Speed change and propulsion system
torque fluctuations in manoeuvring conditions have significant
effects on the power system. Inversely, power system fluctua-
tions can cause a propulsion system speed change. This can
affect the ship motion and should be considered in AES
operation conditions. (4) The difference between the case
study microgrids of the mentioned researches and a common
terrestrial microgrid is often restricted to the load profile. It
may not be similar to a ship microgrid in reality. The main
difference between terrestrial microgrids and an AES power
system is the unique dynamics of the propulsion system of the
AES in different operational conditions. An integrated and
compact model for an AES needs to focus on the unique
dynamics of the propulsion system and consider the hydro-
dynamics of the marine vessel, too. In addition, it should
provide the ability to analyse different operating conditions.

As the ship motion and associated mechanical concepts are
essential for stability, control, and reliability studies of maritime
power systems in varying conditions, an integrated model that
includes both aspects is crucial. This paper proposes a
comprehensive theoretical strategy for considering the linked
effects of ship motion on the power system and vice versa. By
deploying the proposed model‐based approach, the ship power
system analysis is not limited to predetermined load profiles
inferred from specific operating conditions. In addition, the
proposed method can accurately estimate the speed variation
during route change manoeuvres. Although these fluctuations
have substantial impacts on the high‐speed vessels operation, it
is not addressed adequately in the previous works. Moreover,
the resistance forces’ variations in a manoeuver are taken into
account in the proposed approach. Concerning the ship vari-
ation in the track change operation, the speed control of the
propellers is adjusted to keep the velocity within a specific
range. Furthermore, the modified speed control approaches’
impacts on the power system are analysed by employing the
proposed model.

The rest of the paper is organized as follows. In Section 2,
the framework of the proposed model for an AES and a typical
power system model is presented. More information on the
suggested model's hydrodynamics is given in Section 3. In
Section 4, a mariner is studied according to the proposed model,
and the advantages of the presentedmodel are discussed. Finally,
the main remarks of this work are concluded in Section 5.

2 | THE PROPOSED INTEGRATED
MODEL FOR AN AES

The ship control system establishes a propeller speed reference
to ensure that the ship maintains its desired speed or opera-
tional goals. The ship speed and its yaw angle behave according
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to hydrodynamic concepts and affect the propeller speed.
Besides, the propeller thrust and torque are corresponded with
its dynamic characteristics [19]. In the proposed model, these
connections are thoroughly considered. Based on the
mentioned relations, a framework for the proposed model is
shown in Figure 1. It includes three main sections: (1) power
system, (2) ship dynamic, and (3) control system. In the control
section, the ship speed reference and route direction are
defined. Also, the ship position, velocity, and related angles are
monitored by various sensors [19, 20]. Details of the ship
motion model are discussed in the next section.

According to Figure 1, once the operator commands a
change in the ship speed, the propeller model calculates the
desired speed for the propeller based on the ship desired
speed. The RPM (round per minute) reference will be sent to
the motor field‐oriented control drive. Hence, the motor drive,
which controls the propeller motor armature current, forces
the shaft speed to reach the required speed. In addition, the
propeller model calculates the produced thrust and yields
the result to the manoeuvring and hydrodynamic model of the
ship. On the other hand, the control system can change the
direction of the ship route by changing the rudder
angle [21, 22]. In the manoeuvring and hydrodynamic model,
the position and speed change of the ship in a manoeuvring
operation is obtained based on the ship velocity, the propeller
thrust, and rudder angle.

