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Abstract: Microgrids have become an alternative for integrating distributed generation to supply
energy to isolated communities, so their control and optimal management are important. This
research designs and simulates the three levels of control of a DC microgrid operating in isolated
mode and proposes an Energy Management System (EMS) based on Model Predictive Control
(MPC), with real-time measurement feedback for optimal energy dispatch, which ensures power
flow distribution and operation at minimum cost while extending the lifespan of the BESS. The
EMS can react to disturbances produced in the lower control levels. The microgrid’s performance is
analyzed and compared in two scenarios without EMS, and with EMS against changes in irradiation
and changes in electricity demand. The fulfillment of the power balance is evaluated by analyzing
the power delivered by each generation unit, the operating cost, and the state of charge of the
battery (SOC).

Keywords: droop control; energy management system; microgrid; battery energy storage system;
voltage restorer; state of charge

1. Introduction

Currently, energy production is based on the consumption of fossil resources, which
is an expensive process that leads to the depletion of available non-renewable resources.
Therefore, the importance of the use of natural resources (renewable resources) arises at
the time of introducing other forms of sustainable electricity production, supporting the
environment, because this resource does not generate pollution [1,2].

The energy needs facing the world and the increase in energy consumption in the
coming years make it necessary to increase the generation of electric power, which is
restricted by the reduction of fossil fuel reserves and the harmful impact it has on the
environment [3]. Therefore, it is important to understand the term microgrids, which
are composed of energy generation sources such as solar, wind, biomass, geothermal,
hydroelectric, and fossil, among others, in addition to integrating storage systems to supply
local loads [4].

The classification of microgrids is very broad because they can operate in AC current,
DC current, or both. Microgrids can operate in isolated mode and grid-connected mode,
allowing disconnection and connection to the conventional distribution network. Isolated
microgrids arise from the need to supply energy to sectors of difficult access, whether
isolated or rural areas, which for the most part do not have access to electric power
service [3,5,6].

Traditionally, microgrids have a three-tier hierarchical control architecture. The pri-
mary control includes the local controllers to regulate frequency and voltage and the droop
control for power sharing in the dispatchable generation units. The secondary control is in

Energies 2023, 16, 2912. https:/ /doi.org/10.3390/en16062912

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16062912
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4211-4981
https://orcid.org/0000-0003-0311-5447
https://orcid.org/0000-0002-6708-3897
https://orcid.org/0000-0001-8584-8921
https://orcid.org/0000-0003-1990-0191
https://doi.org/10.3390/en16062912
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062912?type=check_update&version=1

Energies 2023, 16, 2912

20f22

charge of restoring frequency and voltage [7]. Finally, the tertiary control is in charge of the
optimal management of the microgrid [8-10].

Therefore, microgrids have gained attention as a new alternative to face the energy
transition and the challenges of energy supply, due to their versatility to operate in isolated
or grid-connected mode [8]. Among the main contributions of microgrids in the energy
market, it stands out that they are more efficient, reduce CO, emissions, encourage the use
of renewable energies, and reduce energy costs. In addition to the above, microgrids are
not centrally planned or managed [4,5].

In the specialized technical literature, there are works such as [11], where they pro-
pose an optimal power flow approach, using iterative linear programming, in which the
power flow equations are iteratively linearized around new operating points within an
appropriate stability margin. When a disturbance occurs, the operating point is shifted
towards the stability limit, where each iteration requires solving the nonlinear optimiza-
tion problem to improve the static voltage stability; however, this work is focused on AC
microgrid applications.

Currently, the distribution of DC energy through microgrids is a topic of research
interest for residential applications, due to the increase in DC loads, the implementation of
energy sources based on renewable resources, and the development of power electronics
and storage systems [12,13].

The advantages of DC microgrids are reduction of power losses, increases system effi-
ciency, integration of distributed generation technologies through control and monitoring,
and cost reduction. They can also supply energy to a load independently when voltage
fluctuations occur, ensuring an efficient, reliable, and safe system [12,14,15].

It is important to note that failure to properly manage a microgrid leads to a waste of
energy resources, making it an inefficient operation. Therefore, an adequate management
system is necessary to manage the energy flow of the generation units; this can be achieved
with intelligent and optimal control strategies, which is how the term energy management
system (EMS) appears.

EMS is important in controlling the generation and distribution of power flow in
microgrids and, therefore, minimizing operating costs [15,16]. Therefore, a control system
based on MPC (Model Predictive Control) optimization is proposed, which makes explicit
use of the mathematical model of the process, in addition to considering the objective
function that seeks to minimize the operating cost of the system [17-19].

There are some EMS proposals for DC microgrids that apply various control methods.
In [20], an isolated microgrid consisting of two renewable sources, a diesel generator, and a
storage system is developed. The objective is to maximize the useful life of the batteries
and minimize the cost of energy generation, using the multi-objective genetic algorithm
NSGA-II. As a result of the optimization algorithm, several solutions are obtained that
meet the cost-minimization requirements. Therefore, it is up to the researchers to select the
solution that fits the physical conditions of the microgrid.

In the same context of EMS applied to DC microgrids, Ref. [21] presents a predictive
control of a microgrid that can operate in island mode or grid-connected mode, using a
distributed control architecture, i.e., integrating an MPC for each generation unit (wind
generator and photovoltaic generator) and another MPC for the energy storage unit; there-
fore, this type of control makes decisions individually. In addition, management based
on heuristic methods is evidenced, ensuring that the management system determines the
operation mode of the microgrid based on the generated power, demand, solar irradiance,
wind speed, the nominal power of the units, and the SOC of the BESS.

