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a b s t r a c t

Electric microgrids have become an interesting tool to facilitate the inclusion of renewable energies. Its
architecture and control system plays a fundamental role in the implementation of these systems. This
paper proposes a control strategy for the management of energy resources in a residential microgrid.
The system is made up of a set of solar panels as renewable resource, a storage system formed
by a lithium-ion battery bank and a consumption profile according to a residence. The microgrid
will be connected to the main electrical grid and the proposed management strategy consists in the
implementation of a suitable Economic Model Predictive Control, where it considers the costs of use
for the different components of the microgrid, thus contemplating the participation of the system
as an active agent in the electricity market. Simulations were carried out with different scenarios
of available resources and prediction times. In all cases, the objectives fulfilling by satisfying the
restrictions operational and technical imposed on the system.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The intense and continuous increase in the demand for electri-
al energy around the world presents interesting and very varied
hallenges to the scientific community. It is known that the main
ource of generation, for this essential and indispensable resource
n the development and evolution of the modern world that we
now, is based on the consumption and exploitation of fossil fuels
tored in nature for millions of years.
Due to their inevitable depletion, together with the impera-

ive need to have sustainable and more environmentally friendly
eans of generation, there have been a great impetus in recent

ime to the research, development and application of alternative
ources for the electricity generation based on Renewable Energy
esources (RERs).
Among the characteristics to be highlighted concerning RERs,

part from the most important and interesting which is a prac-
ically null environmental pollution, it can be mentioned their
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abundant, unlimited nature and the great variety of options. The
alternatives for this type of resource are strongly linked to the
specific geographical location; for this reason they are generally
refereed to as native energy sources. However, they also have
some undesirable traits, such as their intermittent and random
nature. These points are exactly where the greatest technological
and ideological challenges are focused, in order to achieve they
acceptance and management in the most efficient and reliable
way.

Including renewable energies in a hierarchical, unidirectional
and centralized structure, as is the current and traditional elec-
trical system, entails a series of problems to be solved, in order
to maintain the quality and reliability of the energy supply to
consumers. Energy Storage Systems (ESS) emerged as a solution
to deal with the undesirable characteristics of RERs. Furthermore,
the idea of an electrical grid made up of smaller management
and control units, where these storage systems are incorporated,
emerged as a structural solution for the configuration of tradi-
tional electrical grids. Thus the concept of microgrid, proposed
by [1,2] arose, which can be defined as a set of loads, sources of
energy generation and storage systems, seen as a single control-
lable system from the main electrical grid, being able to operate
autonomously or connected and interacting with the grid.

The concept of microgrid encouraged the Distributed Genera-
tion (DG), [3,4], which considers, in its simplest idea, sources of
generation on a small scale and close to the points of consump-
tion, thus reducing energy losses produced in transmission and
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istribution, as well as investment and maintenance costs for the
onstruction and management of these power lines.
A microgrid can have different scales, such as hospitals, uni-

ersity campus, industrial parks or domestic residences. These
onstitute the previous step for the conception of more complex
ystems, the smart grid, as detailed in [5,6], where conventional
nd renewable generation, consumers and energy storage of dif-
erent nature and size are integrated, in an efficient, sustainable
nd safe way.
The electrical grid designed in a radial, bidirectional and de-

entralized way, where consumers lose their passive character-
stics and act as one more agent of the market with a strong
nclusion of renewable resources, is the transition of the energy
ystem.
To achieve a correct and effective implementation of these

icrogrids, the control systems intended for their management
lay a fundamental role, having to satisfy different and varied
bjectives. These can be summarized, as presented in [7–9]:

(i) Control of the voltage and frequency in autonomous oper-
ation mode.

(ii) Satisfaction of the demand, by coordinating the different
Distributed Energy Resources (DERs).

(iii) Connection and synchronization of the microgrid with the
main grid.

(iv) Control of power flows between the microgrid, main grid
and other microgrids.

(v) Optimization of operation and maintenance costs.

Since these objectives have significantly different character-
stics and time scales, they are approached through a hierar-
hical control structure, composed of three levels. At the lower
evel, the voltage and frequency of the microgrid are controlled;
hile the intermediate level is in charge of achieving the connec-
ion/disconnection and synchronization of the microgrid with the
ain grid, mitigating any steady-state error caused by the lower

evel and achieving effective distribution power and efficient
etween the different resources and available loads.
At the upper level, usually called Energy Management System

EMS), the energy flows between the different resources must
e managed following some economic criteria, including partic-
pation in the electricity market through the purchase or sale of
nergy to the main grid. This level is also responsible for energy
oordination and exchange strategies with other microgrids.
The main contribution of this work is the proposal of a EMS

or a microgrid connected to the main electricity grid, applying
he Model Predictive Control (MPC) approach. The proposed strat-
gy provides the optimization of economic performance for the
ystem, where actual operating conditions are considered due
o variations in performance indices, such as energy prices or
hanges in the operator’s objectives.
To maintain the stability and feasibility of the control loop

hen changes in the performance indexes occur, an Economic
odel Predictive Control with change in the economic crite-

ion (EMPCT) is formulated. Such a formulation considers the
conomic cost of the system, as well as aspects related to the
ynamic behaviour, while the fulfilment of the mentioned prop-
rties (feasibility and stability) are guaranteed.
The economic index to be optimized in the management of

he microgrid is the energy exchange with the main grid and the
inimization of the ageing cycle of the energy storage devices.
ithium-ion batteries are used for this purpose, where a novel
ay of considering their degradation is proposed.
The importance of using MPC formulations such as EMS is

ighlighted since this advanced control technique is a way to
pply and implement optimal control, where the control actions
41
are chosen by solving an optimization problem and considering
constraints on the system variables.

Works related to the management of microgrids based on MPC
formulations can be found at [10–13].