A ship power system schematic diagram is demonstrated in
Figure 2 [22, 23]. The propulsion motor is the primary load in
a ship power system, and the unique dynamics of this load is
the main focus of this paper. Thus, other loads have been
grouped into hotel loads (like lighting, ventilation, and heating)
and base loads. The power system voltage is considered to be
4.16 kV/60 Hz. Two types of electric power generators
commonly manage the main loads in ships: (1) gas turbines and

(2) diesel generators. The diesel generator has a lower fuel cost
and starting time [24, 25]. The latter feature can increase the
system stability and reliability in some operating scenarios. For
instance, while a pumping motor is starting and the power
system consumption exceeds the power generation for a
limited time, the diesel generators can help the power system in
shorter times. Although operating costs of gas turbines are
elevated, high power density applications and low emission and
space criteria necessitate their use in ships. The substantial
benefit and merit can compensate for the additional expenses
that gas turbine propulsion provides [26]. Thus, proper coor-
dination and power‐sharing between the types of generators
based on the dominant operating condition can lead to sub-
stantial fuel savings and make ships greener and safer [27].

The selected power system for this study has a 36 MVA,
round rotor gas turbine generator, and a 4 MVA, salient pole

F I GURE 1 The proposed integrated model for the ship hydrodynamic and power system during a manoeuver operation

F I GURE 2 A notional ship power system

NASIRI ET AL. - 91



diesel generator. A field‐controlled generator excitation sys-
tem with uncontrolled rectifiers (AC1A type) controls the
field voltages of the generators [28, 29]. Finally, a 20 MVA
asynchronous motor is considered for the propulsion system.
It is driven by a 12‐pulse rotor field‐oriented control motor
drive. This type of motor drive orients the stator current with
respect to the rotor flux in order to achieve an orthogonal
spatial angle between the field flux and the armature mag-
netomotive force. As a result, the flux and torque can be
separately adjusted [30].

3 | THE HYDRODYNAMICS AND SHIP
MOTION

Different aspects of ship motion and hydrodynamics should be
studied for more precise modelling of the ship propulsion
system and its power oscillations. The ship dynamic model in
Figure 1 consists of (1) the propeller model and (2) the hy-
drodynamic and manoeuvring model. Each of these two parts
focuses on a specific aspect of the ship motion. Their details
are presented in the following subsections.

3.1 | The open‐water propeller
characteristics

A propeller performance is often represented by two non‐
dimensional variables [31]: (1) Thrust coefficient (KT) and
(2) Torque coefficient (KQ). These two indices are
dependent on the geometrical characteristics of the pro-
peller. The propeller thrust and torque can be expressed as
follows.

T ¼ KT ρn2D4 ð1Þ

Q¼ KQρn2D5 ð2Þ

where T is the propeller thrust, Q is the propeller torque, D is
the propeller diameter, ρ is the water density, n is the rotational
speed. Besides, these coefficients are associated with other
hydrodynamic aspects [32], given as:

KT ¼ f k

�

Rn; JA;
P
D
;
AE

Ao
; z;

tb

c

�

ð3Þ

KQ ¼ f Q

�

Rn; JA;
P
D
;
AE

Ao
; z;

tb

c

�

ð4Þ

where P/D is the pitch diameter ratio, AE/Ao is the blade area,
and z is the number of propeller blades. Moreover, Rn is
the Reynolds number and can be obtained using Equation (5)
[32–34].

Rn ¼
ρnD2

μ
ð5Þ

In Equation (5), μ is the viscosity of the fluid, which is
water in this study. The Reynolds number aids in predicting the
flow patterns in various fluid flow conditions [35]. The Lerb
techniques can be used to account for the Reynolds number
impact on propeller characteristics [32, 36]. Furthermore, in
Equations (3) and (4), tb/c is the maximum blade thickness
ratio to the cord length at a characteristic radius. The advance
coefficient, JA, is obtained according to the velocity of advance,
Va, using Equation (6).

JA ¼
V a

nD
ð6Þ

Va is the water flow speed through the propeller disc.
Typically, this is the speed of the ship, but for a ship that has its
propellers behind the hull, it could be reduced. For calculating
JA, it is necessary to calculate the velocity of advance. For a
straightforward simulation, it is considered to be about equal to
the ship velocity. However, the wake fraction should be taken
into account for more precise modelling, as the ship hull shape
causes uneven water flow velocity distribution behind it. It can
result in a deviation of the advance velocity from the ship
speed.

