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Abstract--Powering small islands with reliable, affordable and 

green electricity is a big challenge due to their dispersed 
geographical location with limited number of consumers and the 
heavy dependence on fossil fuels. This paper aims to address this 
challenge of reducing dependency on fossil fuel generators by 
providing an easy and feasible solution using available and 
accessible energy resources. The proposed method utilizes the 
bidirectional energy transfer mechanism available in electric boats 
to support the consumers’ power demand. It proposes a new real-
time load-support (RTLS) system with a coordinated control using 
electric boats (EBs), community generators and battery energy-
storage systems. It analyzes the management of the intermittent 
sources-dependent small-scale grid in real time, under various 
weather, load, and battery state-of-charge conditions. The RTLS 
system coordinates the customers’ load demand with the available 
EBs, photovoltaics (PVs) and battery storage to provide efficient 
load support and to regulate the bus voltage and frequency. The 
efficacy of the proposed system is validated both computationally 
in a real network and in a laboratory setup. It is found that this 
novel system can substantially reduce the grid load demand and 
maintain the power quality under various load/source 
uncertainties and fault conditions. The system robustness is also 
evaluated considering undesirable conditions, such as severe three-
phase faults and sudden EB disconnections. The performance of 
the proposed method is compared with that of the day-ahead load-
management approach to validate its effectiveness under various 
scenarios.   
 

Index Terms-- Ancillary support, electric boat, forecasting, 
island energy management, island power systems, load support. 

NOMENCLATURE 
       single PV module capacity 

        efficiency of PV module , , ,       efficiency of converter 1, 2, 3, 4      
        current from PV 
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       amount of power supplied from PV to AC bus 
      amount of power supplied from PV to fixed battery 
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         fixed battery capacity 
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,       SOC of the EB and battery at a particular ( ) time 
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I.  INTRODUCTION 
HE past decade has experienced a rapid improvement in 
power systems, from generation and distribution to 