In [10], a classic MPC formulation is performed, where the
cost of utilization of the different components is considered. The
authors in [11] suggest an MPC assuming periodic behaviour in
microgrid management. It is based on the evolution considered
for the non-manipulated variables present in the system. On
the other hand, in [12] a 2-layer EMS structure is proposed. In
the upper layer a static and convex optimization is performed
considering the economic costs of microgrid operation, while in
the second layer, an MPC controller acts as a regulator to the
reference points generated in the upper level. And finally in [13],
the authors implement an economical MPC where the objectives
to be optimized is the energy exchange with the grid.

In the cited works, unlike [11], the optimization problems do
not contemplate functional and adequate constraints to guaran-
tee the feasibility and stability of the control loop during the
operation of the microgrid.

As indicated, our proposal guarantees the feasibility and sta-
bility of the controller, where the economic objectives and those
of regulation or tracking of the system are merged into a single
strategy, achieving the dynamic optimization of the different ob-
jectives pursued by the EMS for the microgrid in actual operating
situations.

Moreover, research that addresses problem for the manage-
ment of microgrids through other techniques, such as fuzzy logic
and genetic algorithms, are found in [14–16]. The main disad-
vantage of these proposals concerning those made with MPC is
that they are not optimal under the management criteria to be
considered.

The information provided in the article is organized as follows:
in Section 2, the modelling of the microgrid is performed; in
Section 3 the control strategy for the management of system is
proposed; in Section 4 is where the simulations are carried out
and the obtained results are shown, while in Section 5, some
conclusions are drawn.

2. Microgrid modelling

The architecture for the proposed microgrid model is illus-
trated in Fig. 1, where its different components can be observed:
the RER is a set of photovoltaic solar panels; the ESS is constituted
by a lithium-ion battery bank (BESS: Battery Energy Storage Sys-
tems) and the energy consumption is taken as the one that may
characterize a domestic residence. In addition, it is assumed that
the microgrid works connected to the main electrical grid.

The selected inverter is also represented there, whose electri-
cal characteristics can be seen in Table 1. For this purpose, an
investigation of the different types and models existing in the
market with the technical characteristics required for the appli-
cation was carried out, such as the availability of the required
inputs for the different components of the microgrid and with a
nominal power according to the consumption of a residence.

The inverter is in charge of carrying out the required conver-
sions in the waveform and in the voltage levels for the proper
functioning of the system. In addition, the inverter represents the
node of the microgrid and in it the Kirchhoff’s Current Law must
be verified.

The energy exchange that will exist with the different com-
ponents is also indicated. Such exchange will be bidirectional
between the inverter and the electrical grid, representing the
purchase or sale of energy by the microgrid Pgrid.p/Pgrid.s, and be-
tween the inverter and the battery bank, representing the charge
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Fig. 1. Architecture for the residential microgrid.

Table 1
Inverter Ingecon Sun Storage 1 Play 3TL.
Battery inputs, Pbat
Voltage range for operation 48–300 V
Minimum operating voltage 40 V
Maximum current 50 A
Type of batteries Lead/Ni–Cd/Li-Ion

Input for panel arrangement, Pgen
Maximum power 6500 W
Voltage range MPPT 200–450 V
Input maximum current 20 A
Control algorithm MPPT 1

Input for electric grid, Pgrid
Nominal voltage 230 V
Voltage range 172–264 V
Nominal frequency 50/60 Hz
Current range 0–13 A

Output to consumer grid, Pload
Nominal power (until 40 ◦C) 3 KVA
Maximum current 13 A
Nominal voltage 220–240 V
Nominal frequency 50/60 Hz

Maximum efficiency (ηinv) 96%

or discharge of the storage system Pbat.c/Pbat.d. In the mathemat-
cal model that will be presented later on, these represent the
anipulated variables.
On the other hand, the energy provided by the solar panels

gen and what the house will demand Pload, represent the no
anipulated variables or disturbances, due to their intermittent
nd random nature.
To obtain a specific model, the different components are sized,

tarting by defining an energy consumption for a domestic res-
dence, through which a daily load profile is obtained. Based
n this, the arrangement of solar panels is selected, in order to
etermine the power generated by this resource. Then a criterion
s established to determine the number of batteries that will make
p the storage system, in order to generate the mathematical
odel of the microgrid.

.1. Energy consumption

To determine a profile for the daily consumption of a house,
he total load and the minimum number of circuits must be deter-
ined first, by considering an average degree of electrification, as
stablished in [17]. Once this load is obtained, the different loads
orresponding to equipment or electrical appliances of a typical
esidence are defined and an usage time is estimated for each of

hem.

42
Fig. 2. Daily consumption of the residence: Pload .

Table 2
List of equipment and their hours the use.
Equipment Quantity Power in kW Hours

9 W LED Lamp 9 W 6 0.009 6
LED TV 32 a 50" 2 0.15 2
Notebook 1 0.025 6
Refrigerator 1 0.1 24
Water heater 1 1.5 0.25
Air conditioning 1 1.4 5
Washing machine 1 0.4 1
Microwave and iron 1 3.2 0.35
Various 1 0.8 0.2

Table 3
Poly-crystalline panel TSM-330PD14.
Nominal power 330 W
Voltage at maximum power point 37.4 V
Maximum current 8.83 A
Open circuit voltage 45.8 V
Short circuit current 9.28 A
Efficiency 0.17

In the Table 2, it is presented a list of the most common equip-
ment’s that may exist in a house, specifying their unit power and
the estimated operating hours for a day. The definition of daily
demand profile, the loads of these equipment are distributed
during the day, in the most usual hours of use, thus obtaining
the power profile indicated in Fig. 2.

2.2. Solar panel arrangement

The renewable resource available in the microgrid is assumed
to be solar energy. This is undoubtedly the most abundant and
easily accessible, and together with wind power, is the one for
which a deeper technological development we have nowadays.
Its choice is based on the relative simplicity of application, in-
stallation and maintenance required to obtain electrical energy
through photovoltaic panels.

The characteristics of panel that will be used for the instal-
lation are detailed in Table 3. For its choice, the option with the
highest available nominal capacity was sought, with the objective
that the array conforms to a reduced quantity of panels by virtue
of consumption. In addition, the nominal characteristics of the
arrangement should correspond to those indicated in the inverter
input intended for this purpose.