One common principle for considering the wake fraction
in the ship motion model is the Taylor method. For axial ve-
locities, the wake fraction can be expressed as Equation (7), in
which wkis wake fraction and U is the ship speed [31, 37].

wT ¼ 1 −
�

V a

U

�

ð7Þ

Axial wake at a specific point in the propeller can be
expressed as follows [38, 39]:

wxðrÞ ¼
XN

n¼0
½anðrÞcos nϕþ bnðrÞsin nϕ� ð8Þ

where an and bn are the amplitudes of the Fourier components,
r is the radius of the propeller, and φ is the angular position of
a single blade. A wide variety of data on wake distributions,
measured on a diversity of ships, is presented in Ref. [40].
Table 1 shows the extracted wake fraction model and the
corresponding an and bn for this study. For simplicity and
without losing the model generality, we assume the axial wake
is symmetric concerning vertical across the propeller axis.

TABLE 1 Fourier coefficients in wake fraction modelling

Symbol Value

a0 0.05

a1 0.3

a2 3.75

a3 0.007

92 - NASIRI ET AL.



Thus, the decomposition only includes cosine terms, as seen in
Table 1 [31, 38, 41].

Considering Equations (3) and (4), Equations (1) and (2)
can be rewritten as follows:

T ¼ f k

�

Rn; JA;
P
D
;
AE

Ao
; z
�

ρn2D4 ð9Þ

Q¼ f Q

�

Rn; JA;
P
D
;
AE

Ao
; z
�

ρn2D5 ð10Þ

The open‐water characteristic of the Wageningen B‐series
propeller is extracted from [32], and thrust and torque co-
efficients concerning JA are obtained after multiple regression
analyses. KT and KQ curves are depicted in Figure 3. Table 2
shows the propeller parameters used in Figure 3. As shown in
Figure 3, KT is equal to zero at some point (here when JA is
1.33). The propeller performs adjacent to this point when the
ship attains its desired speed, and the ship acceleration will
become restricted. However, there is a deviation in KT from
zero for managing with the resistance forces. The resistance
forces and the resulted ship acceleration are addressed in the
following subsection.

3.2 | The produced thrust model

The calculated propeller thrust and torque are employed in the
ship motion analysis. The speed change caused by the pro-
duced thrust is obtained using Equation (11) [42].

m _U ¼ Tð1 − tdÞ þ RðUÞ ð11Þ

where m is the ship total mass, which includes the ship mass
and the hydrodynamic added mass, and U is the ship velocity.
For the propeller open‐water hydrodynamic properties to be
adjusted against the hull's neighbourhood, td, which is thrust
deduction and a hull‐propeller interaction factor, is employed
[31]. In this study, td is considered equal to 0.2 [39]. R(u) is the
total resistance when the ship is voyaging forward. Resistance
forces usually considered in R(u) are frictional, wave‐making,
and wind [20]. In this study, RF and RR, which stand for the

frictional and the wake‐making resistance, are derived from
Equations (12) and (13) [31]:

RF ¼ Cf UiA ð12Þ

RR ¼ CRρU2A ð13Þ

where i depends on the shape of the ship. For standard ship
surfaces, it is 1.825. Cf and CR are the coefficients for the
friction and the wave‐making resistance, and A is the wetted
area of the ship. Furthermore, wind forces in the surge and
sway direction of the vessel are estimated using the following
expressions for accounting for the effect of changing wind
angle during a ship route change manoeuver.

Fwind−X ¼ CairXðψÞρu2S ð14Þ

Fwind−Y ¼ CairY ðψÞρν2S ð15Þ

where CairX and CairY are coefficients of the wind force in the
surge and sway direction, S is the facing area of the ship in the
air, ψ is the wind direction, and u and v are the surge and sway
velocities. Cf and CR are attained following the approaches
provided by [43]. The zero degrees of wind direction signifies
that the wind is coming from the following direction, while the
180 degrees of wind direction indicates that the wind is a head
wind. Figure 4 depicts the coefficients derived for each angle of
wind direction and the wind speed of 10 m/s.

