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Abstract: This paper aims to understand how the common phenomenon of fluctuations in propulsion
and service load demand contribute to frequency transients in hybrid electric ship power systems.
These fluctuations arise mainly due to changes in sea conditions resulting in significant variations
in the propulsion load demand of ships. This leads to poor power quality for the power system
that can potentially cause hazardous conditions such as blackout on board the ship. Effects of these
fluctuations are analysed using a hybrid electric ship power system model and a proposed Model
Predictive Control (MPC) strategy to prevent propagation of transients from the propellers into the
shipboard power system. A battery energy storage system, which is directly connected to the DC-link
of the frequency converter, is used as the smoothing element. Case studies that involve propulsion
and service load changes have been carried out to investigate the efficacy of the proposed solution.
Simulation results show that the proposed solution with energy storage and MPC is able to contain
frequency transients in the shipboard power system within the permissible levels stipulated by the
relevant power quality standards. These findings will help ship builders and operators to consider
using battery energy storage systems controlled by advanced control techniques such as MPC to
improve the power quality on board ships.

Keywords: battery energy storage; frequency transient; settling time; hybrid electric ship propulsion;
power system modelling; load change; model predictive control; Proportional-Integral (PI) control;
ship service loads

1. Introduction

The transportation industry has experienced many technological advancements over the years.
One of the key developments is electrification in the form of electric traction or electric propulsion.
In view of recent legislation involving the creation of Emission Control Areas (ECAs) [1], ships with
electric propulsion have become more of a reality with more cruise ships, ice breakers and various types
of service vessels adopting this technology [2]. However, hybrid propulsion is a convenient waypoint
between traditional mechanical propulsion and fully-electric propulsion as it combines the two, thereby
reducing the need for a complete revamp of the propulsion system in very large ships such as container
vessels. In these ships, propulsion load is the most challenging type of load as it forms the largest
proportion of the total load in the electrical system. The propulsion load could vary within a wide
range in a matter of seconds, which could result in transient conditions in the hybrid shipboard power
system that can include overheating due to high inrush currents in addition to voltage and frequency
fluctuations [3,4]. The load busbar frequency plays an important part in maintaining the power quality
due to the relationship between the electrical torque by a synchronous generator and generator speed
deviation following a disturbance to the power system [5]. Failure or malfunction of crucial equipment

Inventions 2018, 3, 13; doi:10.3390/inventions3010013 www.mdpi.com/journal/inventions

http://www.mdpi.com/journal/inventions
http://www.mdpi.com
https://orcid.org/0000-0002-3304-9455
https://orcid.org/0000-0002-5649-7015
http://dx.doi.org/10.3390/inventions3010013
http://www.mdpi.com/journal/inventions


Inventions 2018, 3, 13 2 of 15

that relies on a high level of power quality at sea such as navigation instruments could result in
misinformation and power outages on board, leading to potentially disastrous consequences for lives
and property at sea for seaborne vessels [6,7]. Energy storage is effective at reducing such transients
due to its ability to exchange active power as required using appropriate control systems resulting
in adjustments of the frequency level. This provides a means of reducing frequency transients by
controlling power flow from energy storage systems by means of suitable control techniques.

The hybrid electrical shipboard power system considered in this study is shown in Figure 1,
which contains a Battery Energy Storage System (BESS). The advantages of using a battery as a source
of energy storage in power systems is well known. In addition to the reserve energy capacity that
it provides, there is considerable literature recommending the use of a BESS to effectively deal with
frequency transients, especially in standalone power systems such as terrestrial microgrids, major
power grids and in shipboard power systems [8–11]. The BESS integrated with the power system has
to be fast in its response to changes in the power system and also have sufficient capacity to bring the
state of the power system back to normal operating conditions. Therefore, the BESS control strategy
has to be robust in order to act effectively in view of the constantly evolving load conditions of the
hybrid ship. The extreme environmental conditions experienced by ships at sea such as sea waves
should be taken into account when designing a control strategy for the BESS.

