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Abstract: The propagation of hybrid power systems (solar–diesel–battery) has led to the development
of new energy management system (EMS) strategies for the effective management of all power
generation technologies related to hybrid microgrids. This paper proposes two novel EMS strategies
for isolated hybrid microgrids, highlighting their strengths and weaknesses using simulations. The
proposed strategies are different from the EMS strategies reported thus far in the literature because
the former enable the real-time operation of the hybrid microgrid, which always guarantees the
correct operation of a microgrid. The priority EMS strategy works by assigning a priority order, while
the optimal EMS strategy is based on an optimization criterion, which is set as the minimum marginal
cost in this case. The results have been obtained using MATLAB/Simulink to verify and compare
the effectiveness of the proposed strategies, through a dynamic microgrid model to simulate the
conditions of a real-time operation. The differences in the EMS strategies as well as their individual
strengths and weaknesses, are presented and discussed. The results show that the proposed EMS
strategies can manage the system operation under different scenarios and help power system operator
obtain the optimal operation schemes of the microgrid.

Keywords: energy management system; battery energy storage system; hybrid systems; optimization;
microgrid; renewable energy

1. Introduction

Isolated hybrid microgrids plays a key role for reducing the cost of energy in remote
areas without a good grid infrastructure [1,2]. Securing cost-effective electricity is a chal-
lenge for isolated communities and installations without access to a strong electric grid.
Such communities and installations traditionally rely on engine or turbine generator sets
(gensets) that are highly reliable but typically produce power at a much higher cost than a
large utility [2].

Nowadays, a better model that combines newly cost-effective renewable energy
sources such as wind or sun with conventional diesel or gas generation is emerging. Such
hybrid microgrids employ energy storage to improve stability and further reduce costs.
Recent technological advances in integrating photovoltaic (PV) and diesel power plants
and the decreasing cost of PV installation have increased interest in hybrid microgrids. Con-
ventional power generation using diesel is expensive because the fuel must be transported
to remote locations; in addition, diesel gensets are relatively small and thus less efficient
than large-scale conventional coal, gas, or nuclear power plants. Thus, solar energy-based
electricity generation is highly competitive with diesel-powered electricity generation [3].

The sharp reduction in the cost of wind and solar energy as well as the lower energy
storage costs relative to fuel prices make hybrid microgrids well suited for various applica-
tions, including individual buildings, resorts, mine sites, remote villages, and small islands.
Wind or solar energy reduces reliance on gensets, which reduces fuel consumption and, to
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a lesser extent, maintenance costs. Moreover, gensets can support renewable energy and
follow the load demand. Sophisticated digital controls tie the hybrid microgrid together.
Energy storage enhances system economics and helps gensets respond smoothly to sig-
nificant output fluctuations from the renewable resources while maintaining a consistent
voltage and frequency [2].

Battery energy storage systems (BESSs) can be used to provide a spinning reserve in
hybrid microgrids. If a PV array is shaded and power from the solar power plant drops,
then a BESS takes over the grid and supplies electricity until one or more diesel gensets are
fully ramped up. This advanced concept allows gensets to be switched off during peak
irradiation and thus increases the penetration of renewable energy in hybrid microgrids.
The PV array is dimensioned accordingly to fulfil electricity needs during peak generation
and charge the BESS [4,5].

Within the boundaries of a microgrid, all supply, storage, and demand-side resources
can be combined and managed using an energy management system (EMS). In some cases,
the EMS is a purpose-built application, and in other cases, it is simply scaled down and
adapted from an existing version. A microgrid EMS is designed to maintain balanced
and stable operation using numerous other systems and technologies, including remote
sensors, switches, inverters, and load control devices. The effectiveness of a microgrid EMS
in maintaining stable operation is largely determined by the sophistication of its process
automation programming as well as its degree of control over the full range of energy
assets and processes within the microgrid. An effective EMS for isolated hybrid microgrids
(solar–diesel–battery) is necessary to ensure optimal energy utilization and sustainability
to the maximum extent [6,7].