Another component added to the model for more precise
results is the loss of effective disc area caused by the in‐and‐
out‐water effect. In extreme conditions, wave disturbances

F I GURE 3 The thrust and torque coefficients
with respect to advance coefficient for Wageningen
B‐series propeller

TABLE 2 The ship and the propeller characteristics

Parameters Value

P/D 1.25

AE/Ao 0.65

Z 4

D 5.6 m

Ρ 997 kg/m3
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can make parts of the propeller get out of the water. This will
result in loss of thrust and shall be considered in the model in
these conditions. This loss of effective thrust can be formu-
lated in different forms. In Ref. [44], a simplified form for the
loss of effect coefficient is proposed and is used in the
proposed model.

β¼ 0:5þ 0:5ðMinð1;Maxð − 1; h=RÞÞÞ ð16Þ

where β denotes the loss factor for the in‐and‐out‐water effect,
h is the propeller shaft submergence, and R is the radius of the
propeller. As can be deduced from Equation (16), when the
propeller is entirely in water, h/R is more than 1, and the loss
factor equals 1. Thus, the efficiency loss of thrust is equal to
zero. Then, Equation (9) can be modified and rewritten as:

T ¼ βf k

�

Rn; JA;
P
D
;
AE

Ao
; z
�

ρn2D4 ð17Þ

3.3 | The manoeuvring model

Ship motion, stability, and control studies are traditionally
separated into twomain areas: sea‐keeping andmanoeuvring [19,
20]. The main purpose of the sea‐keeping is the ship perfor-
mance encountering waves and other resistances while keeping
the same direction at a constant speed. In this regard, the study of
steering characteristics of ships with forwarding speed and its
response to the command of propulsion systems and control
surfaces lies in the manoeuvring field of study. An important
aspect that is not addressed in the literature of AES power sys-
tems is the kinetic model for manoeuvring operation of marine
vessels. Thus, the state‐of‐the‐art research methods for better
functionality of ship power systems are not analysed in the
manoeuvring conditions. This aspect becomes important when
the ship control goal is to hold its speed at a specific range; as in
manoeuvring conditions, the ship speed has unique fluctuations.

There are two approaches for the mathematical modelling
of forces in manoeuvring. The first approach, commonly used
in classical manoeuvring theory, is by utilizing the Taylor series.

A truncated Taylor series with only odd terms of third order is
presented [45]. The second approach is to use second order
modulus terms [46]. In this paper, the first approach, which is
more common in studies, is used. By applying concepts from
[20, 45], forces in each direction can be acquired using
Equations (18)–(20).

X ¼ Xuuþ Xuuu2 þ Xuuuu3 þ Xvvv2 þ Xrrr2 þ Xrvrv
þXδδδ2 þ Xuδδuδ2 þ Xvδvδþ Xuvδuvδ

ð18Þ

Y ¼ Y vvþ Y rr þ Y vvvv3 þ Y vvrv2r þ Y vuvuþ Y ruru
þ Y δδþ Y δδδδ3 þ Y uδuδþ Y uuδu2δþ Y vδδvδ2
þ Y vvδvv2δþ Y 0 þ Y 0uuþ Y 0uuu2

ð19Þ

Z ¼ Zvvþ Zrr þ Zvvvv3 þ Zvvrv2r þ Zvuvuþ Zruru
þ Zδδþ Zδδδδ3 þ Zuδuδþ Zuuδu2δþ Zvδδvδ2
þ Zvvδv2δþ Z0 þ Z0uuþ Z0uuu2