Meanwhile, in [22,23], the MPC control strategy is implemented to optimally manage
the load sharing between generation sources, storage, and interaction with the grid if
necessary. However, the management system solves the optimization problem without
real-time feedback on the actual battery states.

The authors in [24,25] propose an energy management system (EMS) [24] based on a
MOGA algorithm (multi-objective genetic algorithm) with a 51% reduction in operational
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costs and a 96% reduction in the amount of pollutant gas emissions. In [25], in addition to
an EMS, they implement a demand-side management (DSM) that consists of modifying the
consumption within a certain range of time, to reduce the cost and adjust the generation
profiles of energy.

In [26] they use an advanced control for the management of a DC microgrid that
operates in island mode through an MPC model integrating artificial intelligence (AlI),
where Al replaces mathematical modeling typically used when working with complex and
accurate mathematical models, demonstrating that the controller is capable of providing
efficient control actions for optimal energy management and a correct energy balance for
the microgrid.

Ref. [27] analyzes the optimization of isolated AC microgrids that include several
renewable sources and energy storage, focusing on several systems connected in the same
microgrid. Therefore, for the interconnection of the microgrids, a distributed control based
on the DMPC model is developed because it considers each unit as a subsystem and will
be controlled by a local MPC, which is fundamental for understanding the information
to be exchanged between each unit. In addition, for integrating electric vehicles (EV), it
was necessary to develop an EMS to manage the use of vehicle batteries. Furthermore,
Refs. [27,28] realize the integration of electric vehicles (EV), therefore the development of
an EMS to manage the use of vehicle batteries is necessary.

In the previously reported works, the local controllers were not designed, nor was
there online feedback on the measurements that show the current state of the batteries
in the EMS system. Therefore, a control strategy is considered, with no feedback from
the actual measurements, i.e., it is assumed that everything works correctly. However,
disturbances at that level are not identified by the EMS.

This research paper proposes the design of a tertiary EMS control for an isolated
DC microgrid, consisting of a photovoltaic system that takes full advantage of the solar
resource, a diesel generator as a backup power source, a battery energy storage system,
and a DC load.

The photovoltaic system is connected to the Bus DC through a boost-type DC/DC
power converter, which contains an MPPT based on the incremental conductance algorithm
(INC). On the other hand, the diesel generator will operate only when necessary. The storage
system, consisting of a battery bank, is connected to the Bus DC through a bidirectional
buck-boost topology converter that allows operation in charge and discharge mode of the
storage system.

The control of the microgrid is performed by a local PI voltage and current controller,
which allows maintaining a constant voltage on the Bus DC and the droop control to share
the power generated by each generation unit. The optimal management is performed by
an EMS, which allows optimal and efficient decision making in the management of the
system, controlling several generation units including a photovoltaic system, BESS storage
system, and a diesel generator, which will be able to feed a DC load.

All control levels are designed, but mainly in this work, an EMS based on MPC is
proposed to maximize the consumption of energy based on renewable resources (sun)
and minimizing the consumption of energy from the diesel generator and costs for the
energy consumption. It also has the scope of increasing the useful life of the battery while
respecting the SOC, guaranteeing optimal charging and discharging.

The main contributions of this research work are: (i) Proposing a control strategy for
the optimal management of an isolated DC microgrid, maximizing the use of solar resources,
extending battery life, and minimizing the operating cost of the microgrid, through the
optimal distribution of power, based on linear programming guaranteeing the global
optimum; (ii) Design and simulate all levels of control, integrating primary, secondary,
and tertiary control, making measurements in real-time, which allows understanding the
operation of the microgrid in a couple, where the tertiary control (EMS) responds to changes
in the lower control levels when disturbances occur; therefore the operation of the DC
microgrid is integral; (iii) The tertiary control is based on MPC operating in sliding mode;
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in this way the EMS designed allows reaction to rapid changes in demand and irradiation,
being able to detect changes in input variables.

The rest of this document is organized as follows: The system description (Section 2)
shows each of the elements that make up the microgrid and how it will be controlled by the
EMS. The design of the control and management algorithms of a DC microgrid is presented
(Section 3), where the architecture of each control level is explained in detail. The results
(Section 4) show the comparison of the operation between a microgrid with and without
the proposed EMS. The conclusions (Section 5) show a quantitative analysis of the costs
generated by not having a tertiary control that adequately manages the power supplied
by each generation unit, and the optimal operation of the DC microgrid with all levels
of control.

2. System Description

As mentioned above, this research proposes the control of an isolated DC microgrid,
as shown in Figure 1, consisting of a photovoltaic generation unit (Gpy), a diesel generation
unit (Gp), and a battery energy storage system (BESS), connected to a bus DC that supplies
power to a DC-type load at a constant power.
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Figure 1. DC Microgrid configuration diagram.

The photovoltaic generation unit capture la solar irradiation (I;), transforming it into
electricity, an energy that is injected into the Bus DC to supply demand; it is also important
to note that I, is an input to a prediction model, and its output (Ir) will be the input to the
EMS optimization problem. The photovoltaic panels have a voltage response (Vpy) and
current (Ipy) depending mainly on the solar irradiance (I;) and temperature (T), which
are external factors that directly affect its operation [29]. This unit provides photovoltaic
power represented by (Ppy), which is controlled by an incremental conductance MPPT that
generates the G; trigger to activate the IGBT of the DC/DC converter.