In the system shown in Figure 1, the BESS is directly connected to the DC-link of the frequency
converter as opposed to the majority of literature, which uses a DC-DC converter to interface the
battery to the DC-link [9,10,12]. The absence of this interfacing converter reduces the complexity of the
energy storage system while at the same time retaining control of the battery current.
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Bi-directional power flow of the frequency converter is an important feature in the hybrid electric
ship power system due to the possibility of a battery being charged and discharged in two directions,
which could be from the main engine or the auxiliary engine. The main engine supplies mechanical
power to the propeller and/or electrical power through the shaft generator to the main busbar of
the ship’s power system. The auxiliary engine, on the other hand, can supply electrical power to the
busbar or further downstream to the shaft machine to be converted to mechanical power if necessary.
As these power flows occur across the energy storage system, they can either charge or discharge the
battery as required.

Conventional PI control and droop control for the converters have been used in many studies
to reduce frequency deviations and improve power tracking for load change studies [13–16]. These
control methods have been found to be slower acting and less efficient in rapidly changing loading
conditions [17]. Advanced control strategies such as MPC and adaptive control have also been more
recently explored in various research studies as more effective control techniques to reduce frequency
transients [18–20]. These strategies, while reacting faster to changes in system operation as compared
to feedback control techniques such as PI, have the added benefit of reducing charging and discharging
current for batteries and improving the power tracking capabilities of the energy storage system
by reducing tie power deviations. Furthermore, they are found to be suitable for highly non-linear
problems with multiple constraints as in applications such as isolated power systems. However, most
of the work in this area has not targeted the growing area of hybrid electric ship power systems,
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which presents a unique configuration involving interconnections of both mechanical and electrical
components. Furthermore, though the results in the vast majority of work in this area show that the
transient effects on electrical parameters have been reduced through the use of various control methods,
they still exist to some extent, especially in hybrid electric ships mainly due to the above-mentioned
unique configuration. A comprehensive background review of energy storage as a potential solution to
load changes in hybrid ships has been reported in [21]. In contrast to the published work, an important
objective of this work is to give a clear picture of the modelling of a hybrid propulsion shipboard
power system with battery energy storage capability that is controlled by an MPC strategy. The effects
that varying mechanical propulsion loads and electrical service loads in different combinations can
have on the mechanical aspect of generator speeds and the electrical aspect of load busbar frequency
have not been studied in sufficient detail for vessels that utilize hybrid propulsion. The aim of this
study is to gain a clearer understanding of the mechanical and electrical dynamics of this complex
power system. The extent to which the electrical frequency deviations are evident in terms of the
observed transient magnitudes and settling times of the transients due to various loading conditions
will also be investigated in this paper.

The rest of the paper is organized as follows. Section 2 presents the modelling aspects of the
hybrid electric ship power system and its various modes of operation. Section 3 introduces the Model
Predictive Control (MPC) strategy and explains how it has been modified and adopted in the hybrid
shipboard power system. Section 4 explains the load change scenarios simulated using the developed
hybrid shipboard power system model under different operating conditions and the results obtained.
An analysis of the results will follow in Section 5. Finally, Section 6 concludes the study.

2. Hybrid Shipboard Power System Modelling and Operation

The modelling of the hybrid power system closely follows the schematic shown in Figure 1.
MATLAB-Simulink® software has been used to run the simulations. The five major components to be
modelled are the shaft generator, auxiliary engine-generator set (genset), BESS, source side converter
and grid side converter. It is to be noted that the source side converter is located near the shaft machine,
while the load side converter is located next to the service loads and the load busbar as shown in
Figure 1. In Figure 1, both of these converters are jointly called the frequency converter, as it converts
the variable voltage-variable frequency output of the shaft generator to be connected to the constant
voltage-constant frequency ship power system.

The main engine torque value has been set to the optimum value based on the specific fuel oil
consumption versus load characteristics of the main engine [22]. The advantage of constant speed
operation is two-fold. Firstly, the speed can be set at the most efficient point for the main engine.
This results in fuel savings. Additional torque can be supplied by the auxiliary generator or the battery
energy storage. Secondly, since the output torque of the engine is not changing, the transients passed
along by the main engine to the rest of the system are reduced. This is highly desirable as lesser
speed transients mean that the electrical frequency transients due to the main engine operation can be
eliminated, thus reducing the overall frequency transients as seen in the electrical system. The propeller
dynamics have been ignored in this study, although the propulsion loading profile is represented as
approaching a step load profile. A step load profile is generally considered to be the worst case loading
due to the rapid rate of load increase and decrease. Therefore, loading profiles similar to a step load
profile of the propulsion load are used in this study in order to understand the transient effects that
these have on the system frequency. Service loads have been taken to be resistive and inductive in
nature, and portions of this load will be switched in and out of the system to examine their effects on
the resulting transients. The effects of varying both the propulsion and service loads will be explored
in this study.