monitoring and power-quality equipment. Some well-known 
examples of this improvement are intelligent power-system 
stabilizers, advanced generator spinning reserves, and the 
availability of customer-level power-factor correction (PFC) 
devices [1]. These have led to a decline in the risk of a grid’s 
instability, reliability and power-quality issues. However, for 
small-scale power grids, especially islanded microgrids, for 
instance in small geographical islands, power quality, stability, 
reliability, and load-shedding issues are still challenging issues. 
Both financial and technical aspects are known to be the 
underlying constituents associated with these factors [1]. 
Usually, the owner of a small-island community generator and 
the customers are reluctant to invest in power-quality insurance 
appliances. On the contrary, lack of a grid’s inertia, generator 
spinning reserve, and quicker dynamic response are significant 
contributory factors to the technical challenges [1]. 
    A holistic scenario of a small-scale power system indicates a 
growing trend towards the deployment of renewable-energy 
sources like roof-top photovoltaics (PVs) [1]. However, as the 
output power of PV units is highly dependent on sunlight, they 
are intermittent and non-dispatchable. Moreover, excess PV 
power generation during the middle of the day in off-peak hours 
introduces over-voltage problems in power systems. Therefore, 
unregulated high penetration of PV units can affect the 
reliability of the grid [2]. Furthermore, the lack of spinning 
reserve of these small generators may trigger an instability in 
power grids [3]. Additionally, these inverter-based generators 
have a quicker dynamic response than the conventional rotating 
machines, and this may cause oscillation which can result in 
network disturbances [4]. 
    Recently, there has been renewed interest in battery storage 
in both stationary and mobile installations. A significant and 
growing body of stationary-battery installation has gained 
momentum in various scales and levels of the grid, e.g. small-
scale roof-top PV-attached battery, or grid-side large-scale 
battery storage [1, 3]. Likewise, the batteries in electric vehicles 
(EVs) have been attracting a lot of interest owing to the 
bidirectional vehicle-to-grid (V2G) energy transfer mechanism. 
Although EVs are not available on a remote island, a similar 
bidirectional energy transfer mechanism in other types of 
storage could be a contributing factor to the power quality and 
load support to the grid, e.g. electric boats (EBs). An EB works 
similar to an EV, however, there is a fundamental difference in 
their design and functionalities. The installation of renewables 
like PVs and wind power at EBs facilitate them to charge their 
batteries and make their power less intermittent, unlike EVs. 
Additionally, a towed generator or a free-wheeling drive 
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propeller during sailing or normal operation can charge its 
battery [5, 6]. Therefore, unlike EVs, an EB can provide power 
to the grid even immediately after coming from a trip. Although 
having a vast potential, surprisingly little attention has been 
paid to utilize EBs to resolve the power crisis of a remote 
island.  
    Numerous studies [7-9] are conducted to explain the basic 
properties and challenges of a remote island power system. The 
use of renewable-energy sources is a well-established approach 
to manage customers’ energy demand [10, 11]. The most 
common renewable-energy sources (RESs) are photovoltaics, 
wind power, and micro-hydro. These RESs are utilized in 
various ranges and scales using different control methods. The 
authors in [10] adopted a multi-time-scale scheduling 
framework to manage the renewable-energy penetration in a 
small-scale island power system. A different approach to RES 
penetration uses active network management to monitor and 
control the power generation in real time and schedules the 
flexible demands. Two-stage stochastic optimization and 
scheduling techniques are investigated [12] to manage the 
intermittent wind-power penetration in a small island. Authors 
in [13, 14] develop a dispatch method for roof-top and 
aggregated PV units to tackle the power shortage and power-
quality issues. An intelligent load-shedding strategy is proposed 
in [11] using a unique protection system to prevent the tripping 
of a diesel generator due to the intermittency in PV units. The 
developed system [11] detects the amount of power-output 
reduction of a PV unit, and the special protection system 
executes the load interruption. However, the fundamental goal 
of an uninterrupted power supply to customers is understudied. 
A reasonable approach to tackle this issue could be renewable-
energy generation prediction [14] and hour-ahead management. 
So far, however, there has been little discussion about the 
impact of the prediction errors in these volatile generators and 
their compensation challenges.  
    A systematic understanding of how an hour-ahead prediction 
and management contributes to an uninterrupted power supply 
to customers is still lacking. A wind-power-based power-
support system [15, 16] is another popular mode to provide a 
power supply to a small island community. In some cases [17], 
pumped hydro in combination with renewable-energy sources 
are also used. Again, the uncertainty, prediction error and time-
ahead management remain a question. A great deal of previous 
research [18, 19] into hybrid microgrids has focused on the use 
of PV units, battery-energy-storage systems and fuel cells in 
various combinations to provide load support. A considerable 
amount of research [20, 21] are conducted to mitigate the 
intermittency problem of wind and PV power generation 
systems using battery energy storage systems. Various control 
approaches, such as a model predictive control strategy [20], 
droop control [22], preventive control strategy [23], and 
optimization methods like generic algorithms [21] are used to 
enhance renewable-energy penetration. Additionally, over and 
under-voltage protection, under-frequency control, and 
prevention of diesel-generator tripping due to under-frequency 
of the system are also discussed. However, the complete 
dependence on battery-energy-storage systems for power 
quality and load support indicates a need for over-capacity 
battery installation, which is a costly solution for an island 
community. The burden of battery storage and the overall 
installation cost can be minimized if an existing resource such 
as an electric boat (EB) can be included in the system. The idea 
of utilizing EBs to meet small-island power demand and 

improve power quality is emerging and requires further studies 
to analyze their feasibility. Previous researches on EBs [5, 6] 
has been mostly focused  to improve internal functionalities; 
such as internal energy management, diesel-generator control, 
renewable-energy integration, and conduct economic analysis 
of hybrid EBs. A systematic and through analysis is required to 
critically investigate its feasibility and impacts to provide load 
and ancillary support in a small-island energy-management 
system which is not available. The charge-discharge 
management of EBs to provide load and ancillary support are 
also not discussed clearly in existing literature. Likewise, the 
mitigation of PV intermittency using EBs in real weather, load 
and uncertainty conditions remains unclear. 
     This paper provides a first comprehensive investigation to 
utilize EBs for load and ancillary support of a remote island 
power system. A robust control algorithm is developed and 
tested in a real network. Real-time load and weather conditions 
are considered to evaluate the performance of the designed 
control system. Additionally, a charge-scheduling algorithm for 
both the battery and the electric boat are developed. The 
performance of the proposed approach is compared with that of 
artificial neural networks (ANNs) and tested via laboratory 
experiments. In summary the contribution of this paper is to: 

 investigate the feasibility of an electric boat as a noble 
element to provide load and ancillary services to small 
island power systems; 

 develop a new charging-discharging algorithm for 
electric boats which can provide excellent ancillary 
services to the grid; 

 design and implement a coordination control algorithm 
for the available energy resources (i.e. EBs, PV units 
and battery storages) based on factors like load 
conditions, storage state-of-charge (SOC), and 
generate a coordinated response for load and ancillary 
support; 

 apply an accurate prediction technique for the 
management of the energy generation and customers’ 
power demand in real-time load and weather 
conditions on a real network;  

 develop a robust energy management system resilient 
to load and power generation uncertainty and severe 
faults;  

 compare the performance of the proposed system with 
an ANN-based energy management system; and 

 verify the performance of the proposed system in a 
laboratory prototype system with a smaller capacity. 