On the other hand, the diesel generator is in charge of transforming the fuel into
electrical energy, represented as diesel power (Pp). Its main objective in microgrids is to be
an auxiliary unit as a support in case the predicted electrical demand (D) is not covered by
other generation units. Its operation depends on the diesel generator power calculated by
the EMS (Pgp). This diesel generation unit, being an alternating current source, needs an
AC/DC converter to be implemented in a DC microgrid, thus performing the conversion
to be able to feed the direct current load.

The battery energy storage system (BESS) will be able to deliver energy on demand,
expressed as the battery power (Pg), which can operate in charge mode when (Pg) has a
negative sign and discharge mode when it has a positive sign. However, in the process of
charging and discharging the battery, overloads and deep discharges cannot be allowed
indefinitely, because this seriously compromises their useful life. Therefore, the SOC (State
of Charge) is important for the analysis between the amount of power that can be obtained
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from the battery with respect to the total power. In order to keep the batteries within the
safe operating threshold, control strategies are implemented to prolong their useful life.

These modes of operation are performed by the bidirectional DC/DC converter reg-
ulated by the EMS control signal, battery discharge power calculated by the EMS (Ppp),
and battery charge power calculated by the EMS Pgc, allowing it to generate the triggers
in G, and Gj for the activation of the IGBT circuit breakers on the values of Pgc and Pgp
provided by the EMS.

Therefore, the different levels of control are designed and analyzed; the first level
corresponds to the local control that constitutes the voltage and current controllers, the
droop control, the voltage regulators, and finally an EMS management system. It is
important to consider that the EMS is based on an MPC controller, capable of making
optimal and efficient decisions in the management of the DC microgrid, based on the
real-time status of variables such as the state of the battery.

3. DC Design of Control and Management Algorithms of a DC Microgrid

This section shows the control levels implemented in the DC microgrid (Figure 2). The
lowest level of the control architecture is Primary control (light blue section), where the
primary controllers in charge of keeping the generation levels regulated and distributing
the power based on the capacity of the generation units are located. The Secondary control
(orange section) represents the control in charge of restoring the voltage to its nominal
value. Finally, the third level Energy management system (brown color) is in charge of the
optimal management of the DC microgrid, to satisfy the demand and maintain the balance
of the system operating at minimum cost.
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Figure 2. Control architecture.

As can be seen, the photovoltaic generation unit control requires a primary control,
while the battery control contains a primary control and a secondary control, which allows
operation in both charge and discharge mode of the BESS. The diesel generator as well as
the battery when operating in discharge mode are dispatchable units; therefore, they have
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the characteristic of receiving the order from the EMS of the power to be delivered. Each
level of control mentioned above is detailed in the following sections.

3.1. MPPT Control Strategy for the Photovoltaic System

The sun is a renewable and inexhaustible resource that produces energy, which can be
collected and converted into heat (thermal energy) or electricity (photovoltaic energy) to
meet the electricity demand [30].

Photovoltaic panels do not fully supply conventional loads, due to low voltage levels
and low efficiency. Therefore, efficient control systems are needed to maximize the use
of renewable resources. The objective is to develop and implement a control strategy to
achieve maximum power point tracking (MPPT) of the photovoltaic array, using a DC/DC
Boost converter [31-33].

For the MPPT control, it is necessary to feed back on the voltage (Vpy) and current
(Ipy) of the photovoltaic panel to calculate the maximum power point; finally, the PWM will
generate the triggers to the gate pulse (G;) of the IGBTs to proceed to its activation, allowing
it to obtain the voltage to be connected to the Bus DC of the microgrid; see Figure 3.

w

Irradiance

[

Temperature

Photovoltaic
generation unit

CONVERTER
Figure 3. Control design for the photovoltaic system.

The important parameters used for an MPPT are irradiance and temperature because
they directly affect the amount of electricity a photovoltaic panel can produce. In Figure 4,
the maximum power operating point is shown by the characteristic curve of the pho-
tovoltaic panel. Figure 4a shows the relationship between current and voltage, while
Figure 4b shows the relationship between power and voltage [31].
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Figure 4. Characteristic curves of the photovoltaic panel: (a) I-V curve; (b) P-V curve.
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Several algorithms allow obtaining the MPPT; in this case, the incremental conductance
algorithm was selected, for easy implementation and lower computational cost. This control
technique is the most widely used because it can quickly calculate the maximum power
point in the face of disturbances due to rapidly fluctuating weather conditions [34].

According to [31,35], the incremental conductance algorithm (INC) is based on the
slope of the power curve being zero in Equations (1) and (2) [36]. To begin with, the
algorithm measures the voltage and current changes of the solar panels at the current time,
and then compares them with the previous cycle measurements to predict the effect of
a voltage change; to achieve the MPP it must be fulfilled that the rate of change in the

output conductance, j‘l/i “// , is equal to the negative of the instantaneous conductance, ‘1/’1’)—“//,
as in Equations (3) and (4). This algorithm can follow irradiance changes faster than the
perturbation and observation (P&O) algorithm; for this reason it requires more complexity
in its calculations, also according to [36] when the null derivative condition rules out

steady-state oscillations.
dPpy

Voy @

Given that Ppy = Vpy X Ipy
d(VIZi‘;/:VIPv) —0 @)
Ipv + Vpy j‘l/i“// =0 3)

where dPpy is the derivative of the power photovoltaic panel, dVpy is the derivative of the
photovoltaic panel voltage, dIpy is the derivative of the photovoltaic panel current, Ipy is
the photovoltaic panel current, and Vpy is the photovoltaic panel voltage. When this is
not satisfied, the points around the maximum point expressed in Equations (5) and (6) are
analyzed [35].

g; dpv Ipy

> ——~, then
dVpy Vpy dVpy

Si < ———, then
dVpy Vpy dVpy
Next, Figure 5 shows the implemented incremental inductance scheme, and its output

will be the control signal for the PWM control that will go to the IGBT G;.