Taking as daily consumption for the house the one indicated in
Table 2, which makes a total of Cdaily = 12.57 kWh, the nominal
power of the panel (Table 3) and assuming four Peak Solar Hours
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Table 4
Technical specifications of the solar panel arrangement.
Nominal power 3960 W
Voltage at maximum power point 224.2 V
Maximum current 17.66 A

(PSH), the number of panels for the arrangement is obtained as:

No
panels =

Cdaily 1.2
Ppanel PSH

=
12.57 (kWh) 1.2
0.33 (kW) 4 (h)

= 12 (1)

It can be seen that a safety factor of 20% was considered con-
erning consumption. This choice is based on the consideration of
he random behaviour of the consumers, with the objective that
f the demand is higher than the one considered, the renewable
esources will be sufficient.

On the other hand, the PSH is the amount of solar energy
eceived by a square meter of surface, therefore, for the sizing
f photovoltaic installations in Argentina, a value of 4 h is con-
idered according to the normal irradiation values available for
ts geographical location.

These panels are connected in a mixed way, that is, 2 groups of
panels in series and these, in turn, connected in parallel, obtain-

ng the electrical characteristics indicated in Table 4. This choice
epends on the characteristics of the inverter input, detailed in
able 1.
The power generated by this installation is obtained by using

he mathematical model of a single cell and therefore of the
anel. This model, proposed by [18], consists of obtaining the
utput characteristics by using an equivalent electrical circuit, as
function of solar irradiance and cell temperature. This solution

s implemented by the block ‘‘PV Array’’ in Matlab-Simulink en-
vironments [19], where one can load the characteristics of com-
mercial panels, define one with specific parameters or directly the
arrangement used for the installation.

Given the low efficiency of photovoltaic panels (Table 3), it
is necessary to use control strategies so that they operate all
times at their maximum power point (Maximum Power Point
Tracking, MPPT), independent of cell temperature and irradiance
variations. In addition, the voltage level generated in the panels
is generally not sufficient, therefore, it will be necessary to raise
it up to appropriate levels, with the highest possible efficiency.
This is achieved by implementing a structure composed of a
CC converter, which raises the voltage, and a control algorithm
MPPT [20]. This system is incorporated in the inverter. The con-
verter is of the type Boost [21] and the algorithm of MPPT is
Perturb and Observe P&O [22], which tracks the maximum power
oint, modifying the duty cycle of the converter.
To obtain the different profiles of generated power, which will

e used in the various simulations, a platform represented by
ig. 3 is programmed in the Matlab-Simulink environments [19],
ased on actual historical data for irradiance and cell temperature
btained in [23], for the geographical area where the considered
icrogrid is located, that is the city of Avellaneda, in Santa Fe
rovince, Argentina.

.3. Battery bank

The capacity of the battery bank is determined based on the
echnical characteristics of the microgrid elements as well as
he operational features of the system. The objective is not to
evelop or propose a method for sizing storage systems but only
o identify a battery bank with specific characteristics for the
esidential microgrid to apply the EMS proposed in this work.
ccordingly, the following is taken into account to determine the
apacity of the battery bank:
43
Fig. 3. Simulator to obtain the generated power: Pgen .

Table 5
Lithium-ion battery MLI Ultra 12/5500.
Nominal voltage 13.2 V
Nominal capacity 400 Ah
Continuous charging current 400 A (1 C)
Continuous discharge current 500 A (1.25 C)
Useful life (cycles) 3500 (80% of DOD)
Charging efficiency (ηbat.c ) 0.92
Discharging efficiency (ηbat.d) 0.90

Table 6
Battery bank technical specifications.
Number of batteries 4
Nominal voltage (Vnom) 52.8 V
Nominal capacity (CAh) 400 Ah
Continuous charging current (I1c ) 400 A (1 C)
Nominal power capacity (CWh) 21120 Wh
Connection type Serie

(i) Inverter admissible voltage level for the input intended for
battery bank.

(ii) Investment cost required to purchase the batteries.
(iii) The microgrid will have access to the main electrical grid,

so that it can be used as a source of energy in case it does
not have enough stored energy to meet demand during
times of low renewable generation.

After analysing the different battery options available on the
market, a battery with the characteristics indicated in Table 5
is selected. Based on these and considering the three items de-
scribed recently, it is decided that the storage system will consist
of four batteries connected in series, representing a bank with the
characteristics indicated in Table 6.

It should be noted that with this configuration for the battery
bank, the voltage level required in the inverter for the battery
input is met (see Table 1) while resulting in a minimum num-
ber of batteries to be purchased, reducing the initial investment
required in these elements, which are the most expensive of the
installation.

A measurement parameter can be obtained as the days of
autonomy (A) of the installation, considering the nominal capacity
of the battery bank and the daily consumption of the microgrid
(Cdaily). For this purpose, a depth of discharge (dod) of 60% is
onsidered, according to the restrictions that will be imposed in
he EMS formulation. Therefore, it follows that:

=
CWh ηbat.d dod

Cdaily
=

21120 (Wh) 0.9 0.6
12570 (Wh)

= 0.907

Remark 1. It can be seen that with the capacity of the storage
system determined, the microgrid has an autonomy very close
to one day. This measure is only a reference, since there will
be access to the main grid to be used as a source of supply if
necessary to meet the demand.
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.4. State-space model of the residential microgrid

A state-space discrete-time general-linear model for micro-
rid, is represented by the following linear time-invariant discrete
ime system:

k+1 = Axk + Buk (2a)

uuk + Ewwk = 0 (2b)

here the state variables xk ∈ Rnx represent the load states
for the storage systems in the microgrid, uk ∈ Rnu are the
anipulated variables, wk ∈ Rnw are the disturbances or non-

manipulated variables, while A ∈ Rnx×nx , B ∈ Rnu×nx , Bu ∈ Rnu×1

and Ew ∈ Rnw×1 are matrices with the appropriate dimensions.
Eq. (2a) describes the general dynamics of a storage system,

where xk ∈ Rnx is the state vector at the current time and xk+1 ∈

Rnx the state at the next time instant; while Eq. (2b) corresponds
to Kirchhoff’s current law at the microgrid node. It can also be
presented as the power balance of the system.