ð20Þ

X and Y are the forces in the x and y directions, and Z is
the moment around the z‐axis. Y0 and Z0 are Y and Z in the
initial equilibrium condition. u, v, and r are surge, sway, and
yaw velocities, respectively. Finally, δ is the rudder angle. The
coefficients in Equations (18)–(20) are called hydrodynamic
derivatives. They are partial derivatives of X, Y, or Z with
respect to motion parameters. The subscript notations denote
these coefficients in the form of Ab, Abc, and Abcd, which are
defined as follows:

Ab ¼
∂A
∂b

ð21Þ

Abc ¼
∂2A
∂b ∂ c

ð22Þ

Abcd ¼
∂3A

∂b ∂ c ∂ d
ð23Þ

F I GURE 4 The wind force coefficients with
respect to the wind direction for obtaining the wind
resistance

94 - NASIRI ET AL.



where ∂ is the partial derivative operator.A can beX,Y, orZ, and
b, c, and d can be replaced by r, u,v,or δ. It should be noticed that
some terms have been neglected considering the ship physical
properties. These coefficients have been extracted by curve
fitting and data analysis of the test results in Ref. [47]. After
calculating forces and moments, state equations are obtained as:

_u¼
1

m ‐ X _u
X
�

U2

L

�

ð24Þ

_v¼ −

�

ð − IzþZ _rÞY þ ðmXG‐Y _rÞZ
��

U2

L

�

ðIz‐Z_rÞðm ‐ Y _vÞ − ðmXG‐Y_rÞðmXG‐Z _vÞ
ð25Þ

_r ¼

�

− ðmXG‐Z _vÞY þ ðm ‐ Y _vÞZ
��

U2

L2

�

ðIz‐Z_rÞðm ‐ Y _vÞ − ðmXG‐Y_rÞðmXG‐Z _vÞ
ð26Þ

wherem and Iz aremass and inertia of the ship,XG is the distance
of the centre of coordinates from the centre of ship gravity, L is
the length of the vessel. _u, _v and _rare accelerations according to
X, Y, and Z directions. Thereby, the speed of the ship in
manoeuvring can be obtained using the Euler equation as given
in Equations (27)–(29). The instantaneous speed can be calcu-
lated by Equation (30) in the control system of the ship. Δt is the
sample time of speed estimation used in the ship control system.
and k and k + 1 are indices that show the input and output of a
variable in each iteration of the speed estimation, respectively.

vkþ1 ¼ vk þ _vΔt ð27Þ

ukþ1 ¼ uk þ _uΔt ð28Þ

rkþ1 ¼ rk þ _rΔt ð29Þ

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ ðU0 þ uÞ2
q

ð30Þ

It should be noted that the hydrodynamics equations are
based on the nominal speed of the ship. Thus, for considering the
effect of the propeller thrust, the nominal speed should be
changed according to the propeller dynamics. For this purpose,
an algorithm for speed estimation in manoeuvring conditions is
proposed, shown in Figure 5. This algorithm is based on the
model framework in Figure 1. It shows that at every step of
position estimation in the ship control system, the propeller
motor speed and ship speed should be monitored, and their
fluctuations should be considered in themanoeuvring equations.
The advantages of the proposed algorithm are explored by
simulating assumed manoeuvring scenarios in the next section.

4 | THE SIMULATION RESULTS

A mariner vessel is investigated in the MATLAB/Simulink
simulation tool concerning the proposed model framework

shown in Figure 1 and its related concepts. The studied ship
has 48 kilotons of total mass and is 160 m in length. Also, its
nominal speed is 7.71 m/s (15 knots) [47]. According to the
power system model components, the step time of the simu-
lation is adjusted to 60 μs. Two scenarios are defined and
performed on the proposed model. In the first scenario, a
manoeuvring operation condition is investigated utilizing the
proposed model. This scenario illustrates and discusses the
effects and necessity of interconnecting the electrical and hy-
drodynamic concepts for ship motion analysis. In the second
scenario, one of the standard operations of a vessel [23] is
analysed. Ship acceleration, a common operating goal in a
vessel journey, is examined by the proposed model, and power
system variations during this condition are investigated.