     The remaining part of the paper is structured as follows. 
Section II provides an overview of the proposed system with a 
comprehensive and pictorial representation of its architecture. 
Section III details the algorithm. The performance of the 
proposed system is tested through various case studies in 
Section IV. Section V presents the experimental results 
followed by the conclusion in Section VI.  

II.  SYSTEM OVERVIEW 
In this paper, a community-based load-support system for a 

small island is proposed using existing resources, such as 
electric boats (EB), photovoltaics (PVs) and battery-energy-
storage systems. The power from the aggregated EBs are 
utilized using the proposed bidirectional boat-to-grid (B2G) 
technique. A cluster of PV cells associated with a small 
capacity of battery storage is also considered in the system. All 
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 3 
these energy resources are integrated to a common bus from 
which the individual customers receive power. A controller, 
associated with converters, EBs, PVs, and battery storage, 
controls the power flow from/to EBs and battery storages. A 
detailed schematic of the proposed system is illustrated in 
Figure 1 [27].  
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Fig. 1. Overview of the proposed system 
 

A more comprehensive architectural detail of the proposed 
system is illustrated in Figure 2 [27]. Aggregated EBs, PVs, and 
battery-energy-storage systems are connected to a common AC 
bus. The PV cells are connected to the DC bus through a 
converter 1 (unidirectional dc-dc converter). The excess energy 
from PV during off-peak hours is bypassed to the battery 
through converter 2 (bidirectional dc-dc converter). The battery 
charges and discharges through this converter. The bidirectional 
energy transactions between DC and AC bus are conducted 
using converter 3, which is a bidirectional DC-AC/AC-DC 
converter. The converter 4 is another bidirectional DC-AC/AC-
DC converter which enables the energy transfer from/to 
grid/boat. The controller reads the grid load conditions, SOC of 
the battery, SOC of the electric boat (EB), and the PV power 
generation. Based on these variables, the controller operates the 
converter to control battery charging/discharging.   
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Fig. 2. A comprehensive view of the proposed architecture. 

III.  PROPOSED APPROACH 
While some research has been carried out to provide load 

support and resolve power-quality issues in a small island [15-
16, 18-19], there is still very little understanding of an EB’s 
integration to a small-scale grid to provide load and power-
quality support. The coordinated control strategy adopted in this 
paper, for the first time, will contribute to a deeper 
understanding of the load and ancillary support mechanism 
using EBs. The grid load curve is formulated as a function of 

power and time. This grid load demand at a particular bus is the 
summation of the total power demand of the customers 
connected to that bus. The voltage at the common AC bus 
remains constant, so the current varies based on the consumers’ 
power demand. The load curve considered as a function of 
power and time is as follows [27]: = ( , ) (1) 
Assume that the customers’ desired base-load demand is , = ( , ) (2) 

Charging and discharging of the battery and EB is controlled 
based on the off-peak and peak load periods. The frequency of 
the charge-discharge cycles is related to the battery lifecycle. 
The load condition (peak/off-peak) is read by the controller in a 
sub-second time scale. Peak and off-peak load may occur 
several times in a day or a week, or within a particular duration. 
Let assume each time, the off-peak load (base-load) initiates at 

, and stops at , whereas the peak load initiates at  and 
stops at . The base-load duration is expressed as: = , + 1 , + 2 , … . . ,  (3) 

Likewise, the duration of peak load occurrence period is 
expressed as: = , + 1 , + 2 , … . . ,  (4) 

The time (t) in (1) is the combination of both the peak and off-
peak load periods, i.e. = ,  (5) 

The difference between two data reading points (with respect to 
time), i.e. + 1 −  and + 1 −  defines the data 
acquisition rate by the controller which is done in a sub-second 
time scale. The power demand ( ), ∈ , whether peak or off-
peak are identified as below.   − ,       −   (6) 