>0 left ®)

<0 right 6)

3.2. Local Control Strategy for the Storage System

The local control of the battery is responsible for keeping the generation levels reg-
ulated and avoiding deviations from the basic parameters in the power converters. This
level of control is the fastest because it acts locally on the controls of the generation units;
its purpose is to maintain the voltage and current within the limits [37]. For local control
of the storage system, a bidirectional DC/DC converter is implemented, which is used
for energy storage applications where the ability to transfer energy in two directions is
required [38]. Because they seek to connect the battery for charge and discharge operation,
they must be connected via a converter that allows both energy transfers [39].

Thos is why, in this research, a “buck-boost” converter has been used, which is shown
in Figure 6, working as Buck in BESS charging mode and Boost in discharging mode,
depending on the control signal coming from the PWM regulated by the local voltage
and current controllers, see Figure 7, which generates the gate pulses, G, and Gs, for the
activation of the IGBT power switches [40-42].



Energies 2023, 16, 2912 8 of 22
Reading: V vy PV
Py = VFV x Iy
Al gy, = I (1) 15, (T - At)
AVpy =V (1) —Vop (1 — AY)
IPV(r_dl):IPV(Z)
Vep ([’d’): VW(’)
Figure 5. Diagram of the MPPT incremental conductance algorithm.
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Figure 6. Bidirectional Converter “Buck-Boost”.
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Figure 7. Control strategy for the storage system.

The local controllers consist of: the proportional-integral (PI) voltage controller, which
maintains the voltage balance on the Bus DC, and the PI current controller, which is
responsible for increasing or decreasing the amount of current depending on the demand,
as well as the transition of the operating modes of the storage system, and the PWM signal
modulator will activate the IGBT switching elements, with the negated signal of the G, and
the signal of the G3; see Figure 7 [34,41].

The cascade control of voltage and current is shown in Figure 7. The voltage controller
regulates the battery voltage by maintaining the Bus DC voltage at a constant value, and
the current control determines the mode of operation in both charge and discharge modes.
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Vier is the droop control output reference voltage, Vy,s is the measured Bus DC voltage,
Lyes is the reference current of the voltage PI controller output, I is the battery current
measurement, and G, and Gj represent the IGBT triggers to the DC/DC converter. Cp; and
Cpy are the storage system DC/DC converter capacitors, L is the converter inductor, and
Pl is proportional integral control.

To share power between different generation units, droop control is required, which is
part of the primary control.

3.3. Droop Control Voltage—Power

Voltage droop control is a conventional method used for its ability to connect multiple
generating units and distribute the power. Droop control is expressed in (7).

Vief = Viom — 11 X Py @)
AVinax

m = ——- 8

1= 8)

AVinax = Viom — Vmin (9)

where V¢ is the droop control output, Vyiom is the nominal DC microgrid voltage, m; is the
droop control coefficient, and Pj,, is the inverter filter output power.

In (8), the relationship between the maximum acceptable voltage variation, AV}, and
PBiax, is maximum power of the BESS. The AV, is obtained in (9), and the V,;;,, is 5% of
the nominal voltage, Viion-

3.4. Secondary Control Strategy for the Storage System

The voltage restorer corrects the deviations caused by the primary control using a PI
controller, see Figure 8, to maintain a constant voltage on the Bus DC, where V;;,;, is the
desired voltage on the Bus DC, V. is the output of the droop control, and § is the control
action [7,43].

V Pl /3

nom >
VOLTAGE

V

ref
Figure 8. Voltage restorer secondary control strategy.

Equation (7) is modified by the secondary control action, B, to restore voltage, and
Equation (10) is obtained; 8 corresponds to the secondary control action that allows voltage
restoration; see Figure 8.

Vief = Viom — My X Py + (10)

Finally, the tertiary control or EMS sends the power to charge and discharge the batter;
this power, to be included in the lower levels of control, is transformed into voltage, for
which the droop Equation (11) is used, the same as that input as the reference power of the
droop Ppp. In this way, the output, Vrjs, is incorporated into (10), and Equation (12) is
obtained, where Vs corresponds to the voltage delivered by the EMS control level for
the optimum management of the microgrid.

Vems = Viom — my X Ppp (11)

Vref = Viom — mp X Pinv + ﬁ + VEMS (12)

The description of the predictive controller used for optimal microgrid management
is described in the following section.



Energies 2023, 16, 2912

10 of 22

3.5. Optimal Energy Management

An energy management system (EMS) is in charge of managing the operation of the
microgrid and energy demands, allowing it to satisfy the energy balance in a system [44].
For this research, an MPC strategy is proposed, which allows the optimal control of
energy flow in a microgrid. This is based on the optimization of an objective function.
Using a mathematical model, the prediction model predicts the future state of the system
and calculates the optimal control solution, providing online control without the need for
the implementation of a preset control law as in traditional control systems [44].
According to [17,44], the advantages offered by MPC control are:

It can compensate for dead time;

It compensates for measurable disturbances;

The control law is easy to implement;

It works the constraints in a systematic and conceptually simple way.