4.1 | The manoeuvring scenario

In this scenario, the operator of the ship commands for a
change of route direction. Considering experimental mea-
surements of the hydrodynamic derivatives in Ref. [47] that are
used in this paper, it is assumed that the yaw angle of the ship
should be changed by 40°. The ship position during this sce-
nario is depicted in Figure 6, where the start time of the
manoeuvring (the change of direction) is 6 s. According to the
aim of this study for estimating the ship motion and its impacts
on the ship power system during a route change manoeuver, it
is assumed the ship is cruising in calm water. Thus, without
losing the generality, the in‐and‐out‐water effect is disregarded.
However, the wind direction changes during this operation
condition and the consequences on the ship speed and power
system are explored using the provided model. The impact of
employing different modelling approaches on the ship speed
behaviour during the mentioned manoeuver is explored in this
scenario. The first speed estimation approach is obtained by
considering the provided model by previous works. As previ-
ously stated, its primary focus is on manoeuvring and hydro-
dynamic concepts during a manoeuver. Marine engineers
commonly use this model for estimating the ship speed during
a change of route operation. Notably, the interconnection
between the power system and the ship hydrodynamic is not
taken into account. Thus, the corresponding power system
fluctuations cannot be observed thoroughly using this
conventional modelling approach.

The second approach for acquiring the ship speed during
the defined manoeuver is by employing the proposed inter-
connected model. The vessel speed fluctuations according to
these approaches are shown in Figure 7. As the simulations
revealed, the ship speed patterns are different between the
mentioned strategies. Thus, another method is included in this
scenario for a more thorough investigation of the manoeu-
vring effects on the ship power system. Unlike the other
techniques that kept the shaft speed constant during this
operating condition [20, 48], the proposed method has a ship
speed control that keeps the ship speed within a margin of the
target speed by altering the propeller speed. This margin
should be determined based on the ship operating condition
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[22]. For this study, the margin is considered to be 1% of the
desired speed. Hence, when the ship speed exceeds the
threshold, the motor drive receives a signal to change the
propeller shaft speed to retain the speed in the specified range.
In addition, the altering propeller speed is applied with a
constant slope. As shown in Figure 7, the speed estimation
deviation from the desired speed is about 1 knot without using
the integrated model during the manoeuver. This variation is
about 0.4 knots in the proposed model with the same con-
ditions. The amplitude of the speed fluctuation is reduced to
0.2 knots by utilizing the improved propeller speed control.
Therefore, the enhanced speed control system can reduce the
ship speed variations by 50 percent. It is noteworthy that if the
segregated approach is utilized for the speed estimation, the
speed fluctuation reduction is 80 percent.

The source of this inequality in speed estimation is that
while conventional models use ship motion concepts for this
scenario, they assume U0 in Equation (30) to be constant. They

calculate u and v from Equations (27) and (28) by utilizing
hydrodynamic Equations (18)–(26) and then the ship speed is
obtained using Equation (30). Thus, U0 is assumed to be
7.71 m/s for the first approach. However, this assumption is
not realistic. In the steady‐state, the ship speed remains con-
stant. At this point, the propeller thrust should be equal to the
resistance forces, and the ship acceleration should be around
zero. When the speed of the ship decreases because of a
manoeuver operation, JA decreases according to Equation (6).
Therefore, KT increases and the propeller system produces
more thrust. It means that in Equation (30) the propeller thrust
and the resulting acceleration should be considered. For this
reason, the propeller speed change and its effects on the ship
speed are considered in the proposed algorithm. In summary,
the remarkable difference between these approaches is because
the proposed model correctly represents the hydrodynamic
and electrical system interactions. Thus, the proposed method
for restricting the ship speed during the manoeuver is more

F I GURE 5 The proposed speed estimation algorithm for route change manoeuvring condition
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dependable. Since this difference is noticeable and can affect
the ship's design level and control system decisions, it can be
utilized to precisely design control systems in future works.