For < ,  at any  time the amount of power available to 
charge EB and battery is = , − , ≥ 0 (7) 

This available power will be allocated between EB and battery = +  (8) 

Here,  and  are the maximum available power to charge 
battery and EB respectively. If the SOC of the battery at the  
time is  (in percent), and the maximum charging limit of the 
battery is  (in percentage), the required energy to charge 
the battery is = − ∗ ∗ ; ≤  (9) 

Here is the battery capacity. The required energy will be 
met from the available grid power . If the battery does not 
require energy, then = 0. For the EB, the required energy is 
a function of the current and the desired SOC, as the terminal 
voltage remains constant. Assuming that the instantaneous SOC 
of an EB at the  time is  (in percent), and the maximum 
charging limit set by the owner is  (in percentage), the 
required energy to charge the EB is = − ∗ ∗ ; ≤  (10) 
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 4 ( + ) ≤  (11) 

Here  is the EB battery capacity. The required energy  
will be met from the available grid power . According to the 
system, PV power is shared between the common AC bus 
(through intermediate DC bus) and the battery. If > , , all 
PV power is supplied to the common AC bus. The amount of 
supplied power is = ( ∗ ) ∗  (12) 
If < , , PV power is bypassed through converter 2 and 
shared between the AC bus and the battery. The amount of 
power to the battery at the  time for ( < , ) is = − { ( ∗ )} ∗  (13) 

For > ,  at any  time the amount of power required to 
provide the domestic power demand support is  = − , , ≥ 0 (14) 

This required power will be requested from the EB, battery and 
PV, and their individual amount is expressed as:   = , + , +  (15) 

Here, ,  and ,  are the maximum power that are required to 
be discharged from the available energy from the battery and 
EB respectively. If the EB is not available at any particular 
time, then , = 0. Any shortage or unavailability of the 
requested power is met by the community generator. The power 
that will be provided by the community generator during peak 
load hours is  ,  = ⏟ −  , + , +  , ,

 
(16) 

If the minimum SOC level that the battery and EB are allowed 
to discharge are  and  respectively, the maximum 
energy that the battery and EB can discharge to meet the 
requested power is = − ∗ ∗ ∗  (17) = − ∗ ∗  (18) 

Here,  and  are the maximum dischargeable energy at  
time by the battery storage and EB, respectively. This 
maximum energy by the battery storage and EB will be 
provided to respond the requested power, i.e. → ,  and → , . The discharging or charging of the battery at a 
particular time is identified by the polarity of the current, i.e.  

∀ ∈ , = ⎩⎪⎨
⎪⎧ , > 0  < ,, < 0  > ,> 0  + > 0= 0  + = 0 

 

(19) 

If the power demand of customers  suddenly increases to 
 under an uncertainty situation, the available resources (PV, 

EB, and battery) will try to meet the additional demand − . If their capacity is not enough then the spinning 
reserve  of the community generator will provide it. = − + , + ,  (20) 

The sources and loads connected at the common AC bus at 
 time is identified as:  

⎩⎪⎨
⎪⎧ − ∗ ∗ ∗− ∗ ∗[ ( ∗ ) ∗ ∗ ]  

 

 

(21) 

⎩⎪⎪⎨
⎪⎪⎧ ⏟  − ∗ ∗ ∗= − ∗ ∗  

 

 

(22) 

The battery and EB charging-discharging constraints and 
their operational behavior using the proposed algorithm are 
shown in Figure 3. The charging-discharging rate based on the 
power demand of consumers, reference demand, upper and 
lower charging-discharging boundaries, battery capacity at a 
particular power demand and SOC condition are also depicted 
in this figure. 
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Fig. 3. Charging-discharging constraints of battery storage and EB. 
 

A decentralized interfacing converter controller is utilized to 
interface the PV and EB to the load as shown in Figure 4 [19, 
28]. It consists of two control loops for converter 3 and 4, i.e. a 
direct-quadrature reference current ( ∗  and  ∗ ) generator loop 
and a current control loop [19, 24, 25, 28]. Initially, the AC-side 
voltage ( ) is fed to a phase-locked loop (PLL) to get an 
instantaneous angle measurement ( ) which is later fed into an ( − 0) converter. Then,  and the inverter output 
current ( ) are passed through the ( − 0) converter to 
get corresponding  and  axis components i.e. , ,  and 

. The output active ( ) and reactive power ( ) of the 
interfacing controller are controlled by  and  respectively. 
Both  and  need to follow their corresponding references to 
achieve desired control objectives. The measured P is compared 
with its reference ∗generated by (21). Later, the error signal 
( ∗ − ) is passed through a proportional-integral (PI) 
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controller to generate the control input ∗ . Similarly, the output 
reactive power ( ) of the inverter is compared with the 
reactive-power reference ( ∗), which is the load-reactive power 
demand. Later, the error is minimized using a PI controller by 
generating ∗  [19, 28]. 