The optimizer provides the optimal inputs of the MPC by minimizing the objective
function, also known as the cost function. The outputs are predicted by the mathematical
model that takes the past signals (input and output signals) and the future signals, as
shown in Figure 9 [44].

Past Imputs Reference
and Outputs Trajectory
Predictive Output " Future Errors o 4—— Cost Fuction
Model > »  Optimizer
4—— Constrains

Future Controls

Figure 9. MPC Control Schematic.
The generation units require modeling to predict their status, which is described below.

3.5.1. Objective Function

The objective function implemented in the EMS system is defined by (13) to solve the
optimal dispatch of the microgrid. The objective function minimizes the operating cost of
the microgrid because the generation of energy based on fossil fuel is the only resource that
has a cost; therefore, it is necessary to minimize its consumption. In addition, it minimizes
the unsupplied power and thus guarantees the supply of the demand, where t represents
the samples and i the prediction horizon.

i

Pgp(t) x costgp + Pns(t) X cost 13
Pcp, Pns, Pec, Pep, Xep,XBc, XBD t;[ co(t) 6D + P (f) nsl o (19)

min

where Pgp is diesel generation power calculated by the EMS, Py represents the power
not supplied, and costgp is cost of diesel power generation, and the cost of unsupplied
power is defined by costys.

As the system evolves, t is increased sequentially, so the EMS input data are periodi-
cally updated and therefore the optimization problem is updated with the new information
obtained, and the solutions are calculated, allowing the control system to be able to com-
pensate for any perturbation.

The optimization variables are expressed as Pep, Pns, Ppc, Pep, Xgp, Xpc Y XD,
where Ppc is battery charging power calculated by the EMS, Pgp is battery discharge power
calculated by the EMS, and X¢p represents the activation status of the diesel generator,
while Xpc is the binary variable of the activation status of the battery charge mode and
Xpp is the binary variable of the battery discharge mode activation state.



Energies 2023, 16, 2912

11 0f 22

It is important to mention that the energy dispatch priority is focused first on renew-
able energies that do not present operating costs, then on the BESS, and finally on the diesel
generation unit in the case of not being able to meet the demand. It is therefore impor-
tant to maintain the balance between voltage, power, and energy (produced, consumed,
and stored). The optimization problem is subject to the constraints of the microgrid, as
described below.

3.5.2. Constraints and Models of System

To solve the optimization problem, the following equation and inequality constraints
are considered for the process, as described below.

Balance Condition

The microgrid needs to satisfy the balance equation; therefore, the power supplied
by the generation units must be equal to the demand, which is analytically represented by
Equation (14).

Where the generation units are diesel generation power calculated by the EMS (Pgp),
photovoltaic power (Ppy ), battery discharge power calculated by the EMS (Ppp ), unsup-
plied power (Pys), battery charge power calculated by the EMS (Pp¢), and the electrical
demand as D.

D(t) — Pns(t) — Ppc(t) = Pop(t) + Ppy(t) + Ppp(t) (14)

Diesel Generator Constraints

The power of the diesel generator must be kept within the generation limits according
to its technical characteristics, which is represented by the inequality constraints defined in
Equation (15), where the binary variable, X¢p, is the binary variable of the activation status
of the diesel unit. Equation (15) corresponds to the power limits that the diesel generator
unit can deliver, where P;p,,,, is the maximum diesel power and Pgp, . is the minimum
diesel power.

Pcp,,;, * Xcp(t) < Pop(t) < Pgp,,. X Xcp(t) (15)

BESS Constraints

The modeling of the BESS is shown by Equations (16) and (17), where Equation (16)
represents the initial condition and Equation (17) is used to represent the energy of the
BESS for any instant of time.

E(t) = Eo -+ nc x Poc() — - il;g) (16)
E(t) = E(t — 1) + npc x Pge(t) — Pep(t) (17)

nBp

where E(t) is instantaneous of the BESS power, Ej is the initial energy of the BESS, npc is
the BESS performance in charging mode, and npp is the BESS performance in discharging
mode, while E(t — 1) represents BESS energy at the previous instant.

Equation (18) defines the boundary constraint of the BESS based on the SOC, to keep
the BESS within the safe operating threshold, prolonging the lifespan, where SOC
represents upper charge limit of the BESS and SOC,,;,, is the lower discharge limit of
the BESS.

SOCin < SOC(t) < SOComax (18)

To ensure that the charging and discharging of the BESS do not occur simultaneously,
constraint (19) is added.
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The power limits of the storage system are also capacity constraints, which are de-
scribed in Equations (20) and (22) for charging and discharging, respectively, where Pp,
represents the maximum power of the BESS.

Xpc(t) + Xpp(t) <1 (19)

0 > Ppc(t) > —(Ppmax) % Xpc(t) (20)
0 < Ppp(t) < (Ppmax) X Xpc (t) (21)
E(t) < PBmax (22)

Modeling of Solar Panels

The model designed in the MPC controller for the photovoltaic panels is defined by
Equation (23).
Ppy (t) = npy X Hipe X Ap X Ir(t) (23)

where npy is the photovoltaic panel performance, 1, is the photovoltaic panel installation
performance, A; is the total area of the panel array, and Ir is the irradiance.

