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Abstract: Microgrids are defined as an interconnection of several renewable energy sources in order
to provide the load power demand at any time. Due to the intermittence of renewable energy
sources, storage systems are necessary, and they are generally used as a backup system. Indeed,
to manage the power flows along the entire microgrid, an energy management strategy (EMS) is
necessary. This paper describes a microgrid energy management system, which is composed of
solar panels and wind turbines as renewable sources, Li-ion batteries, electrical grids as backup
sources, and AC/DC loads. The proposed EMS is based on the maximum extraction of energy from
the renewable sources, by making them operate under Maximum Power Point Tracking (MPPT)
mode; both of those MPPT algorithms are implemented with a multi-agent system (MAS). In addition,
management of the stored energy is performed through the optimal control of battery charging and
discharging using artificial neural network controllers (ANNCs). The main objective of this system is
to maintain the power balance in the microgrid and to provide a configurable and a flexible control
for the different scenarios of all kinds of variations. All the system’s components were modeled in
MATLAB/Simulink, the MAS system was developed using Java Agent Development Framework
(JADE), and Multi-Agent Control using Simulink with Jade extension (MACSIMJX) was used to
insure the communication between Simulink and JADE.

Keywords: energy management; microgrid; MAS; ANNC; battery; wind; solar

1. Introduction

Hybrid renewable energy systems or multiple energy resources systems, popularly
known as microgrid power systems, are a new generation of electrical sources providing
balanced and clean electricity. Photovoltaics (PVs) and wind turbines are renewable power
technologies widely used in most regions on earth, and are two of the cleanest forms of
energy conversion available [1]. The hybridization of different sources of energy aims,
on one hand, to provide sustainable and balanced electricity in remotes areas, and on
the other hand, to ensure maximum electricity generating capacity with the lowest cost
for the areas served by conventional power grids [2]; however, the intermittent nature
of renewable energy sources and their dependency on metrological conditions can cause
some problems, especially in terms of storage. Therefore, an energy management system,
or EMS, is necessary to control the power flow. The EMS defined by the International
Electrotechnical Commission in the standard IEC 61970 as a computer system comprising
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a software platform providing basic support services and a set of applications providing
the functionality needed for the effective operation of electrical generation and transmission
facilities, so as to ensure adequate security of energy supply with a lowest cost [3]. In
addition, the EMS of microgrid systems is an output of those features. It is always equipped
with decision-making algorithms, helping the EMS to optimize microgrid operation.

Generally, in the literature, EMS control is categorized into two types: centralized
EMS and decentralized EMS [4]. Centralized control schemes include a central power
controller configured to control the distribution of electrical power to a microgrid. The main
objective of this is to optimize conflicts and to apply easily algorithms during operation
due to higher-level decisions, and all information from the distributed energy sources and
from the load demand is sent to the central controller [5]. Nevertheless, some problems
appear when the system becomes bigger and more complex, which requires more powerful
servers in order to manage large amounts of data; additionally, to implement the system
management in real time, any simple change in the system necessitates an update of
the centralized EMS strategy, and if there is any washout in the main server, the whole
system collapses [6]. The decentralized EMS strategy aims to attain the optimal operation
mode of the microgrid while providing the highest possible autonomy to the different
sources. This can be achieved by connecting each energy source to its proper controller
in order to optimize the energy generation independently of all sources [7]. In recent
years, decentralized approaches have been successfully implemented in microgrids [8,9].
The main advantage of decentralized EMS architecture is that partially managed microgrid
operation is much higher in cases of dysfunction of the different components. In addition,
due to the recent development of microcontrollers and the important decrease in their cost,
decentralized EMS architecture is the most suitable technology to adopt for the lowest
investment cost in comparison with a centralized approach. Decentralized approaches
have also been primarily addressed in the technical literature using the multi-agent systems
(MAS) framework. An energy management system based on intelligent MAS for microgrid
systems was proposed in [10]; it maintains power balance between the loads and the energy
sources, using the predictions of PV generation, wind generation, and load demand in
order to supply the required load.