Furthermore, the power system fluctuations in the
manoeuvring operation are analysed using the presented speed
change strategies. In the proposed variable speed model, the

ship controller keeps the speed of the ship in a specified range.
For this goal, the speed reference of the motor shaft changes
during the manoeuver in this approach. This variation results
in torque changes in the propeller. Utilizing the proposed in-
tegrated model, the effect of this manoeuvring scenario on the
ship power system is studied. The propeller torque, power
system voltage, and electrical power consumption are depicted
in Figures 8–10, respectively. In the constant speed approach,
the torque and power fluctuations are smoother. But when the
speed of the propeller becomes a control parameter for
keeping the speed of the ship constant, the torque and power
have more fluctuations. As the speed of the ship gets lower
than the speed limit, the motor drive starts to change the
speed of the propeller, and according to the ship motion re-
lations, the torque of the propeller increases. When the speed
of the ship gets back to the desired margin, the speed of the
propeller decreases again, reducing the torque and power
consumption of the propeller motor. As a penalty of keeping
the speed ship in a restricted margin, the sudden changes of
power and torque in the variable speed approach have resulted
in voltage fluctuations in this approach. But the voltage fluc-
tuation amplitude is not significant, shown in Figure 9. In
addition, these fluctuations can cause wear and tear for the
propeller shaft. Loss of lifetime in electrical components of
the ship power system during different operating conditions
will be studied in future works using the proposed integrated
model.

40o

Start of Maneuvering: t = 6 s

F I GURE 6 The ship position during the ship route change manoeuver
scenario

F I GURE 7 The ship speed estimation in the
route change manoeuver using the segregated
model and the proposed model with propeller speed
(a) constant and (b) variable to keep the ship speed
constant

F I GURE 8 The propeller torque in the route
change manoeuver using the proposed model with
propeller speed (a) constant and (b) variable to keep
the ship speed constant
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4.2 | The ship speed increase scenario

In this scenario, a typical ship operating scenario is studied. It is
presumed that the operator raises the reference speed for the
ship by 25 percent. For more accuracy, the ship resistances and
the wake fraction are taken into account in this scenario. When
the command of speed rise reaches the propulsion motor
drive, it increases the speed of the rotor to its maximum
possible level until the ship reaches the desired speed. After
that, it specifies a speed for the motor in which the overall
thrust of the ship becomes equal to the resistance forces. Thus,
the ship speed remains steady. The rate of speed rise can be

seen in Figure 11. In Figure 12, the propulsion system power
fluctuations are shown. While the ship speed is increasing, the
overall power consumption of the propulsion system rises.

After the ship reaches the desired speed, ship motion effects
result in voltage and frequency fluctuations. These fluctuations
are depicted in Figures 13 and 14, respectively. It can be seen that
the voltage drops up to 6.2% during the ship acceleration. Also,
at different speeds, the effects of ship resistance, waves, and
wake fraction on the voltage of the power system are different.
Thus, the voltage variations depend on the model's precision in
the ship motion analysis. This also applies to frequency fluctu-
ations. It can be deduced from Figure 14 that the frequency

F I GURE 9 The power system voltage in the
route change manoeuver using the proposed model
with propeller speed (a) constant and (b) variable to
keep the ship speed constant

F I GURE 1 0 The propulsion power in the route
change manoeuver using the proposed model with
propeller speed (a) constant and (b) variable to keep
the ship speed constant

F I GURE 1 1 The ship speed variation in the
speed increase manoeuver scenario employing the
proposed integrated model
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fluctuations at the beginning of the speed change are up to 2.7%.
Even after the ship reaches its final speed, the power system
frequency has fluctuations because of the wake fraction and
wave effects. These fluctuations are essential in the power quality
analysis of the ship power system and can be extracted in
different operational conditions using the proposed model. As
mentioned, in the conventional methods, the interactions of
hydrodynamic and electrical power systems are not considered
comprehensively. Thus, the simulation results of this scenario
using the proposed theoretical model cannot be compared with
the conventional models.