It is important to mention that the irradiance vector with dimension i is input to the
EMS optimization problem, as shown in Figure 2, and corresponds to the output of a
prediction model. For the developed research, it is taken into consideration that the solar
resource is a time series, which is generated by a predictor model reported in [45].

4. Result

For this research, we propose an energy management system based on an MPC control
for a DC microgrid in island mode with real-time measurement feedback, for which the
controls at the lower levels are implemented. The performance of the microarray without
and with EMS is compared.

The microgrid consists of a photovoltaic generation unit, BESS, and a diesel generation
unit connected to a Bus DC with the corresponding power electronics interfaces to supply a
DC load, as shown in Figure 1. The models of the generation units and controllers designed
at the different control levels described in Section 3 ere simulated in Matlab/Simulink
R2016a software. For the design and simulation of the proposed optimization problem, the
Fico Xpress Optimization software was used, linking the two softwares to emulate a real
operation where the supervisory control for the microgrid management sends and receives
signals from the microgrid operation. The simulation parameters used for the microgrid
are described in Tables 1-4. The photovoltaic generation unit operating parameters, BESS
parameters, and diesel generator unit parameters are shown in Tables 1-3, respectively,
while the converter and load parameters are shown in Table 4.

Table 1. Photovoltaic panel parameters.

Description Parameter Value

Array tension panel Voe 49.68 V
Maximum power array voltage Vinp 40.98 V
Array current panel I 14.01 A
Maximum power array current Tp 1342 A

Table 2. BESS parameters.

Description Parameter Value
Voltage \% 36V
Ampere-hour Ah 10 Ah
Conditions of initial charge state SOC (%) 75%
The upper limit of a state of charge SOCmax 90%

The lower limit of discharge state SOCpin 40%
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Table 3. Characteristics of the Diesel Generator.

Description Parameter Value
Minimum diesel power Pep, 600 W
Maximum diesel power Pcp,,.. 6000 W

Cost diesel costgp USD 0.046/1t

Table 4. Characteristics of the converters.

Description Parameter Value
Photovoltaic capacitor 1 Cpy1 1800 uF
Photovoltaic capacitor 2 Cpvo 18,000 uF

Photovoltaic inductor Lpy 1.7 mH
Capacitor 1 battery Cp 390.63 uF
Capacitor 2 battery Cpo 390.63 uF
Battery inductance Lp 9mH

Nominal voltage of Load Viom 48V

Evaluation of DC Microgrid Operation

This section validates the performance of the DC microgrid. The following scenarios
are analyzed and compared: (i) without considering the optimal management of the
EMS, only with the primary controls; (ii) considering the optimal management of the
proposed EMS, which includes real-time feedback of the measured variables, and the EMS
is operating in sliding mode, i.e., it takes samples every 5 s and recalculates the optimal
solutions for the control of the microgrid. The microgrid is subject to disturbances from
changes in radiation and changes in demand. The microgrid’s performance is analyzed in
terms of technical, economic, and optimal battery management.

The results obtained by applying the radiation profile (Figure 10) and demand changes
(Figure 11) are shown in Figures 12 and 13 for the scenarios with and without EMS. The

radiation profile ranges from 400 W/ m? to a maximum irradiance of 900 W/m? at different
time intervals.

IRRADIANCE
1000 T T T T T T T
900 - —,— -
800 |- -
—
E 700} -
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Figure 10. Irradiance profile.
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Figure 12. Microgrid performance with EMS; (a) Active Power Microgrid, (b) SOC of BESS.
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Figure 13. Microgrid performance without EMS: (a) Active Power Microgrid, (b) SOC of BESS.

Given the radiation profile proposed in Figure 10 and the demand profile as shown in
Figure 11.

Figure 12 shows the performance of the DC microgrid. Figure 12a shows the active
power distribution when operating with the proposed EMS; this information is also visible
in Table 5. During the time interval from 0 to 10 s, to supply the demand, the photovoltaic
panels deliver their maximum power (red line), which is not enough to meet the power bal-
ance, so the EMS resolves that the optimal dispatch is that the battery enters the remaining
power (green line) to meet the demand (black line). In addition, after 5 s the controller is
run again with the updated inputs and measurements, and it can be noted that there is no
change in the power distribution. At 10 s, there is an increase in radiation, and it is shown
how the battery reduces the power generated to take advantage of the natural resource.
At 155, there is an increase in demand of 10,000 W, and because the solar power remains
equal to the previous operating point of the battery support to meet the power balance,
in the interval from 20 to 40 s there is a variation of demand and solar power; however,
the demand is always higher, which leads to the battery delivering the necessary missing
power to meet the balance of power. In the time intervals from 40 to 65 s, it can be noticed
that the photovoltaic power is higher than the power required by the demand, and with
the objective of not wasting the natural resource, the battery starts to charge; therefore, they
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present a negative power, i.e., the battery becomes a load of the microgrid. However, as
shown in Figure 12b, in the intervals from 40 to 65 s, the battery fails to be fully charged and
does not reach the upper limit of the SOC (90%), so at second 65, when the solar power is
reduced and the demand increases, the battery delivers according to its discharge capacity.

Table 5. Active Power microgrid with EMS.