The main task of the current-control loops is to compare  
and  with their associated references ∗  and ∗  and decouple 
active and reactive power control. As a result, the controller 
performance becomes independent of the system dynamics [19, 
24, 25, 28]. Finally, inverter voltage references ∗  and ∗  are 
passed through a ( 0 − ) converter to generate modulation 
signal ( ∗ ) that is fed to a PWM. 

The upper part of Figure 4 shows the control of the DC-DC 
converter, i.e. converter 1 and 2. The PV voltage reference 

 is generated from the tertiary controller in Figure 2, and 
compared with the measured DC voltage . The error is 
passed through the PI controller  keeping in mind that 
the current magnitude lies between the upper  and 
lower  range. The measured PV current  is 
tracked with the reference current ∗  generated from the 
outer PI controller with the help of inner PI controller  
to generate the PWM. The same approach is applied to control 
the converter 2 except that the two switching PWM signal 
output for its bidirectional functionalities. In this case, the 
reference voltage signal, i.e. nominal DC-link voltage is 

, measured voltage is ( ), reference current is ( ∗ ), 
measured current is ( ). 

Gains of the PI controllers need to be tuned to ensure stable 
control operation. There are several well-established methods to 
optimize PI controllers in the literature [19], [26], [28]. Among 
them, the Ziegler–Nichols method has provided reasonable 
performance for tuning the PI controllers; thus, this method has 

been used in our system for optimizing purpose. Moreover, 
instead of using decentralized control framework, distributed or 
communication-assisted control can also be utilized if EBs are 
anchored in a distant manner [19]. However, EBs are 
considered to be anchored in a fixed place for this paper. 
Moreover, for the microgrids consisting of AC and DC bus, i.e. 
hybrid microgrids, selection of appropriate voltage levels and 
converter topologies are also important, which can be found in 
detail in [28].  

A summary of the proposed RTLS system’s design process is 
as follows:  
Step I: Collect load condition data from smart meter, peak and 
off-peak load conditions, and the required load-support from 
sources ( ), or available power ( ) to charge storage using 
(1), (2), (7), (15). 
Step II: Check PV power generation ( ) and check load 
conditions after getting power from PV units using (13) and 
(14). 
Step III: Check battery SOC constraints , , , , and 
EB availability and EB SOC constraints , , , , 
and charge/discharge them from ( ) and ( ) based on the 
load status using (10- 12, 18-19). 
Step IV: Generate ∗ from (21) and ∗ from the measured 
reactive power demand at the load side. 
Step V: Compare the active and reactive power tracking errors 
through PI controllers in order to generate ∗  and  ∗  
respectively for the current control loop. 
Step VI: Utilize ∗  and ∗  in the decoupled current-control 
loop to generate reference ∗ . 
Step VII: Repeat the process until | ∗ − |&| ∗ − | → 0 . 

… 
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Fig. 4. Interfacing converter control structure. 
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IV.  CASE STUDIES 
In this section several case studies on the proposed 

approach are conducted to verify its effectiveness. The 
specifications used for the analysis are listed in Table I. 

TABLE I 
Specifications used in the analysis  

Components Capacity 
EB (1, 2, 3) 23, 24, 41 kWh 
Battery storage 30 kWh 
Battery SOC limit 30-98% SOC 
EB SOC Max. travel distance 40% of their 

SOC capacity 
EB discharge limit >30% SOC 
PV Capacity 20 kW 
Community Generator capacity 90 kVA max 
EBs at work 8 am- 3 pm 
Nominal AC bus voltage (RMS) 230- 240 V 
PV inverter efficiency 90% 
PV cell efficiency 13% 

 

The power demand curves of the residents are shown in Figure 
5. The residential load curves consist of a mix of constant 
impedance, constant current and constant power loads, and 
their basic proportions are approximately 27%, 41% and 32% 
respectively. 

 
Fig. 5. Residents’ load curves. ‘H= House’. 