Numerous algorithms have been proposed for microgrid EMSs in the literature. In
the study of Kanchev et al. [8], a unit commitment based microgrid EMS is proposed,
which comprises a multi-objective function seeking simultaneous minimization of fuel
consumption and pollutant emissions. Leonori et al. [9] used a machine learning algorithm
to solve the EMS. In the study of Jimeno et al. [10], the EMS was based on a multiagent
system, and Celli et al. [11] applied neural networks to construct an EMS. Askarzadeh [12]
proposed a memory-based genetic algorithm to optimize power generation. Also, Chen
et al. [13] proposed a genetic algorithm optimisation. Azizivahed et al. [14] developed
the shuffled frog leaping algorithm, which is a metaheuristic optimization method for the
energy dispatch. Palma-Behnke et al. [15] proposed an EMS based on a rolling horizon
strategy. An optimal power flow based EMS with multi-objective function considering
simultaneous minimization of operation cost, emission, and use of ESS is proposed in [16].
Also, Shi et al. [17] formulated the EMS of a microgrid as an optimal power flow problem.
Multiple studies have optimized microgrid operation using model predictive control
(MPC) and economic MPC (EMPC) [18–20]. Arcos-Aviles et al. [21] presented the design
of a fuzzy logic controller to be embedded in an EMS. Some researchers [22–24] have
developed an EMS strategy based on a finite state machine that cover all the operating
modes. Further, Teleke et al. [25] proposed an EMS strategy using rule-based control.
Other researchers [26,27] have proposed using power management control techniques for
microgrids with energy storage. Also, some authors who used HOMER to analyse and
optimize the renewable energy sources along with BESS in terms of cost and pollution for
an off-grid hybrid energy system [28,29].

Most of the proposed EMS strategies in the literature are based on off-line applications
as they have not been developed with specifications for the microgrid operation in real-time,
neither considering the dynamic behavior of the microgrid. Given the intermittent nature
of renewable energy resources involved, the constant variation in load demand and the
multiple objectives that need to be satisfied, the EMS needs to find solutions quickly and
continuously. Therefore, off-line applications are not representative of a real operation since
the constant flow of data required to update the status of the generators in short periods
of time is only available in a real-time operation. In this way, the EMS must be support
real-time control of the electric power grid. And thus, guarantee the stability thanks to
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continuous real-time monitoring and control of the isolated hybrid microgrid. The problem
that needs to be solved regarding real-time operation is not related to computation time,
since the EMS optimizations usually run at relatively long-time steps. The problem is
to properly integrate an energy management strategy with the remaining controls of the
microgrid that guarantee its stability, safely managing diesel consumption, PV curtailments
and battery operation under unexpected load and PV resource changes, while staying as
close as possible to optimal operation.

The objective of this study was to develop EMS strategies for the real-time operation
of isolated hybrid microgrids so that they can be applied to real environments. Accordingly,
two EMS strategies were developed using a dynamic model of the microgrid, simulating
the conditions of a real-time operation. The first, called the priority EMS strategy, works
by assigning a priority order, while the optimal EMS strategy responds to an optimization
criterion, which is set to the minimum marginal cost in this case. An annual yield study
was conducted to verify and compare the operations of a microgrid using both strategies.
The paper is organised as follows: Section 2 presents the dynamic microgrid model and its
main characteristics. Section 3 describes the priority EMS strategy, and Section 4 describes
the optimal EMS strategy. Section 5 presents and discusses the simulation results of the
annual yield study. Finally, Section 6 presents the conclusions regarding the proposed
strategies.

2. Dynamic Microgrid Model

To make a fair comparison, a dynamic microgrid model with the same characteristics
was used to compare the two proposed strategies. The model comprised a PV plant,
three diesel gensets, and a BESS; Table 1 gives the characteristics, and Figure 1, shows
the arrangement of this model. The characteristics and the arrangement of the dynamic
microgrid model were obtained from an existing isolated hybrid microgrid located in
Colombia. Moreover, the data on the solar irradiation and load demand were obtained
from the same real system described above. The maximum and minimum load demands
were 3.5 and 1 MW, respectively, as shown in Figure 2. Thus, it is a small isolated microgrid
that provides electricity to a small population and its corresponding daily activities.

Table 1. Elements of the hybrid microgrid model.