Item Time (s) Ppy (W) Pg (W) Pp (W) D (W)
1 0-5 5395 2605 0 8000
2 5-10 5395 2605 0 8000
3 10-15 6720 1280 0 8000
4 15-20 6720 3280 0 10,000
5 20-25 8127 1873 0 10,000
6 25-30 8127 3873 0 12,000
7 30-35 9483 2517 0 12,000
8 35-40 11,452 548 0 12,000
9 40-45 11,452 —1452 0 10,000
10 45-50 11,452 —1452 0 10,000
11 50-55 12,059 —4059 0 8000
12 55-60 12,059 —4059 0 8000
13 60-65 9317 —1317 0 8000
14 65-70 6810 1450 1740 10,000
15 70-75 5448 251 4301 10,000

At second 65, the solar power is reduced and the electrical demand increases; this
is supplied by the solar power with 6810 W plus the power generated by the battery,
which is not fully charged so it delivers according to its discharge characteristics of 1450 W.
Therefore, it is not enough to meet the balance of powers, so the EMS integrates the diesel
generator (blue line) that supports with 1740 W to supply the demand. Finally, after 70 s
the solar power is reduced, and the diesel generator must increase its supply.

The operating costs produced by the diesel generator in the period time of 60 to 65 s is
USD 0.00056 and during 70 to 75 s is USD 0.0014, with a total operating cost of USD 0.002,
taking into consideration that the commercial cost of diesel in Ecuador is USD 0.0462/1t.

Figure 13 shows the microgrid’s performance without EMS. Figure 13a shows the
distribution of active power by the generation units of the microgrid, without including
the optimal EMS dispatch; this information is also visible in Table 6. During the interval
from 0 to 15 s, the demand (black line) is satisfied by the solar generation (red line) and
the battery (green line), without the intervention of the diesel generator (blue line). In
addition, in the second 15 s, there is an increase in demand of 10,000 W; the solar power
remains the same as the previous operating point and it can be noticed how the battery
continues to discharge. However, the diesel generator also starts to deliver a power of
2000 W. In the second 20 s, the solar power increases to 8127 W, but with a demand equal
to the previous interval; however, the diesel generator continues to generate 2000 W, unlike
the operation with EMS (Figure 12a) in this interval the diesel generator remains off. The
operation of the microgrid in the interval from 25 to 40 s shows that the demand is higher
than the solar power; in addition, the diesel generator continues delivering the same power
of the previous interval, which does not happen in the scenario with EMS because this
control calculates the power distribution at a minimum cost, reducing the use of the diesel
generator. In the time interval from 40 to 65 s, the demand is completely supplied by the
solar power, and because the solar energy is higher than the demand, the surplus energy is
stored in the battery, which has negative power, i.e., it becomes a load on the microgrid.
Finally, in the last time interval from 65 to 75 s, the demand increases to 10,000 W and
the photovoltaic power is reduced; in addition, to supplying the demand the diesel unit
delivers 2000 W because there is no controller to properly manage the power. It can be
observed that despite there being a variation of photovoltaic power, the diesel generator
delivers a constant power. In comparison with the EMS, it can be observed that, in this
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same time interval, the diesel power is distributed between 65 to 70 s and 70 to 75 s; the
photovoltaic power is different so the EMS recalculates and gives the order to the diesel
generator to supply the missing power for each case, supplying the demand.

Table 6. Active Power microgrid without EMS.

Item Time (s) Ppy (W) Pg (W) Pp (W) D (W)
1 0-5 5395 2605 0 8000
2 5-10 5395 2605 0 8000
3 10-15 6720 1280 0 8000
4 15-20 6720 1280 2000 10,000
5 20-25 8127 —127 2000 10,000
6 25-30 8127 —127 4000 12,000
7 30-35 9483 —1483 4000 12,000
8 35-40 11,452 —3452 4000 12,000
9 40-45 11,452 —3452 2000 10,000
10 45-50 11,452 —3452 2000 10,000
11 50-55 12,059 —4059 0 8000
12 55-60 12,059 —4059 0 8000
13 60-65 9317 —1317 0 8000
14 65-70 6810 1190 2000 10,000
15 70-75 5448 2552 2000 10,000

Figure 13b shows how, from 20 s, the battery start with its charging process because the
diesel generator starts to supply the missing power to the demand; however, this is not the
most economical way to operate the microgrid due to fuel consumption and environmental
pollution, despite the battery not being fully charged to its maximum point, so at second 65,
when the solar power is reduced and the demand increases, the battery delivers according
to its discharge capacity.

The cost of operating the diesel generator without an EMS during the periods of 15 to
25, 40 to 50, and 65 to 75 s is USD 0.00064, respectively, and in the time interval of 25 to 40 s,
the cost generated is USD 0.00128, giving a total cost of generation of USD 0.0077.

Implementing the EMS tertiary control working in sliding mode allows us to calculate
the optimal solutions for the distribution of power in the microgrid, as shown in Figure 12a.
Through real-time measurements of the variables, it is shown that in most of the simulation
period, the diesel generator remains deactivated, to minimize costs. This means that the
control algorithm does not activate the auxiliary unit, which is reflected in the reduction
of operating costs and reduction of environmental pollution, in addition to extending the
life of the battery, preventing it from operating at critical points such as overloads or deep
discharges, while complying with the power balance to supply the required demand. While
the system without EMS, as shown in Figure 13a, supplies the demand, because it does
not have the optimal power flow management, the power distribution between the supply
units and the battery is not efficient, which is why, in the simulation, the diesel unit supplies
energy most of the time. In addition, it does not take care of the operation of the battery
because they present deep discharges.