The modelling of the main and auxiliary engines, as well as the shaft generator and the auxiliary
generator remains the same as in a previous work done in [21] by the authors. The modelling of the
Permanent Magnet Synchronous Generator (PMSG) with the IEEE Type 1 excitation system is well
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known and has been used widely in various other studies [7,22–24]. However, it is important to note
that in this case, the shaft generator can also act as a motor. Thus, this device is also called the shaft
machine. When the main engine is supplying power to the load busbar to feed the ship’s service loads,
the shaft machine is acting as a generator. However, when the auxiliary generator and/or the battery
is supplying power to the propulsion load, then the shaft machine carries out motor operation.

The system parameters of the model are given in Table 1. It is worth noting that the set point
capacity of the main engine is fixed at 85% of its maximum capacity assuming that it is the point of
maximum efficiency of the engine. The capacity of the auxiliary generator is kept at 20% of that of the
main generator.

Table 1. Electrical parameter values for the power system model.

Parameters Value

Bus voltage 400 V
Main engine active power capacity 440 kW

Main engine set point power capacity 374 kW
Auxiliary genset active power capacity 88 kW

Frequency 50 Hz
Main engine reference speed 68 rad/s

Auxiliary engine reference speed (4 pole) 78.5 rad/s

Lithium ion batteries have been used in this study. They have been used commercially for a long
time, and their high efficiency and high energy and volume density coupled with low cost per usable
kWh per cycle have made them suitable for use in energy storage systems. These batteries have been
used in high power applications involving pulse loads, which can be considered similar to enviro
Nmental conditions such as sea waves that hybrid ships can potentially face in high seas that demand
a quick response from the shipboard power system and its associated energy storage [25–27]. Lithium
ion batteries have also been successfully integrated in the energy storage system of power systems
that use bidirectional converters and utilize MPC to control these converters [27,28]. The lithium ion
battery model used in this study has been adopted from models available in the MATLAB-Simulink
software. The reader is encouraged to refer to [29,30] for the mathematical representation of the battery
including the charging and discharging rate formulation. The specification of the battery used in the
model is shown in Table 2.

Table 2. Battery specifications.

Parameters Value

Nominal voltage 1000 V
Fully charged voltage 1048 V

Rated capacity 832 Ah
Maximum capacity 1000 Ah

Capacity at nominal voltage 1050 Ah
Initial state of charge 65%

Nominal discharge current 361 A
Cut-off voltage 800 V

3. Proposed MPC Strategy

3.1. The MPC Concept

The general algorithm used for the MPC strategy will be introduced and explained below.
This will be aligned with the modification and application of the MPC strategy to the hybrid ship
power system in Section 3.2. Note that u(k + i/k) and x(k + i/k) refer to the input and state vectors at
time k + i, which are predicted at time k. x(k + i), and will then evolve as per a prediction model.

The optimization stage involves minimization of a cost function J(k) that includes relevant input
parameters, u(k), and state parameters, x(k), of the system under consideration in order to maximize
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performance. Constraints on the input, u(k), can also be imposed as appropriate for the application to
be solved simultaneously with the cost function.

The optimal input sequence of u(k), u*(k) would be the one that minimizes J(k). MPC utilizes
the receding horizon implementation technique. Receding horizon implementation means that only
the first element of u*(k) is fed to the plant model, and following that, the process of minimizing the
predicted cost is then repeated again in the next time instant for the next set of u*(k) to be determined.
This process of optimization is known as online optimization. The length of the prediction horizon
remains the same at each time instant giving rise to the receding horizon concept portrayed in Figure 2.
The measurement of the current state is required to compute u*(k), and this element of feedback
that exists in the MPC law increases the robustness of this control strategy [31,32]. One of the main
advantages of the MPC strategy is that it can be applied to a wide range of plant models. These can be
linear or non-linear. The prediction model could be deterministic, stochastic or fuzzy in nature and
discrete or continuous. Discrete time prediction models perform optimization periodically at times
t (=kT), and at each time instant k, T has to be sufficiently large to take into account the computation
time at each iteration. However, the sampling interval, Tsamp, could be a fraction of T if the optimal
input sequence from the previous computation is to be used for further analysis. Continuous time
prediction models are only used when the plant dynamics do not have a closed form discrete time
representation such as in the case of non-linear plant models, and the previous optimal trajectory is
accessible when the controller is computing the current optimal trajectory. In deterministic prediction
models, the output of the prediction model is determined by fully-defined parameter values and initial
conditions. Stochastic prediction models have inherent randomness that gives a variety of outputs for
each run given the same set of parameters and initial condition values. Fuzzy prediction models rely
on creating fuzzy rules based on the clustering effect of the existing data to make predictions of the
future trajectory of plant operation [33,34].