Matrices A and B are defined according to the number and type
of storage systems, while Bu and Ew are intended to consider the
efficiency of the power converters associated with each variable
and indicate the contribution or supply of energy from the micro-
grid. For the microgrid indicated in Fig. 1, there is only one state,
corresponding to the energy storage system (the battery bank). In
order to obtain the numerical values of the matrices in Eq. (2a),
it is considered that the dynamics of the state of charge (soc) for
a battery is described by the Coulomb Counting method:

soc = soco ±
1
CAh

∫
ibat dt (3)

where CAh represents the capacity in Amper-hour, ibat the charge
r discharge current and soco is the initial state of charge. If

instead of this current acting on the battery, we consider the
power Pbat , Eq. (3) becomes:

soc = soco ±
1

CWh

∫
Pbat dt (4)

where now CWh represents the capacity for energy storage in
Watts-hour. Taking the time derivative of this last expression and
considering separately the charge and discharge powers of the
battery, Pbat.c and Pbat.d, we have:

x(t) = soc(t) =
1

CWh
(Pbat.c − Pbat.d) , soc(0) = soco (5)

If in addition, the batteries efficiency is considered (ηbat.c and
bat.d in Table 5) and taking as an observation point the inverter,
hich is the node of microgrid, Eq. (5) reads:

(t) = soc(t) =
1

CWh

(
Pbat.cηbat.c −

Pbat.d
ηbat.d

)
=

(
ηbat.c
CWh

−
1

CWhηbat.d

)(
Pbat.c
Pbat.d

)
, soc(0) = soco

(6)

Substituting with the numerical values for the battery bank,
nd discretizing by the Tustin’s Method, with a sampling period
s = 1 hour, the following discrete-time model is obtained for
he bank:

k+1 = xk +
(
4, 36e−5

−5, 26e−6
) (

Pbat.c|k
Pbat.d|k

)
(7)

Respecting the structure of the Eqs. (2a) and (2b), considering
lso the power exchanged with the electrical grid, that is, the
urchased power Pgrid.p and the sold power Pgrid.s as manipulated
ariables, and the power generated by the set of solar panels Pgen
nd the house demand Pload as disturbances, we finally get to the
odel of the residential microgrid:

= x +
(

−5 −6
)
u (8a)
k+1 k 4, 36e −5, 26e 0 0 k

44
(
−0.96 0.96 0.96 −0.96

)
uk

+
(
0.96 −0.96

)
wk = 0 (8b)

where:

A = 1
B =

(
4, 36e−5

−5, 26e−6 0 0
)

Bu =
(
−0.96 0.96 0.96 −0.96

)
Ew =

(
0.96 −0.96

)
uk =

(
Pbat.c|k Pbat.d|k Pgrid.p|k Pgrid.s|k

)T
wk =

(
Pgen|k Pload|k

)T
Notice that in Eq. (8b), which represents the power balance

at the microgrid node, the efficiency of the inverter is taken into
account (ηinv in the Table 1). In addition, by convention, power
entering the node is taken as positive, while power leaving the
node is taken as negative.

3. Controller formulation

This section proposes the control strategy, which corresponds
to the upper level of the hierarchical structure described in the
introduction, and it is based on the Model Predictive Control
(MPC) approach.

As advantages of the method, the direct formulation for multi-
variable systems can be highlighted as well as the capacity to
consider the operational constraints directly in the controller
design and include forecasting tools for external predictions of
non-manipulated variables in a simple way.

The MPC formulation is carried out following the fundamen-
tals of Economic Model Predictive Control (EMPC) [24]. Due to the
changing operating conditions which characterize the EMS under
study, the particular and additional conditions presented in [25,
26], for an Economic Model Predictive Control with changing
economic criterion (EMPCT), will be taken into account.

This formulation has the following particularities to consider:
(i) an artificial equilibrium point as a new optimization variable;
(ii) modified cost stage, where predicted trajectories are penal-
ized with respect to this artificial variable; (iii) an offset cost is
added, which minimizes the distance between this new artificial
equilibrium point and the desired one; (iv) and a relaxed termi-
nal constraint is included which depends on this new artificial
variable.

In Fig. 4, a block diagram of the proposed control loop for
the residential microgrid is presented, where one can clearly
observe the manipulated variables and disturbances, as well as
the information required for the application of the strategy.

It is important to note that for the application of the strat-
egy, both the generated power values obtained by the simulator
(Fig. 3), based on actual values of irradiance and cell temperature
and the power profile presented in Section 2.1 for consumer
demand, are used as forecasts.

On the other hand, the proposed EMS will handle the ac-
tive power requirements for the microgrid, considering that the
reactive power is supplied by the main grid, being of minimal
magnitude, as it is being supplied to a residential load.

3.1. Formulation of the economic cost

In this section, the mathematical formulation for the economic
cost of the EMPCT is presented. The purpose of this is to be able
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Fig. 4. Blocks diagram of EMS. Where: xk = sock , uk =

Pbat.c|k Pbat.d|k Pgrid.p|k Pgrid.s|k
]T and wk =

[
Pgen|k Pload|k

]T .
to capture the main and secondary objectives that are considered,
and then be able to fulfil them with the EMS, through the strategy
developed. This objectives can be listed by the following items:

(i) To fulfil with the demand of users in the residence.
(ii) To maximize the economic benefit of energy exchange with

the main electrical grid.
(iii) To consider the cost of use for the energy stored in the

battery bank.
(iv) To minimize the ageing cycle for lithium-ion batteries,

prolonging their useful life.

On the other hand, the secondary objectives refer to certain
criteria to be considered in specific scenarios, in order to achieve
the best economic performance in terms of the management
energy resource in the microgrid.