Diesel Gensets × 3 Values

Rated power (kW) 2000
Minimum load (kW) 400

Spinning reserve (kW) 700
Fuel cost (€/MWh) 197

Hourly wearing cost (€/h) 1000

PV Plant Values

AC power (kW) 4000
DC power (kWp) 5000

BESS Values

Power (kW) 1200
Capacity (kWh) 4800

Roundtrip efficiency (%) 81
Degradation cost (€/MWh) 81
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Simulation models for the synchronous generators of the diesel gensets, the PV plant
and the BESS were obtained from the MATLAB/Simulink Simscape library. The dynamic



Energies 2021, 14, 6770 5 of 15

model of the microgrid allows to obtain continuous feedback from the generation units to
the EMS controllers, simulating the conditions of a real-time operation.

3. Priority EMS Strategy

The priority EMS strategy is based on a decentralized architecture. The corresponding
algorithm implements a fixed set of rules that describe the dispatch priority for each energy
source present in the microgrid. Any change in the relative priorities of the energy sources
would require completely rewriting of the algorithm. In this case, the dispatch priority
rules of the EMS strategy are the following, in order:

• Minimize diesel power generation but keep each running genset above its technical
minimum power setpoint if possible.

• Maximize PV power generation. Only curtail if strictly necessary.
• Charge the BESS only with excess energy and discharge it only if this reduces diesel

consumption.

This set of rules is equivalent to minimizing the operating costs considering that diesel
has the highest marginal cost, followed by BESS and PV. In this case, the economic value
of the energy stored in the BESS is always constant. The energy is not saved for future
use when it is more valuable; instead, it is stored and used as soon as the dispatch priority
conditions are met. The priority EMS strategy is implemented using two local controllers:
a diesel controller and a joint PV–BESS EMS controller. Communication between these
two controllers is minimized to increase robustness. The only communication requirement
is that the PV–BESS EMS controller needs the current diesel-generated power Pdiesel and
number of running gensets NG as inputs. A degraded suboptimal operation mode can
be implemented to guarantee system stability if the communication link between the
controllers is down.

3.1. Diesel Power Plant Controller

Diesel gensets regulate the voltage and frequency of the dynamic microgrid model,
in the same way as in the real system, since the PV plant and the BESS do not have these
control capabilities implemented. By controlling the voltage and frequency, the gensets
bus becomes the slack bus of the microgrid, closing automatically the active and reactive
power balances in the microgrid.

The diesel genset active power reference is therefore provided by a local governor
that regulates generator speed, closing the active power balance of the microgrid and
maintaining constant the frequency, which it is modelled as automatic generation control
(AGC) with an internal droop. While, on the other hand, the automatic voltage regulator
(AVR) obtains the generator reactive power needed to maintain constant voltage and, thus,
closing the reactive power balance of the microgrid [30]. In this way, the voltage and
frequency regulation prevent the measurement of the demand active and reactive powers
by the EMS, which is an additional advantage.

The diesel gensets also serve as microgrid power reserves. The controller accordingly
turns the gensets on and off to keep the spinning reserve above a threshold value. Running
a higher number of gensets increases the spinning reserves but also decreases efficiency
because each genset is operating at a lower load. This is resolved with a fixed target
minimum spinning reserve Rmin

up , although the same algorithm can be used with a variable
Rmin

up that depends on the system load or PV generation. The current reserve Rup is
computed from the number of running gensets NG; rated power for each individual genset
Pmax

G , which is assumed to be the same for all gensets; and current total power generated
by the diesel gensets Pdiesel following (1). If Rup < Rmin

up , an additional genset is started:

Rup = NG·Pmax
G − Pdiesel, (1)
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To know when to stop gensets, the reserve Rstop
up in the case in which one running

genset is stopped is computed as follows (2):

Rstop
up = (NG − 1)·Pmax

G − Pdiesel, (2)

Whenever Rstop
up > Rmin

up + hG a genset is stopped. A hysteresis term hG is added
to avoid starting and stopping gensets cyclically whenever the reserves are close to the
minimum. Thus, the operation of the diesel gensets does not require any special function-
ality. Almost any existing diesel system can be integrated into this EMS strategy without
modification. This is a welcome feature considering that diesel-based systems are currently
being retrofitted with PV and/or BESSs to reduce diesel consumption.