A.  Load-Support Analysis 
This section discusses the load-support system using 

various combinations of EBs, PV units and battery-energy-
storage systems. When a single EB is connected, the amount 
of load support is not significant because of the limited battery 
capacity, EB availability and the SOC limit as shown is Figure 
6. However, the amount of load support increases with 
increasing number of EBs as set out in Figure 7.  

 
Fig. 6. Load-support condition when only one EB is connected. 

 
Fig. 7. Load-support condition when all 3 EBs are connected. 

Integration of PVs without having any storage has a lesser 
significance to the consumers, as shown in Figure 8. This is 
because the PV power generation is maximum during mid-day 
and the load demand is less at that time. Therefore, any extra 
generation at lower demands may lead to over-voltage.  

Fig. 8. Load-support condition when only PV is connected and no storage. 

Storage support, either by a fixed battery or an EB can 
better utilize the power from the PV as shown in Figures 9 and 
10. However, the only difference is the availability of the 
storage, since the capacity of a battery energy storage system 
is fixed and an EB is a mobile storage. The load support 
further increases if all the available resources are used, i.e. 
battery storage, all EBs and PV units, as in Figure 11. 
 

 
Fig. 9. Load-support condition with a PV and all EBs integration. 

 
Fig. 10. Load-support condition with a PV and battery connection.
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Fig. 11. Loads-support condition with all EB, PV and battery. 

B.  Impact of Load Uncertainty 
This section investigates the robustness on the load-support 

system in case of uncertainty in the load. The system response 
is tested under ±15% load variation conditions. As can be 
seen from Figures 12 and 13, the load-support system is 
independent of load status. With a lower demand the 
percentage of peak-shaving is higher, whereas this percentage 
is lower for higher demand. However, the amount of load 
support remains the same.   

 
Fig. 12. Analysis of the load-support status in case of a 15% load decrement. 

 
Fig. 13. Analysis of the load-support status in case of a 15% load increment. 

C.  Evaluation of System Robustness   
The main objective of this section is to analyze the 

robustness of the system in terms of voltage and frequency 
regulation during and after undesirable operating conditions 
such as a three-phase fault or a sudden EB disconnection.  
 

Case 1 (Normal islanded operation) 
The performance of the proposed controller is evaluated in 

this case study considering normal islanded operation with 
variable PV generation and demand for one whole day. The 
generation and load profile are evenly distributed in 5 second 
simulation timeframes. The main objective of this case study 
is to validate the capability of the designed controller on 
system dynamics. From Figures 14 and 15, it is clear that both 
frequency and voltage are satisfactorily regulated with the 
proposed scheme in a variable PV power generation supported 
by a battery storage and an EB. The current condition at PCC 
in this case is shown in Figure 16. 

 
Fig. 14. Frequency of the system during normal operation. 

 
Fig. 15. PCC voltage in per unit (p. u.). 

 
Fig. 16. PCC current. 
 

Case 2 (Severe three-phase fault) 
The main objective of this case study is to evaluate the fault 

ride-through capability of the system during and after a severe 
three-phase fault. The variable irradiation values, load profile 
and the simulation timeframe used in the previous case study 
are kept the same. At t = 2 s, a severe three-phase fault with a 
duration of 60 ms, which is equivalent to three cycles for a 50 
Hz system, is applied at the point of common coupling (PCC). 
It can be observed that the system frequency experiences a 
fluctuation during that period (Figure 17); however, due to the 
robustness of the controller, under-voltage tripping is avoided. 
At t = 2.06 s the fault is cleared, and the PCC voltage returns 
to its nominal value at t = 2.15 s, as shown in Figure 18.     

 
Fig. 17. Frequency during three-phase fault at the PCC 

 
Fig. 18. PCC voltage in per unit (p. u.). 
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Fig. 19. PCC current. 

 

Case 3 (Sudden EB disconnection) 
EB owners should have the flexibility to withdraw their grid 

support at any time. In this case study, the effects of sudden 
disconnection of a high capacity EB on the system voltage and 
frequency is observed. Figure 20 shows the power curves of 
the battery and the EBs. At t = 2.5 s, one EB (EB-3) is 
intentionally disconnected. EB-3 is kept disconnected for the 
rest of the simulation period. In order to maintain stability of 
the system, other EBs react instantaneously based on their 
available capacities. It can be observed that, due to the 
simultaneous output-power sharing among available EB 
storages, the voltage and frequency of the system remain 
stable, as in Figures 21 and 22. Additionally, the current status 
under this case 3 is shown in Figure 23.   