Based on the above, the economic cost function ℓeco will be
made up of two terms: the first of them is called Cost of use for
the electricity grid and, the second, Cost of use for the battery
bank. Each of them is described next.

3.1.1. Cost of use for the electricity grid
As indicated in the previous sections, the microgrid will work

connected to the main electrical grid, therefore, the cost or benefit
of using this resource will be taken into account in the general
economic management of the microgrid. For this reason, a vari-
able daily price scenario is considered pe|k (indicated in Fig. 5),
for the purchase and sale of energy. It is composed by three time
zones, called peak, valley and rest. Peak hours go from 18:00 to
22:59 h, the valley goes from the 23:00 to 05:59 h and the rest
starts at 6:00 to 17:59 h. This scenario of prices and time zones
corresponds to the one currently implemented in Argentina, for
the so-called big customers, which correspond to those whose
average maximum demand for 15 consecutive minutes is 20 kW
or more. Therefore, it is clear that a residential user, such as
the one considered in the microgrid, it is not framed in the be
customers category. However, for the sake of the research goals
of the present work, such a scenario is anyway considered.

The prices indicated in Fig. 5 are expressed in $/kWh, and
they are considered the same for purchase or sale of energy
by the microgrid. Based on the above discussion, the expression
representing the cost of using the grid is:

ℓgrid(uk, pe|k) =λgrid.p pe|kPgrid.p|k Ts
+ λgrid.s pe|k Pgrid.s|k Ts

(9)

where, λgrid.p and λgrid.s, represent priority weight constants for
the purchase or sale of energy and Ts is the sampling period
expressed in hours.
45
Fig. 5. Variation of the diary price of energy: pe|k .

The secondary objectives analysed for this cost will be defined
ith respect to the convenience of selling or buying energy based
n the time zone and the level of renewable generation. These
ill be specified later on, together with the other terms that
onstitutes the economic cost of the EMPCT.

.1.2. Cost of use for the battery bank
Lithium-ion batteries, like any device that has its operating

rinciple in the transformation of chemical to electrical energy
nd vice-versa, suffers a loss in its capacity, due to its own
haracteristics and constructive nature. This process is known as
he ageing cycle and it is attributable to different factors, which
an be divided into:

(i) External or not operational. This group corresponds to the
ambient temperature and humidity where the battery will
be housed, its conditions and the calendar time of use.

(ii) Internal or operational. These refer to the depth of dis-
charge (dod), acting currents, over charge/discharge and
state of charge (soc).

study, analysis and characterization of this cycle can be found
n [27] for commercial batteries. Among the factors mentioned,
he causes of the highest loss of capacity are the internal ones.
herefore, the proposed cost definition will be based on this
ffect.
An expression is proposed considering the objectives specified

n points 3 and 4 of Section 3.1. Such expression is made by
hree terms, where is considered a cost of use based on the
eplacement value of the battery bank, while the remaining costs
ith the specific objective of minimizing the ageing cycle for
atteries. Considering this and based on the concepts analysed
n [28,29] regarding the optimization for energy storage systems
sing lithium-ion batteries, the following cost is proposed:

bat (xk, uk) = ℓbat1 (uk) + ℓbat2 (uk) + ℓbat3 (xk) (10)

It is important to highlight that the proposed function is based
n plate values for the battery, without the need to carry out tests
o individualize the specific behaviour of the considered device.
elow, each term is detailed:

(a) Cost of use considering the cost for a replacement, ℓbat1 .
Having the replacement cost Cre and the energy storage
capacity CWh for the batteries that make up the storage
system, it follows that:

ℓbat1 (uk) = λbat.c
Cre

CWh
Pbat.c|kTs + λbat.d

Cre

CWh
Pbat.d|kTs (11)

Here, as in the cost of use for the grid, λbatc and λbatd ,
represent weight constants for priority.



M.A. Alarcón, R.G. Alarcón, A.H. González et al. Journal of Process Control 117 (2022) 40–51

t
i
t

3

t

ℓ

a
b
l
p

t
o
f

In this term, secondary objectives are also considered re-
garding the priority of charge or discharge based on the
time of the day.

(b) Current on the bank, ℓbat2 . One of the internal factors that
affects the life expectancy of batteries is the current ratio.
Therefore, by virtue of the charge or discharge powers and
nominal values of voltage and current (Vnom and I1c see
Table 6), the following term is proposed to be minimized:

ℓbat2 (uk) = λbat.2
Pbat.d|k + Pbat.c|k

VnomI1c
(12)

where, again, λbat.2 is a weighting constant.
(c) Evolution of the state of charge, ℓbat3 . Another of the in-

fluencing factors in the cycle ageing is the average for its
state of charge and the successive sudden changes in it.
As indicated in [28] the degradation becomes more notice-
able when the variation of states is significant from one
instant to another, therefore, in order to minimizing this
occurrence, the following weighted quadratic function is
proposed:

ℓbat3 (xk) = ∥xk+1 − xk∥2
C (13)

Other operational factors that influence the ageing cycle, as
he DOD, level of SOC and the over charge or discharge, are
ncluded in the operational constraints imposed on the state, in
he formulation of the optimization problem.

.1.3. Economic cost
The total economic cost function will be the algebraic sum of

he previous expressions:

eco(xk, uk, pe|k) = ℓgrid(uk, pe|k) + ℓbat (xk, uk) (14)

When solving the optimization problem that involves applying
n MPC strategy, this proposed cost function will be minimized
y the optimization parameters and variables that are estab-
ished, respecting the restrictions imposed as well as the different
riorities assigned with the weights to each term of the function.
Regarding the secondary objectives or the microgrid operator,

aking into account the time zone during a day for the availability
f the renewable resource as well as the price of energy, the
ollowing will be considered:

(i) In the peak hours:

• Minimizing charge and maximizing battery bank dis-
charge.

• Minimizing the purchase and maximizing the sale of
energy at the main grid.

(ii) In the valley hours:

• Maximizing charge and minimizing battery bank dis-
charge.

• Maximizing the purchase and minimizing the sale of
energy at the main grid.