3.2. PV–BESS EMS Controller

Figure 3 shows the PV–BESS EMS controller, which outputs the power setpoint for
the battery Pref

BESS and the curtailment signal for the PV plant Plim
PV , which are expressed in

terms of per unit of the rated power. A negative power value for the battery corresponds
to charging. This controller aims to bring the total genset power Pdiesel as close as possible
to the current minimum Pmin

diesel that is computed using Equation (3):

Pmin
diesel = NG Pmin

G , (3)

This is achieved using an integral controller, whose output Dref determines the op-
eration of both the BESS and PV plant when it is translated to values for Pref

BESS and Plim
PV

through an offset and two saturations, as shown in Figure 3.

Energies 2021, 14, x FOR PEER REVIEW 6 of 15 
 

 

Whenever Rup
stop

> Rup
min + hG a genset is stopped. A hysteresis term hG is added to 

avoid starting and stopping gensets cyclically whenever the reserves are close to the min-

imum. Thus, the operation of the diesel gensets does not require any special functionality. 

Almost any existing diesel system can be integrated into this EMS strategy without mod-

ification. This is a welcome feature considering that diesel-based systems are currently 

being retrofitted with PV and/or BESSs to reduce diesel consumption. 

3.2. PV–BESS EMS Controller 

Figure 3 shows the PV–BESS EMS controller, which outputs the power setpoint for 

the battery PBESS
ref  and the curtailment signal for the PV plant PPV

lim, which are expressed in 

terms of per unit of the rated power. A negative power value for the battery corresponds 

to charging. This controller aims to bring the total genset power Pdiesel as close as possible 

to the current minimum Pdiesel
min  that is computed using Equation (3): 

Pdiesel
min =  NG PG

min, (3) 

This is achieved using an integral controller, whose output Dref determines the op-

eration of both the BESS and PV plant when it is translated to values for PBESS
ref  and PPV

lim 

through an offset and two saturations, as shown in Figure 3. 

 

Figure 3. Priority EMS strategy. 

Table 2 lists the different values for Dref, their corresponding PBESS
ref  and PPV

lim values, 

and a description of the resulting operating modes. 

Table 2. Integral controller action and the corresponding power setpoints and limits. 

𝐃𝐫𝐞𝐟 𝐏𝐁𝐄𝐒𝐒
𝐫𝐞𝐟  𝐏𝐏𝐕

𝐥𝐢𝐦 Operation Mode 

1 1 1 BESS max discharging, no PV curtailed 

(0,1) (0,1) 1 BESS discharging, no PV curtailed 

0 0 1 No BESS, no PV curtailed 

(−1,0) (−1,0) 1 BESS charging, no PV curtailed 

−1 −1 1 BESS max charging, no PV curtailed 

(−2,−1) −1 (0,1) BESS max charging, PV curtailed 

−2 −1 0 BESS max charging, no PV power 

As an example, let us assume that the battery is empty, the load is constant, there is 

no PV generation, and Pdiesel > Pdiesel
min  for a sufficiently long time so that Dref = 1. Fur-

ther, suppose the PV generation starts increasing, which causes the genset power genera-

tion to decrease. At some point, Pdiesel < Pdiesel
min , so Dref starts decreasing. When Dref < 0, 

the BESS starts charging, which should reduce the genset power generation back to its 

technical minimum. If this is not sufficient because excess PV power cannot be stored in 

the BESS (because of either power or capacity limits), eventually Dref falls below −1 and 

the excess PV power is curtailed. If the available PV power starts decreasing, at some point 

Pdiesel > Pdiesel
min , which causes Dref to start increasing. First, the PV curtailment is released. 

If Dref reaches −1, the PV operation goes back to maximum power point tracking. If Dref 

Figure 3. Priority EMS strategy.

Table 2 lists the different values for Dref, their corresponding Pref
BESS and Plim

PV values,
and a description of the resulting operating modes.

Table 2. Integral controller action and the corresponding power setpoints and limits.

Dref Pref
BESS Plim

PV Operation Mode

1 1 1 BESS max discharging, no PV curtailed
(0,1) (0,1) 1 BESS discharging, no PV curtailed

0 0 1 No BESS, no PV curtailed
(−1,0) (−1,0) 1 BESS charging, no PV curtailed
−1 −1 1 BESS max charging, no PV curtailed

(−2,−1) −1 (0,1) BESS max charging, PV curtailed
−2 −1 0 BESS max charging, no PV power