5 | CONCLUSION

In this paper, an integrated theoretical model to address the
impacts of AES motion on its power system and vice versa
during a manoeuvring operation is proposed. For this target, the
ship hydrodynamic, propeller dynamic, and power system
models of a typical marine vessel are explored in detail. In
addition, considering this model, a comprehensive algorithm for
estimating the ship speed thoroughly during a direction change
manoeuvring is proposed. Then, the efficacy of deploying the
presented model in evaluating ship state is investigated using

F I GURE 1 2 The power of propulsion system
fluctuations during the speed increase manoeuver
scenario using the proposed integrated model

F I GURE 1 3 The power system voltage
fluctuations during the speed increase manoeuver
scenario using the proposed integrated model

F I GURE 1 4 The power system frequency
fluctuations during the speed increase manoeuver
scenario using the proposed integrated model
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simulation methods. It is revealed that the suggested model
outperforms the current unintegrated models by 60% in terms
of speed fluctuation amplitude estimation. Thus, this distinction,
as well as the benefits of the proposed approach, are discussed.
The propeller speed control is then enhanced to keep the ship
speed within a narrow range, which is vital in specific operating
situations. The modified speed control reduces ship speed
fluctuations by 80% compared to conventional approaches and
50% compared to the accurate suggested model. Furthermore,
the proposed model capacity in evaluating the impacts of ship
motion on power system fluctuations is assessed through a ship
acceleration scenario. It is demonstrated that this model can
investigate the mutual effects of ship motion and power system
precisely in this scenario.

Since the proposed model and the speed estimation
approach considers different aspects of the ship manoeu-
vring circumstances, it can be utilized to improve the AESs
power management system from an interdisciplinary
perspective. As a result of adequately analysing diverse
conditions, the power management system design will
efficiently perform both electrically and mechanically. In
future works, this theoretical model will be validated using
experimental methods. Also, it will be deployed to enhance
the electric power management systems to reduce pro-
pellers’ mechanical fatigue and increase their lifespan during
a manoeuver situation.

NOMENCLATURE
Indices and sets
k Index for the number of the speed estimation sample

Parameters and constants
A Wetted area of the ship
AE/Ao Propeller blade area
c Length of the blade cord
Cf Frictional resistance coefficient of the ship
CairX Coefficients of the wind force in surge direction
CairY Coefficients of the wind force sway direction
D Diameter of the propeller
Iz Inertia of the ship
KT Thrust coefficient for the open‐water characteristic

of the propeller
KQ Torque coefficient for the open‐water characteristic

of the propeller
L Length of the ship
m Total mass of the ship
n Rotational speed of the propeller
P Pitch of the propeller
Q Torque of the propeller
r Radius of the propeller
Rn The Reynold's number
S Facing area of the ship in the air
ψ The wind direction
T Thrust of the propeller
tb Blade thickness
td Thrust deduction factor
Δt sample time of speed estimation

z Number of propeller blades
ρ Density of water
μ Viscosity of water

Variables
β The in‐and‐out‐water effect loss factor
an, bn Fourier components amplitudes of wake fraction
Fwind‐X Wind force in surge direction
Fwind‐Y Wind force in sway direction
h Propeller immersion depth
JA The advance coefficient
R(u) Total resistance of the ship
RF Frictional resistance of the ship
RR Wake‐making resistance of the ship
U Ship velocity
u, v, r Surge, sway, and yaw velocities of ship
Va The velocity of advance
wk Wake fraction for axial velocities
X, Y Applying forces to the ship in x, y direction
XG Coordinates centre distance from the gravity centre

of the shop
Y0, Z0 Y, Z in initial equilibrium condition
Z Ship moment around z‐axis
φ Angular position of a single propeller blade
δ Rudder angle
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