(iii) In the rest hours:

• Maximizing charge and minimizing battery bank dis-
charge.

• Minimizing the purchase and maximizing the sale of
energy at the main grid.

These additional considerations seek to improve the perfor-
mance of the system according to the costs and magnitudes of the
resources available in each hourly zone. For example, during peak
hours, considering the higher price of energy and the absence of

renewable resources, it makes sense to try to maximize the use
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of stored energy and the sale of this energy to the grid, as long as
the demands and constraints imposed are met.

Depending on energy price variations, availability of renew-
able resources or changes in the microgrid operator’s manage-
ment objective, this may lead to changes in the economic criteria
to be optimized. Therefore, if an EMPC strategy is applied for
regulation at a specific equilibrium point, these changes in the
operational objectives would cause a loss of feasibility in the
optimization problem, with a consequent loss of stability of the
control loop. That is why, the EMPCT strategy proposed in [25,26]
is considered here, which guarantees to maintain the feasibility
and stability of the control system for every operational scenario.

3.2. EMPCT controller

Respecting the fundamentals, formulated in works such as
[24–26,30], to guarantee stability and feasibility of the control
loop, the following cost functional is proposed for the optimal
control problem to be solved:

VN (xk, pe|k;u) =

ℓeco
(
xk − xN−1 + xs, uk − uN−1 + us, pe|k

)
+ ∥xk − xN−1∥

2
Q + ∥uk − uN−1∥

2
R + VO (xN−1)

(15)

Where N represents the control horizon used when applying
the MPC strategy. The objective of the two weighted quadratic
functions added to the economic cost ℓeco is to regularize the
stage cost to achieve the dissipativity property of the system,
which penalizes the distance of state and the input at the current
time (k) concerning the instant (N − 1).

In addition, the last term of the functional represents a static
cost and is the so-called offset cost. This is responsible for penal-
izing the distance between the desired optimal equilibrium point
xs and the point xN−1. This cost is also formulated as a weighted
quadratic function:

VO (xN−1) = ∥xN−1 − xs∥2
T (16)

The point (xN−1, uN−1), act as an additional decision vari-
able, taking the role of the so-called artificial variable, concept
introduced in the MPC formulations for tracking [31,32].

It should be noted that the stage cost requires prior informa-
tion on the economically optimal equilibrium point. Therefore, in
a previous stage, a static optimization problem must be solved,
similar to a Real Time Optimizer (RTO), from where the optimal
steady state and input (xs, us) are obtained:

(xs, us) = argmin
x,u

ℓeco(xk, uk, pe|k)

s.t. xk = Axk + Buk,

xk ∈ X, uk ∈ U.

(17)

Under the conditions previously described, regarding the price
of energy variation during the day (Fig. 5) and changes of ob-
jectives by the microgrid operator, there will be three different
equilibrium points in a 24-hour horizon, one for each time zone;
that is, one for the time valley (xs1, us1), another for the rest
(xs2, us2) and finally one for the peak (xs3, us3).

Remark 2. The use of points xk, xN−1 and xs in the economic
cost argument is precisely to avoid a possible loss of feasibility
in the optimization problem when xs changes. In a standard
formulation, this argument would be directly (xk − xs), but as
here xs can vary, therefore it is modified to (xk − (xN−1 − xs))
where xN−1 is a decision variable. This modification, together with
the other functions that make up the MPC functional VN and the
relaxed terminal constraint of the optimization problem that will
be presented later, guarantees the feasibility of the mathematical

problem to be solved [25,26].
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The control actions u, are obtained by solving the follow-
ng mathematical optimization problem at each sampling time,
N

(
xk, pe|k

)
:

min
u

N−1∑
i=0

VN (xi|k, pe|k;u) (18a)

ubject to:

x0|k = xk, (18b)

xi+1|k = Axi|k + Bui|k, i ∈ I0:N−1 (18c)

Buui|k + Ewwi|k = 0, i ∈ I0:N−1 (18d)

xi|k ∈ X, ui|k ∈ U, i ∈ I0:N−1 (18e)

xN−1|k = xN|k. (18f)

Here xi|k and ui|k, represent the predictions and planning for
he states and control inputs made at time k, forward i steps. The
urrent state x0|k, is introduced as an initial condition xk for the
ystem dynamics. The optimization parameters are precisely this
nitial state xk and the economic criterion to optimize the system
pe|k.

At each instant, the entire sequence of optimal inputs is calcu-
lated, u = {u∗

0|k, u
∗

1|k, . . . , u
∗

N−1|k}, and according to the receding
horizon fashion, only the first action is applied to the system,
while the others are discarded. Therefore, the control law is
k
(
xi|k, pe|k

)
= u∗

0|k.
As for the constraints imposed in (18a), the (18b) corresponds

to the state feedback, (18c) and (18d) correspond to the open-
loop prediction based on the model, which for this case is the
residential microgrid represented by the set of Eqs. (8a) y (8b).
Then we have the constraints on states and manipulated variables
(18e), and finally the terminal constraint (18f).

As a consequence of this particular choice of terminal equality
constraint, the controller never looses feasibility no matter how
many times the control objective will change. Moreover, the
controller also presents an enlarged domain of attraction. This is
due to the fact that imposing xN−1 = xN we ask for terminal state
to be any equilibrium point of the system, not a specific one. This
way, the controller domain of attraction is enlarged.

3.2.1. Optimization problem constraints
The constraints imposed by the expression (18e) in optimiza-

tion problem (18a), on the states and the manipulated variables
are defined mainly by the technical characteristics of the ele-
ments involved in the microgrid or by operational considerations
for the management system.

For the microgrid model, there is only one state variable,
which represents the charge level of the battery bank, soc . The
constraints that are proposed for this state, considering the spec-
ifications for a safe operation provided by the manufacturer, and
also, with the objective of minimizing over charges or discharges,
the average state of charge and taking into account what is
indicated in [27,28], it is decided that the state is restricted to
fulfil the following condition:

30% ≤ sock ≤ 60% (19)

As for the manipulated variables, their constraints are de-
termined by the electrical characteristics of the elements. For
the charge and discharge power of the batteries Pbat.c and Pbat.d,
these will be set by the values defined by the inverter (Table 1),
therefore, maximum values are adopted at 2400 W. These limits
are consistent with the values admissible for the battery bank
(Table 6).