As an example, let us assume that the battery is empty, the load is constant, there is no
PV generation, and Pdiesel > Pmin

diesel for a sufficiently long time so that Dref = 1. Further,
suppose the PV generation starts increasing, which causes the genset power generation
to decrease. At some point, Pdiesel < Pmin

diesel, so Dref starts decreasing. When Dref < 0,
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the BESS starts charging, which should reduce the genset power generation back to its
technical minimum. If this is not sufficient because excess PV power cannot be stored in
the BESS (because of either power or capacity limits), eventually Dref falls below −1 and
the excess PV power is curtailed. If the available PV power starts decreasing, at some point
Pdiesel > Pmin

diesel, which causes Dref to start increasing. First, the PV curtailment is released.
If Dref reaches −1, the PV operation goes back to maximum power point tracking. If Dref

reaches 0, the energy stored in the BESS is released to the microgrid to bring the gensets
to the minimum level of operation. The BESS power setpoint Pref

BESS is sent to the battery
management system (BMS), and thus, it is not necessarily applied as received. For example,
if the battery is full or almost full, any attempt to charge it further is limited to the available
maximum charging power by the BMS.

The integral gain ki for the controller should be as high as possible to achieve efficient
operation, although there is a stability limit due to the speed at which the battery setpoint
and the PV limit are applied, as well as the genset controller dynamics. Both the battery
and PV plant are usually capable of fast power dynamics, but the communication link may
have a significant latency that should be considered.

The integration of the PV and BESS EMS controllers into a single scheme has the
advantage of ensuring that there are no coordination problems between the two com-
ponents. With separate controllers, either careful tuning of the controllers or additional
communications would be required to guarantee that the dispatch priorities are always
met. One disadvantage of this EMS strategy is the lack of forecasting of load demand and
renewable power generation. The strategy can only deal with variations in real-time and
cannot predict variations in advance. However, this makes this strategy quite simple as
well as robust.

4. Optimal EMS Strategy

The optimal EMS strategy is based on a centralized architecture. It optimizes the
management of the dispatch based on the chosen variable, such as costs, emissions, or
energy. Once the variable is selected, the EMS itself decides how to manage the dispatch. In
this case, it is decided that the optimization is based on the marginal costs of each generation
technology of the hybrid microgrid. The only inputs to the EMS are the marginal costs
assigned by the power system operator to each generation technology; therefore, the
objective of the EMS is to find the optimal solution to the problem.

The optimal operation of the microgrid is obtained using mixed-integer linear pro-
gramming, and the optimization toolbox in MATLAB is used to solve the optimization
problem. This EMS requires forecasting data (i.e., load demand and renewable generation)
to anticipate future events. Although in this first step of the development of the control
strategy, the forecasting of load demand and PV generation are without errors.

Accordingly, the problem is formulated as a rolling horizon control (RHC) scheme
that periodically updates input data information from the dynamic microgrid model. The
optimization problem is solved at each time step to determine the operating schedule of the
system over a fixed time horizon, but only the first output from this plan is applied to the
system. In the next time step, the process is repeated; in other words, a new optimization
problem is solved with the time horizon shifted one step forward. The optimization
problem takes into account the forecasting of future values based on available forecasts at
each time step [31].

However, unlike other optimization strategies using RHC reported in the literature,
the proposed optimal EMS strategy allows the solution of the optimization problem to
be applied to real-time operation because, of the entire operation plan that is obtained
from the optimization at each time step, only the first time-step output from BESS power
reference is applied to the operation in real-time. Further, the PV plant power curtailment
is still controlled by the priority EMS strategy, from which the BESS power reference has
been eliminated at an output of the integral controller, as shown in Figure 4.
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Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also
be highlighted.

Thus, the main contribution of this strategy is the optimization of the BESS based on
forecasting, while the entire microgrid, including the BESS, is operated in real-time through
the dynamic model. This provides a great advantage for the better utilization of current
and future energy resources. The objective function and the constraints of the optimization
problem are represented by the following Equations (4)–(16):

4.1. Objective Function

The objective function of the optimization problem is to obtain the total minimal
marginal cost for a time horizon of N hours:

Min
N

∑
t=1

(
((N1(t) + N2(t) + N3(t))·Hourly Cost)+

(PGen(t)·Fuel Cost) + (∆SoH(t)·Degradation Cost)

)
, (4)

where the binary variables Ni indicate the on/off status for gensets (Ni = 1, on) and (Ni = 0,
off), PGen represents the power output from running gensets, Hourly Cost is the hourly
wearing cost for each genset, Fuel Cost represents the fuel cost, and Degradation Cost is
the cost of cycling the BESS.