This study looks into improving the MPC concept and adopting it into the hybrid shipboard
power system. As mentioned in Section 1, bidirectional converters are essential for controlling power
flow between the battery and the loads, as well as the main and auxiliary power sources. As the
converters perform rectifier and inverter operations, proper switching of the power electronic elements
is essential to ensure expected power flow that is in line with power supply and demand in the system.
This can be achieved if certain key control objectives are met when predicting the switching sequence
in the converters ahead of time. As mentioned in Section 2, regulating the speed of the main generator
is the control objective for the source side converter. To ensure high energy sufficiency and preventing
overheating and flux weakening, current flow should not exceed the desired value that is just sufficient
to meet the power requirements. Finally, the predicted amount of active and reactive power flow to
the electrical load side should be as close as possible to the actual power flow to avoid additional
stress to the system, which can result in worse transient conditions. Section 3.2 will look into how the
implementation of the MPC concept into the converters can optimize the above-mentioned objectives.
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3.2. MPC Implementation in the Hybrid Shipboard Power System

An MPC with a short prediction horizon has been chosen as the control strategy for converter
control in the hybrid shipboard power system operation due to its advantages of rapid response
and ease of implementation even in cases of non-linearity and multiple constraint optimization.
The literature suggests that it is less complex to implement compared to conventional converter
control techniques such as Voltage Control-based Pulse Width Modulation (PWM) with better
reference tracking capabilities [35–37]. The major disadvantage of using MPC would be the high
computational burden in the algorithm. However, with the rapidly increasing processing power of
microprocessors, this is unlikely to be a huge deterrent and is one that is common to most advanced
control techniques [11]. MPC has been applied to two different components in the converter control
system. They are the source side converter and the grid (load) side converter. A schematic diagram
of the proposed converters in the electrical system of the hybrid ship is shown in Figure 3, and their
operation is described below.
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3.2.1. Source Side Converter Modelling with the MPC Strategy

This converter is directly connected to the shaft machine AC supply via series inductors and
resistors that act as filters. It has the capability of bidirectional operation depending on the direction
of power flow from the main generator or from the auxiliary generator. It consists of six Insulated
Gate Bipolar Transistor (IGBT) diode switches as shown in Figure 3. The switching configuration is
such that no two switches in the same branch will be on or off simultaneously in order to prevent
short circuiting in the system. As each switch in each phase can have two states of either being on or
off, the three signals from the three phases would produce eight possible switching states that can
be represented by a switching function vector,→

S
. This would result in eight different voltage space

vectors. Using Kirchoff’s voltage law, the source side converter’s space vector can be found. The input
current dynamics can then be derived, and since the MPC controller works in a discrete time domain,
this is written in discrete time form as in Equation (1):

dis
dt

=
is(k + 1)− is(k)

Ts
(1)

where it is to be noted that is is the source side converter input current vector, k is the sampling instant
and Ts is the sampling time. From Equation (1), the current at the (k + 1)− th time instant can be
predicted as:

is(k + 1) =
(

1− RsTs

Ls

)
is(k) +

Ts

Ls
(vs(k)− vAFE(k)) (2)

where vs is the generated three-phase voltage vector, vAFE is the converter output voltage and Rs and
Ls are the total resistance and inductance of the PMSG and filter. The future value current, is(k + 1),
is predicted for each of the eight switching states. Each of these current values is then converted
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into the dq frame. This is used to predict the future generator electromagnetic torque, Te(k + 1),
which in turn is used to compute the future predicted mechanical angular speed of the generator,
ω

p
m = ωm(k + 1), as per Equations (3) and (4):