 
Fig. 20. Output power of PV, battery storages, and EBs during normal 
islanded operation. 

 
Fig. 21. Frequency of the system during normal operation. 

 
Fig. 22. PCC voltage in per unit (p. u.). 

 
Fig. 23. PCC current. 
 

The performance of the system under unbalanced load 
conditions are also investigated. A dynamic three-phase load 
having a different capacity at each phase is used to test the 
PCC voltage conditions, as shown in Figure 24. 

 
Fig. 24. PCC voltage in per unit (p. u.) during unbalanced load conditions. 

The total harmonic distortion (THD) at the PCC is 
calculated to investigate the power quality status of the 
system. From the analysis it is found that the THD is below 
5% which is in line with the IEEE 1547 standard. Detail of the 
THD status are shown in Figure 25. 

Fig. 25. THD at the PCC. 

D.  Comparison with ANN-Based Approach 
This section shows a comparison between the proposed 

technique and the ANN-based load demand management 
approach as applied in [27]. ANN is useful for highly 
nonlinear applications and performs with less complexity and 
computational time [13]. 756 data set consisting of customers 
real power demand were used for training. Along with power 
demand, battery and EB SOC conditions and their constraints, 
EB availability, PV power generation data were also used to 
train the ANN network. During the training, validation and 
testing phases, various postprocessing analyses such as 
confusion matrix, error histogram and mean-square error were 
also investigated. The regression error in the training, 
validation, and testing stages is 0.913, 0.925 and 0.912, 
respectively. The overall error in all the stages is 0.915, and 
the best validation performance is found at epoch 29. 

The comparison between the ANN and the proposed 
method is illustrated in Figure 26, and it is found that the 
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performance of the proposed method is quite similar to that of 
an ANN-based method; however, the proposed method is 
easier to implement. 

 
Fig. 26. Comparison of the proposed method with an ANN. 

E.  Real-Time Vs Day-Ahead Load-Support Approach 
In this section, a day-ahead load-support system is modelled 

to show its performance in comparison to the real-time 
approach. An autoregressive moving average (ARMA) 
technique is used to predict the PV power generation, as 
shown in Figure 27, and the customers’ load demand as shown 
in Figure 28. ARMA is the combination of the autoregressive 
(AR) and the moving average (MA), which maintains a linear 
relationship between its future variables and past observations 
and adds random errors and a constant. The ARMA model can 
be expressed as: = ∅ + + Ζ +  

 
(23) 

where,  is the output from ARMA mode,  and  are the 
order of the model, ∅  and  are the model parameter,  is 
the random error,  is a constant.  
   

 
Fig. 27. PV power generation prediction using ARMA. 

 
Fig. 28. Performance of the day-ahead load-support systems. 
 

The case study conducted in Figure 10 is tested here using the 
ARMA-based predicted values. However, the investigation (in 

Figure 28) shows that due to the prediction errors, the battery 
storage charges and discharges at a wrong time, which does 
not function effectively to support the load and leads to 
inefficient cycling of storages.   

F.  EB Vs EV 
     This section discusses a comparison between EB and EV. 
Unlike EV, EB does not have space limitation, which makes 
the installation of PVs easier. So, EBs can charge their battery 
and make their power less intermittent. The EVs designed 
with roof-mounted solar panels face challenges to utilize 
sunlight due to the shade of buildings, trees, and parking lots. 
However, PV-attached EB does not face this problem. So, 
while EBs are at work, they still can charge their batteries. 
The case study associated with Figure 6 is conducted in this 
section using EVs as well. A Nissan Leaf EV with 30 kWh 
battery capacity, 65% ≤ ≥ 95% for V2G is used. Alike 
EB, EV leaves home at 8 am for work (no charging facility at 
work) and comes back at 3 pm with a daily trip distance 
between 40- 50 km. Since EV does not have a continuous 
charging facility, when it comes back home from work at 3 
pm its SOC< lower discharging limits, so it takes power from 
the grid instead of load-support, as shown in Figure 29. On the 
other hand, EB provides load support immediately after 
returning home, and it continues throughout the peak periods 
between 3- 9 pm. So, it is clear from the case study that the 
load-support by EBs to the grid is higher than the EVs. The 
contribution by EVs can be enhanced by adding more battery 
capacity and giving flexibility to discharging boundaries; 
however, the easy installation of PVs at EB will continue to 
provide advantages than that of EVs without PVs. 