Both charging and discharging power represent the same

physical variable Pbat . Therefore, an additional constraint must be
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considered to ensure that both do not occur at the same time.
To this end, in the optimization problem presented (18), for each
solution obtained in a given time, it must be satisfied that:

Pbat.c|k Pbat.d|k = 0 (20)

Eq. (20) ensures that some of the control actions must be
null and thus prevents the controller from taking the decision of
charging and discharging the storage system simultaneously.

As for the limits on the power exchanged with the electrical
grid, the maximum values of the converter are also considered.
Regarding the purchase Pgrid.p, the maximal is given by 3000 W,
which is the value specified on the inverter plate and it is higher
than the demand consumption of a typical residence. On the
other hand, for the sale of energy, it must also be considered
whether there are guidelines established by the entity in charge
of regulating the electricity market. These, for instance, may be a
limitation on the maximum allowable power, as well as limitation
on the hours in which the energy sale can be carried out. Since
no regulation is still established in the geographical area where
the microgrid is located (Avellaneda, Santa Fe, Argentina) for the
management of microgrid, we just consider that the maximum
power allowed for sale is 70% of Pgrid.s, therefore, this limit will
be 2100 W.

An additional constraint similar to (20) is also considered
for the power exchanged with the grid to avoid simultaneous
occurrence, therefore:

Pgrid.p|k Pgrid.s|k = 0 (21)

To conclude, the constraints on manipulated variables can be
summarized as:⎛⎜⎝0
0
0
0

⎞⎟⎠ ≤

⎛⎜⎝Pbat.c|k
Pbat.d|k
Pgrid.p|k
Pgrid.s|k

⎞⎟⎠ ≤

⎛⎜⎝2400
2400
3000
2100

⎞⎟⎠ (22)

Remark 3. A alternative formulation for the presented strategy
is to consider constraints soft in the state (18e), allowing the
controller to exceed the limits in certain periods of time, in
order to confer some degree of flexibility to the solution of the
mathematical problem.

The mathematical expression proposed for this purpose is a
weighted quadratic function for each limit:

Vsoft (xk) = ∥xk − 60∥2
S1 + ∥30 − xk∥2

S2

It is important to remark that this penalty function that will be
included in the cost (15) is not exact, therefore, the behaviour of
control system will never reach the optimum achieved with the
state constraint formulated as hard. Anyway, the idea is to include
additional terms in the cost function that vanish once the system
has reached its objective.

4. Simulation and results

In order to present, analyse and discuss the behaviour of
the proposed control strategy for energy management in the
microgrid, simulations were carried out with different availability
conditions for renewable generation, as well as distinct prediction
horizons for the optimization problem to be solved.

These simulations were performed in Matlab 2021a. For the
resolution of the optimal control problem PN (xk, pe|k), it was used
the complementary open source tool for non-linear optimization
and logarithmic differentiation, called CasADi [33], which offers
a consistent, direct and structured programming environment for
optimal controller applications such as the one used in this paper.

In Table 7, the different constants and weighting matrices
involved in the stage cost are indicated.
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Table 7
Constants and weight matrices of VN (xk, pe|k;u).

Description Value

λgrid.p Energy purchase 100
λgrid.s Energy sale 300
λbat.d Battery bank discharge 1
λbat.c Battery bank charge 0.1
λbat.2 Currents in the batteries 2
C Variation for states of charge 10
R Manipulated variables, u diag(1, 1, 1, 1)
Q System state, x 5
T Offset cost 800

Fig. 6. Manipulated variables and disturbances, for January days, with variable
climatic conditions and with a prediction time of 72 h. Pbat : power exchanged
ith the battery bank. Pgrid: power purchased or sold the grid. Pgen: generated
ower. Pideal: ideal power. Pload: consumed power.

The select sampling period is 1 h (Ts = 1h) and a control
orizon of 24 h (N = 24h), while the replacement cost of the
attery bank Cre, required in the function that contemplates the
se of storage system, Section 3.1.2, is Cre = $32500. The other

parameters involved in the definition of the cost are specified in
the microgrid modelling.

For the first simulation, a prediction time of 72 h (three
days) was used and forecasts of the generated power profile,
corresponding to the month of January (Summer) with changing
weather conditions. It is worth clarifying that the cell irradiance
and temperature data refer to the geographical location where
the microgrid is located, i.e. the city of Avellaneda, Santa Fe,
Argentina. The results obtained can be seen in Figs. 6 and 7.
In the first one, the manipulated variables and disturbances are
indicated, where positive values correspond to discharge for the
battery bank Pbat.d and to purchase power Pgrid.p at the main
grid and vice-versa (negative values correspond to charge for the
batteries Pbat.c and to sell power Pgrid.s).

For this first scenario, the initial condition for the state of
charge for the battery bank was x0|k = soc0|k = 45%. As it can
be seen, the controller decides in real time the optimal option
from the point of view of the proposed functional, fulfilling in
the first instance with the main objectives, and when possible,
with the secondary objectives. This is achieved by fulfilling at all
times with the constraints, both in the manipulated variables and
in the state of charge for the storage system. It should be noted
how, in the hours of greatest availability for renewable energy,
the management system decides to sell most of the available
resource, maintaining this trend throughout the whole time zone.

On the other hand, for batteries, it first chooses to charge
them, and then to start using the energy stored as the renewable
resource decreases, in order to meet the demand and maintain
48
Fig. 7. Evolution of the state of charge (soc) of the battery bank, for January
days, with variable climatic conditions and with a prediction time of 72 h.

the export of energy to the main electricity grid. In addition,
it should be noted that, during the peak hours, the controller
decides to share the load through the grid and the battery bank.