Te(k + 1) = 1.5pψiq(k + 1) (3)

ω
p
m = ωm(k) +

Ts

J
(Tm − Te(k + 1)) (4)

Note that Tm is the mechanical torque applied on the generator, iq is the q axis current, p is the number
of poles and ψ is the PMSG flux. The values ω

p
m and is(k + 1) are then used in the cost function, grec,

Equation (5), to deduce the switching state that gives the minimum value for the function.

grec = |ω∗ −ωp|+ K·
∣∣∣idre f

− id(k + 1)
∣∣∣ (5)

where ω∗ is the reference speed, idre f
is the reference d-axis current and id(k + 1) is the predicted

future value d-axis current. The speed variation is to be kept as close to zero as possible due to the
aforementioned strategy to keep the output torque of the main generator constant at its most optimal
level. The constant, K, has been added to further reduce the d axis current in the generator and thus
prevent flux weakening and overheating effects in the generator. A flowchart of the MPC control
algorithm used for the source side converter is shown in Figure 4.

3.2.2. Grid (Load) Side Converter Modelling with MPC Strategy

This converter connects the BESS to the load busbar through filters. The load busbar serves the
service loads for ships and also receives power from the auxiliary generator and main generator if
needed to supply service or propulsion load increases. Therefore, this converter has bidirectional
operation where it can act as a rectifier or an inverter depending on the direction of power flow.
The objective of the grid side converter control is to limit the active and reactive power needed by the
loads to the required levels. The MPC concept achieves this objective in an efficient manner using a
predictive control strategy. The switch operation of this converter is similar to the source side converter.
The mathematical relation between the converter input voltage, vVSI , and the three phase load busbar
voltage derived from Kirchhoff’s law applied to the output side of the converter is explained in [11].
The input current dynamics to the converter is as follows:

dig

dt
= −

Rgig

Lg
−

vg

Lg
+

vVSI
Lg

(6)

where ig, vg and vVSI are the load busbar current, voltage and inverter input voltage vectors,
respectively. The inductive and resistive filter components are denoted by Lg and Rg. Equation (6)
can then be discretized to predict the grid current at the (k + 1)-th time instant in the proposed MPC
strategy as shown in Equation (7):

ig(k + 1) =
(

1−
RgTg

Lg

)
ig(k) +

Ts

Lg

(
vVSI(k)− vg(k)

)
(7)

From Equation (7), the apparent power and hence the real and active power prediction for the
converter at the next time instant, S(k + 1), can be calculated as in Equation (8):

SP(k + 1) = PP(k + 1) + jQP(k + 1)
= [Re(v(k))·Re(i(k + 1)) + Im(v(k)·Im(i(k + 1) + j[Im(v(k))
·Re(i(k + 1))− Re(v(k))·Im(i(k + 1))]

(8)
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The difference between the reference active and reactive power denoted by P* and Q*, and the
predicted values for the (k + 1)-th time instant as denoted by PP and QP, is then calculated for all
the switching states in the cost function as shown in Equation (9). The P* value is set depending on
the variation of the measured speed of the auxiliary generator, ωmeasured from the reference speed
ω* as stated in Table 1. P* can also be considered to be the power that the battery supplies to the
system and is calculated as in Equation (10). Q* is zero in all cases. The switching state that gives the
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minimum gINV value for this cost function is then chosen to be implemented in the next time instant.
It is worth noting that the same control strategy for the converters is employed when the battery is not
in operation. A flowchart illustrating the MPC control algorithm used for the grid (load) side converter
is displayed in Figure 5.

gINV =
∣∣∣Q∗ −QP

∣∣∣2 + ∣∣∣P∗ − PP
∣∣∣2 (9)

P∗ = 4000(ω∗ −ωmeasured)− 1500
dωmeasured

dt
(10)
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4. Simulation Results