5. Conclusions

This paper presents the design of the primary, secondary, and tertiary controllers for
a DC microgrid in island operation. The tertiary control (EMS) allows optimal microgrid
management, ensuring optimal power distribution and protecting the lifespan of the battery,
using real-time measurement feedback that allows it to react to rapid changes in electrical
demand and radiation changes. The primary level corresponds to the voltage and current
control for the battery to work in charge and discharge mode, while the photovoltaic power
includes an MPPT control based on the incremental conductance algorithm, to take full
advantage of the solar resource. In addition, this level includes a droop control to perform
the power-sharing of the battery. However, this action causes a deviation in the operating
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voltage of its nominal value, so a second level of control is implemented to restore voltage.
Finally, in the third level of control, an EMS is implemented to determine the power each
generating unit must deliver to cover the demand while complying with the technical
operating constraints and protecting the lifespan of the battery.

The implemented EMS detects disturbances occurring at lower control levels and
operates in the face of rapid changes in radiation and electrical demand. Measurements of
battery status and available energy are feedback online by the EMS, and predictions are
updated. Thus, the optimal decision of battery usage is more efficient, and the algorithm
considers battery operating limit constraints to avoid deep discharges.

The EMS reduces the operating cost by 40% compared to the microgrid without the
optimal management system in the evaluating horizon by reducing fuel consumption to
supply the demand.

In this research work, the optimal performance of the DC microgrid has been validated
by evaluating all levels of control, guaranteeing optimal operation in technical terms, i.e.,
the use of natural resource and economic terms, by obtaining the minimum operating cost
and protecting the lifespan of the battery.

The proposed EMS respects the established SOC limits; therefore, it does not reach
deep discharges and mainly presents an optimal operation where the charge and discharge
decisions are made by the EMS, i.e., they are taken according to the availability of the
natural resource and the minimum cost for the DC microgrid.

Having the design and implementation of the three levels of control allows for identi-
fying the impact that each level has on the EMS and how the disturbances affect the optimal
operation. This is why, in our proposal, EMS, by updating the measurements that represent
the short-term inputs, can respond to changes detected in the lower levels of control, i.e.,
when disturbances occur; therefore, the operation of the DC microgrid is integral.

It is determined as future work that within the optimization problem we can add the
restrictions of the diesel generator start-up time and modeling of the battery degradation.
In addition, we can include the modeling and restriction of the electrical network connected
to the microgrid, allowing an increase in the energy supply capacity of the system. From
a control point of view, our main future work will focus on a comparison between a
centralized and a distributed system of DC microgrids.
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Nomenclature

Ay Total area of the panel array
Ah Ampere-hour

AC Alternating Current

IA Artificial Intelligence

BESS Battery Energy Storage System
CO, Carbon dioxide

Cg1,Cp2 Capacitors battery
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Cpv1,Cpv2
costgp

costns
D

DC
DMPC
DSM

Photovoltaic capacitors

Cost of diesel power generation

Cost of unsupplied power

Electrical demand

Direct Current

Decentralized Model Predictive Control
Demand Side Management

Duty cycle

Derivative of photovoltaic panel current
Derivative of photovoltaic panel power
Derivative of photovoltaic panel voltage
Energy Management System

Instantaneous of the BESS power

BESS energy at the previous instant

Initial energy of the BESS

Electric Vehicles

Diesel generation unit

Gates pulses

Photovoltaic generation unit

Battery current measurement

Array current panel

Maximum power array current
Photovoltaic panel current

Photovoltaic current in instant

Photovoltaic current in a previous instant
Reference current of the voltage PI controller output
Incremental Conductance Algorithm
Insulated Gate Bipolar Transistor
Irradiance

Predicted Irradiance

Prediction horizon

Battery Inductance

Photovoltaic Inductor

Droop control coefficients

Multi-Objective Genetic Algorithm

Model Predictive Control

Maximum Power Point Tracking

BESS performance in charge mode

BESS performance in discharge mode
Photovoltaic panel performance
Photovoltaic panel installation performance
Non-Dominated Sorting Genetic Algorithm
Battery power

Maximum power of the BESS

Battery charging power calculated by the EMS
Diesel power

Battery discharge power calculated by the EMS
Diesel generation power calculated by the EMS
Minimum diesel power

Maximum diesel power

Power not supplied

Photovoltaic power

Inverter filter output power

Perturbation and Observation algorithm
Integral proportional controller

Pulse Width Modulation
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50C State of Charge
SOCax Upper charge limit of the BESS
SOC,uin Lower discharge limit of the BESS
SOC (%) Conditions of initial charge state
T Temperature
t Samples
14 Voltage
Vems Voltage delivered by the EMS
Vpy Photovoltaic panel voltage
Vpy (t) Photovoltaic voltage in instant
Vpy (t — At) Photovoltaic voltage in a previous instant
Vibus Measured Bus DC voltage
Viin 5% of de nominal voltage
Viom Nominal voltage of the microgrid
Vies Droop control output reference voltage
Voc Array tension panel
Vinp Maximum power array voltage
XBc The Binary variable of the activation status of the battery charge mode
XBp The Binary variable of the battery discharge mode activation state
XGDp The Binary variable of the activation status of the diesel unite
B Secondary control action
Alpy Variation of photovoltaic panel current
AVpy Variation of photovoltaic panel voltage
Adq Variation of duty cycle
AViax Maximum acceptable voltage variation
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