It should be noted also that constraints on the state are always
fulfilled, in order to maximize the useful life of the battery bank,
thereby minimizing its degradation period, since these are the
most sensitive and expensive elements of the installation. Also,
it is important to note that feasibility is always maintained, even
under the changing conditions of the criteria to be optimized
during the analysed period.

In the evolution of the state of charge for batteries, Fig. 7, the
controller decides to keep charge or discharge periods as constant
as possible, achieving this way the minimum possible operational
changes, avoiding their premature degradation. Also, it should be
noted the smooth behaviour in the variation of the state from one
instant to another, fulfilling the primary objective of maximizing
the useful life of the storage system.

On the other hand, in both this and subsequent simulations, an
ideal power profile (Pideal) can be seen in the figures where the
manipulated variables and disturbances are presented. It repre-
sents the product of the irradiance (W/m2) by the square metres
(m2) of the array of panels. The purpose of showing this is to
observe the performance achieved by solar panels in conjunction
with the MPPT algorithm implemented in Fig. 3.

For a second simulation scenario, the forecast profile cor-
responds to days in July (Winter), with an initial condition of
x0|k = 35% and the same prediction time of 72 hours. The
results obtained are shown in Figs. 8 and 9. As before, the correct
operation of the control scheme can be observed, fulfilling the
proposed objectives, while satisfying the constraints imposed in
the optimization problem. Note that the behaviour and decisions
of the controller maintain the same characteristics described in
the first scenario. It should be noted that this correct behaviour is
achieved in a scenario with characteristics and situations different
from the one previously presented.

Furthermore, it can be seen that with a lower amount of
energy generated by the renewable resource, the control system
meets the proposed objectives in an acceptable manner.

It should be observed, both in this scenario and in the previous
ones, how the evolution of the state of charge is consistent with
the manipulated variable involved in this behaviour.

In the results obtained in this simulation, precisely in Fig. 9,
two graphics can be observed for the state of charge, where
soc∗ represents the evolution considering only the direct cost,
without the secondary objectives introduced by the changes in

the sign of the weights in the cost function. It can be seen that the
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Fig. 8. Manipulated variables and disturbances, for July days, with variable
climatic conditions and with a prediction time of 72 h. Pbat : power exchanged
ith the battery bank. Pgrid: power purchased or sold the grid. Pgen: generated
ower. Pideal: ideal power. Pload: consumed power.

Fig. 9. Evolution of the state of charge (soc) of the battery bank, for July days,
ith variable climatic conditions and with a prediction time of 72 h.

Table 8
Comparison of the energy exchanged with the grid.

Costs for the purchase Profits from the sale

soc $ 4.0284 $ 0.3284
soc∗ $ 4.1965 $ 0.3252

proposed controller behaves correctly in both ways. For a better
comparison, the costs of purchasing energy and the benefit of
selling it were analysed for both simulations, where the results
obtained can be seen in the Table 8.

An improvement in system performance can be observed,
ndicated in the exchange of energy with the grid. This improve-
ent is due to the greater use of the stored energy, as can be
een in the evolution of the state of charge, but without losing the
bjective of the care considered in the operation of the batteries.
In the following simulation scenario, where, in addition to an-

ther availability of generated power, in this case for three days in
ctober (Spring), also a different consumer demand is considered.
herefore, for an initial charge condition of 42%, the obtained
esults can be seen in Figs. 10 and 11. Again, the management
ystem behaves correctly, meeting the objectives, maintaining the
ame characteristics as the behaviour previously observed in the
ther simulations.
To conclude this section, a last simulation is shown where

ther resource availability conditions are considered. Here, power
49
Fig. 10. Manipulated variables and disturbances, for October days, with variable
weather and demand conditions, for a prediction time of 72 h. Pbat : power
xchanged with the battery bank. Pgrid: power purchased or sold the grid. Pgen:
enerated power. Pideal: ideal power. Pload: consumed power.

Fig. 11. Evolution of the state of charge (soc) of the battery bank, for October
days, with variable weather and demand conditions, for a prediction time of 72
h.

profiles for the irradiation levels of April (Autumn) will be used.
In addition, a different simulation time is applied, which in this
case corresponds to 5 days (120 h). The initial condition taken
in this opportunity is 52% and the results obtained are shown in
Figs. 12 and 13.

Again, the management system behaves correctly, meeting
the objectives and maintaining the same characteristics as the
behaviour previously observed in the other simulations.

5. Conclusions

A formulation for the management of energy resources in a
microgrid was presented, based on Economic Model Predictive
Control for changing economic criterion (EMPCT). A model for the
microgrid was developed, for a scale and level of residential type
consumption, and it should be highlighted the development and
elaboration of a platform to obtain the levels of energy generated
by the renewable resource, as well as the use of a flexible model
structure applicable to different system scales.

A bank of lithium-ion batteries formed a storage system,
therefore a principal part of the criteria to be optimised by the
management strategy was to consider and minimise the ageing
cycle of the batteries. For this purpose, a novel way of taking this
into account was proposed.
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Fig. 12. Manipulated variables and disturbances, for April days, with variable
eather and demand conditions, for a prediction time of 120 h. Pbat : power

exchanged with the battery bank. Pgrid: power purchased or sold the grid. Pgen:
generated power. Pideal: ideal power. Pload: consumed power.

Fig. 13. Evolution of the state of charge (soc) of the battery bank, for April days,
ith variable weather and demand conditions, for a prediction time of 120 h.

Simulations were carried out according to different scenarios,
enerating changing conditions in the criteria to be considered
n the decision-making, by virtue of being able to achieve the
bjectives set. In all of them, a correct operation was observed
or the proposed control system, highlighting fulfilment of the
onstraints imposed on the different variables, both technical and
perational. The great flexibility and simplicity of the proposed
cheme should be highlighted, as well as the fact that control
ctions are taken optimally according to the proposed criteria.
As future work, it is intended to consider stochastic MPC con-

rol schemes to handle the random variables present in the sys-
em and consider possible forecast errors in both the renewable
esource power and consumption profiles.
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