In [11], Boudoudouh and Maaroufi proposed an MAS for the energy management of
a microgrid system. The simulations were run using MATLAB-Simulink and Java Agent
Development (JADE) software. The reliability of this model was validated by fulfilling
requirements such as its autonomy and its flexibility in a way that any changes made could
not disrupt the whole control strategy system.

Another MAS was proposed in [12] for a microgrid system in order to achieve the op-
timum utilization of distributed sources with the maximal level of production using
renewable sources and optimum diesel consumption.

An MAS for the real-time operation of a microgrid was investigated in [13], which
proposed an operational strategy mainly focused on generation scheduling and demand-
side management. The above-mentioned studies demonstrate the beneficial applications of
MAS in microgrids. In this paper, an energy management system for microgrid systems
based on the maximization of renewable sources is implemented using the MAS approach,
and the bidirectional DC/DC converter was controlled using ANNC.

Indeed, the main objective of this system is to maintain the power balance in the mi-
crogrid and to provide a configurable and flexible control for both demand variations of
the load and the renewable energy sources. The rest of this paper is organized as follows.
The microgrid system is discussed in Section 2. Multi-agent frameworks and energy man-
agement systems are presented in Section 3. Section 4 discusses the results of the simulation.
This paper ends with a conclusion.

2. Microgrid System

A microgrid is a hybrid energy system consisting of multiple energy sources, en-
ergy management, storage system, loads, and able to be operated independently or with
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the electrical grid. The proposed microgrid shown in Figure 1 consists of two renew-
able sources, a photovoltaic system and a wind system, connected to a battery storage
system and the electrical grid as a backup source. Therefore, the renewable sources are
used as the main energy sources, and due to their dependency on meteorological condi-
tions, the grid and the battery are assigned as backup power sources to continually satisfy
the load, which means that the battery storage system will be used as a power source when
the renewable sources are not able to satisfy the load demand, and as a load when they
have enough power and store the excess power to keep the system balanced. The grid
power source will be used rarely due to the high price of grid electricity. It will be used in
two cases, as a power source when the renewable sources are not enough to satisfy the load
demand and the battery state of charge is less than 20%, and the second utilization is as
a load to balance the power of microgrid bus when it has enough power and the battery
state of charge is more than 80%.

Load Electrical Grid

T

As we can see from Figure 1, the microgrid system consists of several power sources,
and each source is modeled independently, as explained in the rest of this section.

Wind system

Figure 1. Microgrid systems.

2.1. Photovoltaic System

The photovoltaic system consists of a PV panel, a boost converter, and an MPPT
controller, as shown in Figure 2.

DC_BUS

Boost Converter

DC

A 4
h A

DC

A 4
A4

PV._Panel Uy

MPPT Algorithm | ""?-V¢ | pwm

Figure 2. Solar conversion system with a controller.
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The MPPT algorithm in the photovoltaic system keeps the voltage of the panel close
to the equivalent voltage of the maximum power point. There are several algorithms
for the MPPT control of PV panels [14]; in this study, the used method was P&O due to
its simplicity and its facility during implementation to determine the required change in
duty cycle based on the change value of power and voltage at each time. Figure 3 shows

the flowchart of the MPPT algorithm.
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Start
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Update Voltage and Current
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Figure 3. Flowchart of the P&O MPPT algorithm.

2.2. Wind System

The wind energy conversion system consisted of wind turbines, a boost converter, a diode
rectifier, a permanent magnet synchronous generator (PMSG), and an MPPT controller.

The MPPT controllers can be easily implemented on the DC-DC converter, as shown
in Figure 4 below. The power is extracted from the wind (Pw) as a function of the air

density (p) and the wind speed (v).