4.2. Constraints

The constraints of the optimization problem are given below. The power balance is
given by:

PLoad(t) = PGen(t) + PPVF(t) + PBESSD(t)− PBESSC(t), (5)

where PLoad is the load demand power, PPVF is the final PV plant power output, PBESSD is
the BESS discharging power, and PBESSC is the BESS charging power.

The PV plant curtailment is given by:

PPVA(t) ≥ PPVF(t) ≥ 0, (6)

where PPVA is the available PV plant power output.
The diesel genset limits are given by:

PMax·(N1(t) + N2(t) + N3(t)) ≥ PGen(t) ≥ PMin·(N1(t) + N2(t) + N3(t)), (7)

where PMax/PMin are the upper and lower gensets thresholds, respectively.
The spinning reserve is given by:

(PMax·(N1(t) + N2(t) + N3(t)))− PGen(t) ≥ SR·(N1(t) + N2(t) + N3(t)), (8)

where SR is the fixed spinning reserve required for gensets.
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The number of diesel gensets turned on is given by:

(N1(t) + N2(t) + N3(t)) ≥ 1, (9)

where the binary variables Ni are introduced to avoid the simultaneous shutdown of all
gensets because at least one synchronous genset is required to generate the grid voltage
and frequency control.

The battery state of charge (SoC) limits are given by:

SoC(t) = SoC(t − 1) + (PBESSC(t − 1)·η)− (PBESSD(t − 1)/η), (10)

where SoC represents the SoC of the BESS and η is the BESS charge/discharge efficiency.
The battery SoC limits are given by:

SoCMax ≥ SoC(t) ≥ SoCMin, (11)

where SoCMax and SoCMin are the upper and lower SoC limits, respectively.
The BESS mode is given by:(

NCharge(t) + NDischarge(t)
)
≤ 1, (12)

where the binary variables NCharge and NDischarge are introduced to avoid simultaneous
charge/discharge commands.

The BESS power limits are given by:(
PBESSMax·NCharge(t)

)
≥ PBESSC(t), (13)(

PBESSMax·NDischarge(t)
)
≥ PBESSD(t), (14)

where PBESSMax is the upper BESS power threshold.
A simplified degradation model based on the battery energy throughput was used.

Batteries have an initial capacity, generally called beginning-of-life (BoL) capacity. After a
number of cycles (for lithium-ion batteries, typically around 5000 to 7000 cycles, depending
on the operational depth of discharge (DoD) and C-rate according to the battery manu-
facturer’s warranty curves), the battery reaches the end-of-life capacity (typically around
60–70% of the BoL capacity). Therefore, for each time step that a battery is used, the charge
and discharge energy is summed until the energy for the total number of cycles is reached.

The battery state of health (SoH) is given by:

SoH(t) = SoH(t − 1)− PBESSC(t − 1)− PBESSD(t − 1), (15)

where SoH represents the state of health of the battery in terms of the remaining usable
energy of the battery throughout its lifetime.

The battery SoH increase is given by:

∆SoH(t) = SoH(t − 1)− SoH(t), (16)

where ∆SoH represents the reduction in the battery SoH.
The main disadvantages of this centralized architecture are as follows. First, a wide

and reliable communication network is needed between the central optimizer and local
controllers to send the power limits and receive measurements. Second, the forecasting
and measurement data required for the real-time operation of the EMS increase or decrease
depending on the forecasting period, which affects the calculation time and computational
capacity. Finally, the equations that form the microgrid in the optimization problem must be
formulated to accurately represent the real behaviour of the microgrid and all its elements
(i.e., the diesel gensets, PV plant, and BESS).
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5. Results and Discussion

Two simulations were performed for 8760 h (i.e., 1 year) through the dynamic micro-
grid model to analyse the behaviour of both EMS strategies. The simulations took place
over 1 year because the analysis of a short period may not be representative or cover a
wide range of scenarios. For the optimal EMS, a time horizon of 24 h and a time interval of
1 hour have been used. Figures 5 and 6 show the simulation results for one day of week 9
and Figures 7 and 8 show two days of week 19 of the year.
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In week 9 (Figures 5 and 6), the optimal EMS strategy established a low discharge rate
for the BESS to support the diesel gensets and not exceed the fixed spinning reserve limit
to avoid turning on the next diesel genset. Thus, the diesel gensets ran at the spinning
reserve limit longer than with the priority EMS strategy, as observed for the last hours of
the day (1650–1656 h).