 
Fig. 29. A comparative performance analysis between EB and EV. 

V.  EXPERIMENTAL RESULTS 
The proposed system is tested in a laboratory-scale 

microgrid. All the energy sources (PV, EB, battery) and loads 
are connected to the common bus of this single-phase 
microgrid. The bus voltage is the standard Australian 
distribution-side nominal voltage of 230 V. A PV emulator is 
used to test the real PV power generator. The PV emulator is 
connected to the common bus through a DC-AC inverter. To 
emulate the electric boat, 4 gel batteries are used. Each of the 
batteries is 6 V, and connected in a series to make 24 V. This 
24 V DC voltage is stepped up to 230 V AC to connect to the 
common AC bus. Customers’ variable load demand is 
emulated using a programmable AC load. The overall 
experimental setup is shown in Figure 30(a). Since the bus 
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voltage is constant, current changes are based on the 
customers’ power demand. Thus, the conditions of the current 
are monitored under various scenarios. In Figure 30(b), 

customers’ current demand is 9.34 A, which is supported by 
the EB (4.9 A) and PV (3.4 A), and the rest is supported by 
the community generator.     

… 

PV Emulator Oscilloscope Programmable 
Load

Circuit 
Breaker

PV Inverter

Battery Inverter

Battery

Battery, PV
Management Unit

Measurement Probe

BUS

Supply from Grid

            (a) 

Bus voltage (230 V)

Load demand (9.34 A)
Load support by EB (4.9 A)

Load support by 
PV (3.4 A)

 
(b) 

Load demand (10.06 A)

Bus voltage (230 V)

Load support by EB (6.68 A)

PV power 
generation

(c) 

Bus voltage (230 V)

Current supplied by EB

Current supplied by PV
Load current PV power drops

PV power drops, so the additional 
power is supplied by EB

(d) 
( )

Current supplied by EB

Current 
supplied by PV

Bus voltage (230 V)

Load current
Transient conditions due to 

sudden load change

(e) 

Bus voltage (230 V)

Current supplied by EB

Current supplied by PV

Load current Transient occurs due to the sudden power drops 
from PV and the additional power supplied by EB

(f) 
Fig. 30. (a). Experimental setup, (b). load-support using EB, PV and community generator, (c). load-support from EB and community generator in case of PV 
intermittency, (d).  load-support by EB in case of a sudden power source drop, (e).  load disturbances and system robustness investigation, (f). system robustness 
analysis in case of power-source switching. 

Since the PV power generation is intermittent, during its 
limited (or zero) power generation, the customers’ demand is 
supported by the EB and the community generator, as shown 
in Figure 30(c). If any energy source is disconnected due to its 
intermittency or constraints, the other available sources 
support the customers’ demand. In Figure 30(d), when PV 
power generation stops, the available EBs start providing 
additional power to replace the missing PV power. In case of 
any disturbances in load or source, the proposed control 
algorithm shows a robust behavior. In Figure 30(e), a load 
switching is done to observe the transient in bus voltage, and 
PV and EB currents. It is found that a small transient occurs in 

PV and EB currents, but the voltage remains stable. Likewise, 
a sudden switching was done on the power sources side, as in 
Figure 30(f). When PV power generation is suddenly 
disconnected, the additional power is supplied by the EB with 
a micro-second response, with a very small transient. As the 
experimental setup is a single-phase system, only sudden 
interruption of sources/loads was tested and not the three-
phase fault conditions. 

VI.  CONCLUSION 
     This paper sets out to provide necessary insights to the 
energy management of a small remote island using existing 
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resources such as PV units, battery energy storage systems and 
EBs. Additionally, it has been one of the first attempts to 
thoroughly examine the impact of EBs’ integration in a small-
scale power system to meet customers’ energy demand while 
maintaining power-quality requirements. The studies 
presented here suggest that proper coordination and 
management of EBs along with battery storage and PVs can 
provide a substantial load and ancillary support to the grid. 
Moreover, the different analyses with various combinations of 
PV units, EBs and battery energy storage systems under 
uncertainties and fault conditions suggest that the robust 
behavior of the proposed method is capable of providing load 
and ancillary support, and is resilient to any risks. The 
proposed methodology can be adopted to develop an island 
energy system reducing the dependency on costly diesel 
generators. The future aim of this study is to develop an 
energy management system for industrial customers under 
unbalanced loading conditions and the use of wind power 
generator with a combination of EBs. 
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