In order to assess the performance of the proposed solution in reducing the propagation of
transients from the propulsion load to the electrical load busbar and frequency transients caused by
service load changes, step changes are applied to the loads as shown in Figure 6a,b. These load changes
and corresponding simulations are grouped into four scenarios, namely 1a, 1b, 2a and 2b, for the
clarity of the discussion. Simulation results of these scenarios are combined and plotted together in
corresponding waveforms in Figure 6 for the simplicity of the comparison. Scenarios 1a,b are without
BESS, while Scenarios 2a,b use a BESS. Propulsion load changes have been applied in Scenarios 1a
and 2a as shown in Figure 6a during the 0–30-s period. In order to keep the main engine speed
constant as explained in Section 2, it is set to deliver a constant torque of 5500 Nm, which is termed the
‘main generator set point torque’. Service load changes applied for Scenarios 1b and 2b are shown in
Figure 6b during the 30–60-s period. The steady state is considered to be achieved when the parameter
being considered is within 2% of the steady state value. These variations would be ±1.36 rad/s and
±1 Hz for the main generator speed and load busbar frequency, respectively, based on the reference
values in Table 1. The International Electrotechnical Commission (IEC) has recommended ranges
for frequency excursions for both permanent and temporary conditions. As transient conditions are
considered temporary in nature, the maximum allowable variation of the frequency amplitude is 10%
with a maximum settling time period of 5 s [21].

In order to focus the study only on load changes that occur during steady state operation of the
system, any initial speed transients of the engines due to engine start up dynamics are not considered.
In Scenarios 1a and 2a, propulsion load is increased to 5800 Nm, reduced to 5200 Nm and then
brought back to 5500 Nm at 3 s, 13 s and 25 s, respectively, while service load remains constant at
50 kW. A Resistive-Inductive (RL) load is chosen for the service with 5 kVar reactive power to reflect
commonly-used loads in ship power systems. The corresponding variations of the shaft generator
speed and load busbar frequency are shown in Figure 6c,d, respectively. The shaft generator speed
variations for both scenarios are the same, and thus, the two traces coincide. Nevertheless, the load
busbar frequency has significant differences in the two scenarios, and they are marked as ‘without
battery’ and ‘with battery’ for Scenarios 1a and 2a, respectively. The upper limit and lower limit for
frequency transients are also marked in Figure 6d to identify unacceptable scenarios. The DC-link
voltage is indirectly controlled by the converter controllers in Scenario 1a, and the corresponding
variations under load change scenarios are shown in Figure 6e by the trace marked as ‘without battery’.
In the same figure, DC-link voltage variation for Scenario 2a is marked as ‘with battery’ where the
BESS governs the voltage instead of converters controlling it. The corresponding variations in inverter
power, auxiliary engine power and service load are shown in Figure 6f.

In Scenarios 1b and 2b, service load is increased from 50 to 80 kW and then brought back to 50 kW
at 35 s and 45 s, respectively, while propulsion load remains constant at 5500 Nm. Similar to the above
description, the corresponding variations in the shaft generator speed and load busbar frequency are
shown in Figure 6c,d, respectively. The DC-link voltage is shown in Figure 6e. The corresponding
variations in inverter power, auxiliary engine power and service load are shown in Figure 6g.
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Figure 6. (a) Main engine torque and load torque; (b) service load; (c) shaft generator speed; (d) load
busbar frequency; (e) DC-link voltage; (f) inverter power, auxiliary engine power and service load
without BESS; (g) inverter power, auxiliary engine power and service load with BESS.
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5. Discussion of Results

The main objective of this study in using energy storage with MPC control to reduce speed
and frequency transients is two-fold. Firstly, the propagation of transients from the main engine to
the electrical load busbar due to changing propulsion load conditions is to be reduced. Secondly,
the overall transients in the system are to be decreased. Excessive frequency transients indicate poor
power quality and can affect the operation of other electrical equipment that draw power from the
load busbar. Therefore, it is crucial that any load changes that occur at the mechanical part of the
system that involves propulsion or the electrical part of the system supplying the service loads result
in minimal speed fluctuation to the auxiliary generator speed. From the above discussion, it becomes
clear that speed fluctuations at the auxiliary generators are more crucial as they have more implications
for electrical power quality for other electrical components of the hybrid shipboard power system as
compared to the main generator, which only serves the propulsion load. Moreover, while propellers
and connecting shafts do suffer from fatigue over time due to speed fluctuations, electrical components
malfunction much more quickly and are more difficult to detect especially when sensitive technology
such as navigation equipment is involved.