The lower discharge rate increased the availability of the BESS. By contrast, the priority
EMS strategy discharged the BESS at maximum power as soon as the renewable energy
decreased (1646–1651 h) to operate the diesel gensets at the minimum load. This reduced
the availability of the BESS. In both strategies, the BESS was able to meet the demand if
the required power was less than the nominal power of its converter or the BESS was not
empty.

Figure 5 also includes the grid frequency and voltage profile which shows a frequency
drop when the diesel gensets 2 and 3 are turned off at sunrise (at t = 1638 h and 1639 h)
and a frequency rise when the diesel gensets 2 and 3 are turned on at sunset (at t = 1649 h
and 1651 h). Those events also produce a disturbance in the voltage as shown in the figure.

In week 19 (Figures 7 and 8), the optimal EMS strategy did not completely discharge
the BESS at the end of the day because the forecast data reported a lack of solar energy
for the next 24 h. The next day, the BESS was discharged (3278–3288 h) to avoid the third
genset being turned on during peak demand hours. By contrast, the priority EMS strategy
completely discharged the BESS as soon as the solar energy decreased (3252–3260 h)
without leaving any reserve capacity for the next day. Table 3 presents the accumulated
values of the most representative variables for 8760 h for a numerical analysis of both EMS
strategies.

Table 3. Results with accumulated values.

1 Year Simulation Priority EMS Optimal EMS

PV plant
Energy Total (kWh) 7,179,052 7,179,052
Energy Final (kWh) 6,525,180 6,783,870

Excess (kWh) 649,240 395,182

Diesel Gensets Energy Total (kWh) 15,982,320 15,741,236

BESS
Energy Throughput (kWh) 956,947 1,038,597

Energy In (kWh) 1,055,020 1,145,473
Energy Out (kWh) 858,875 931,721

Load (kWh) 22,311,355 22,311,355

Total Costs of Energy (€) 3,226,029 3,185,149

The results in the Table 3 show that the optimal EMS strategy allows a higher pene-
tration of renewable energy due to a better adjustment of the charging and discharging
of the BESS, which reduces the diesel generation of the diesel gensets, because of the cost
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of energy minimization. On the other hand, the priority EMS strategy produce a slightly
worse result, although not that far from the optimal EMS strategy, leading to a slightly
smaller penetration of renewable energy, thereby increasing the diesel generation, which in
turn results in a slightly higher cost of energy. The reason for these results is that while in
the priority EMS the battery discharging (if possible) has priority over the gensets loading,
the optimal EMS considers the cost of the battery energy in the following hours to take the
decision on when to discharge the battery.

6. Conclusions

Two novel EMS strategies were developed for an isolated hybrid microgrid that run
online using a dynamic microgrid model, that simulates the conditions of a real-time
operation. The simulation results quantified the differences between the strategies and
showed their respective advantages and disadvantages.

The optimal EMS strategy allows better use of the BESS based on the forecasted
load demand and renewable energy generation. Additionally, it increases renewable
penetration and reduces diesel generation. The main drawback of the optimal EMS strategy
is prediction errors, which can reduce the advantage. Furthermore, the centralized structure
of this strategy makes it more complex and vulnerable to failures than the priority EMS
strategy because continuous communication is required.

The priority EMS strategy performed worse than the optimal EMS strategy in terms
of supplying energy, which slightly increased the total costs. However, the decentralized
structure of this strategy simplifies the EMS scheme, which is integrated into each plant
controller. Therefore, this strategy is modular and easily scalable.

In conclusion, the choice of EMS strategy depends on the specifications of the mi-
crogrid. If a power system requires a high level of reliability, the priority EMS strategy
should be chosen because the increase in energy costs can be small compared with the
consequences of an interruption in the power supply. By contrast, if all generation tech-
nologies of the microgrid are arranged at the same site, the optimal EMS strategy may be
preferable because communication is not a significant issue.

Future works related to this topic could involve analysing the consequences of fore-
casting errors, which could eliminate the advantage of the optimal EMS strategy over the
priority EMS strategy.
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