The scenario studies and results from the Section 4 are structured in such a way so as to clearly
highlight the effects of changing propulsion and service loading conditions separately on the main
and auxiliary generator speeds and observing how these parameters are affected by adding battery
energy storage. The load changes are applied as step changes to simulate the most challenging load
changes. This would be the most appropriate type of loading profile encountered due to the fact that
the waves and wind conditions that a ship experiences in rough weather are unpredictable and have
a high impact on the load level of a ship in a short period of time. Service load changes can also be
considered as step load changes as the resistive and inductive loads are switched in through a circuit
breaker in the system, while they are directly being fed by the load busbar, thereby creating the highest
possible impact.

The results in general indicate that speed and frequency settling times remain at or within 5 s
for all of the cases. However, it is clear from the frequency plots that the rate of recovery of the
system is much slower with battery energy storage. In Scenario 1b where battery energy storage is not
used, the frequency recovery rate is much higher compared to the corresponding rate in Scenario 2b.
Nevertheless, this is not a significant disadvantage as the frequency sag or swell in Scenario 2b is much
smaller than 10% and returns to the ±2% range within 5 s. This would be acceptable for satisfying
the recovery time requirement following transient conditions in most standards including the IEC.
As evident in Figure 6b shaft generator speed transients do not vary even if a BESS is used. Therefore,
the BESS reduces transients only in the load busbar side.

Frequency transient amplitudes arising from propulsion load changes present the biggest transient
conditions at the load busbar as they fluctuate more than 45% from their steady state values when
there is no BESS used in the system. Therefore, propulsion load changes are more potent in causing
major transients at the electrical part of the system because a 10% increase in propulsion load is causing
more than a 45% change in frequency at the load busbar. This is due to the relatively smaller capacity
in the electrical power system compared to the mechanical system. In practice, the transient conditions
could be much higher at the auxiliary generator as load changes could be more severe than the 13%
propulsion load change that has been applied in this study. In comparison, service load changes do not
affect the speed of the main engine irrespective of whether a BESS is used or not. Therefore, service
load transients do not propagate upstream to the main engine, but instead bring about a more than
10% frequency transient at the load busbar. Therefore, service load changes can be considered to be
less impactful to the hybrid propulsion power system due to the following three reasons. Firstly,
they allow the system to reach the steady state more quickly. Secondly, they do not propagate to the
main generator, and lastly, since the transient amplitude is approximately equal to the load change
magnitude, it is easier to predict its effect on the electrical frequency of the system.
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The integration of an energy storage battery has massively reduced the transient frequency
amplitude at the load busbar in all of the cases regardless of the type of load applied. For the case
where only propulsion load was added with energy storage present in Scenario 2a, the transient
amplitude at the load busbar of 45% seen in Scenario 1a was completely absorbed by the battery
resulting in no noticeable transient on the load busbar frequency. This implies that the electrical
frequency at the load busbar is completely unaffected by the step-like change in the propulsion load.
The transient amplitude at the busbar caused by only a service load change as in Scenario 1b was
reduced by 10% after energy storage was added to the system as in Scenario 2b. All the amplitudes of
the transients with energy storage are far below the 10% level set by the IEC for allowable frequency
fluctuation during the transient period. Settling times are also negligible since the speed fluctuations
are very minimal in nature. It should be noted that SoC management of the BESS is not included in this
study as the focus is on reducing frequency transients, but this will be presented in future publications.

6. Conclusions

This paper has illustrated the integrated modelling of the hybrid shipboard power system
comprised of both the mechanical propulsion system and the electrical power system. This model has
served as the platform for load change studies involving both propulsion and service loads and the
transient effect that they have on the main generator speed and the electrical frequency. Further work
has been done at the next stage to reduce these transient effects using battery energy storage. The main
engine torque has been kept constant, and an MPC technique is used to control the power converters.
It is observed that propulsion load changes have a bigger impact on the busbar frequency profiles
as compared to service load changes. The biggest challenge encountered using this strategy is the
propagation of the propulsion load change transients from the main engine to the load busbar where
they have been magnified, hence creating massive fluctuations to the load busbar frequency. These
frequency transients can be reduced by integrating battery energy storage into the system. It is believed
that this paper would set a precedent for further work on load change studies on the hybrid shipboard
power system with advanced energy storage control. While light to moderate loading conditions have
been used in this study, more severe loading conditions can be applied to the system in future work to
determine the transient levels while improving the robustness of the energy storage control strategy
further to ensure that transient conditions continue to be maintained at negligible levels.
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