Wind turbine

PMSG

Rectifier

]

MPPT

DC-DC BOOST

V_DC_BUS

Wind speed

Duty_cycle

Control signal

Figure 4. Wind system with a controller.
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The PMSG is coupled directly to the wind turbine; a three-phase diode bridge is
employed to rectify the generated output voltage. A DC-DC boost is used to implement
the P&O algorithm to track the maximum power point.

2.3. Battery Storage System

The battery storage system consisted of a Li-ion battery and a bidirectional DC-DC
converter. This converter is responsible for maintaining and stabilizing the DC-Bus voltage
through an ANNC controller, as observed in Figure 5 [15].

A
A D1
(7]
]
C = SI
o|
=
D2
V_DC_BUS ————p 3 Boost Duty_cycle

Artificial Neural
v_Ref —3| Network Controller

p—>- Buck Duty_cycle

Figure 5. Battery storage system with a controller reprinted with permission from [15] Copyright
2020 Wiley.

As discussed before, lithium-ion batteries are the preferred power source for many
storage system applications due to the advantages compared to other battery types. Despite
all advantages of Li-ion batteries, they need special care because unlike other types, they
contain a volatile, extremely flammable solvent that will burn quite vigorously and easily.

Over-charging/discharging is the main reason behind most accidental Li-ion battery
explosions. Therefore, a battery management system is important for the safe operation of
Li-ion batteries as shown in Figure 6. It is always complicated to model those kinds of sys-
tems because of the nonlinearity of battery voltage responses. In this paper, we used the dy-
namic battery model from the SimPowerSystems library of MATLAB/Simulink [16,17].
The main task of the battery energy storage system in this study was to stabilize the voltage
at the DC_Bus. The next flowchart shows the control strategy of the battery system.

The battery state of charge (SOC) represents the fundamental challenge of battery
management systems (BMSs), which represents the residual capacity of the battery. How-
ever, this state is not directly measured [18]. For this reason, several methods to estimate
SOC have been proposed in the literature [18,19]. In this work, we used an ANN model
to estimate the battery state of charge, due to its effectiveness and robustness compared
to other methods. Figure 7 shows the used architecture of the ANN model to estimate
the battery state of charge.
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Figure 6. Control strategy of the battery energy system.
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Figure 7. ANN model for state of charge estimation.

The details of the design steps of the ANN model have been described clearly in
our previous work [19]. The Li-ion battery was connected to the DC_BUS throughout
the DC-DC bidirectional convert in order to keep the voltage equal to the reference value
mentioned in the bus using charging and discharging modes.

The converter used in this work was a half-bridge IGBT topology, operating in con-
tinuous conduction mode (CCM). The converter operated in boost mode for discharging
the battery, and in buck mode for storing the surplus energy at the DC_Bus. In boost mode,
52 and D1 are active and the current flows to the DC_Bus. In buck mode, S1 and D2 are
active and the power flows to the battery.
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> Buck Mode

When the voltage at DC_BUS exceeds the desired value, the BDC works as a buck
converter and the energy flows from the DC_BUS to the battery.

Stepl.a: S; turned ON and S2 OFF

This steep time interval is between [zero and Ton] of each pulse control cycle. The en-
ergy flows to the battery through Sy, as shown in Figure 8, and the battery voltage is:

VBatt = VBUS — VL 1)

— [ —>
S y Ip
D, )
L _|K‘ l’i‘.‘, ¢
. v, +
1] A
o faYaTaTa)l c — R§ V_DC_Bus
UUUVU -1
* —
i Sz -
Battery L D2
. V_Battery _|

Figure 8. Converter in charging mode Step1.a.

Step 1.b Ton: T: S; and S, turned OFF
This steep time interval is between [Ton and T] of each pulse control cycle. The energy
flows to the battery through D5, as shown in Figure 9, and the battery voltage is:

VBatt = —VL 2)
— | —
$1 "D I,
1
L _K Jie
|'/] +
i =
<0 f ATATATAL cC —— Rg V_DC_Bus
VUUVY -1
+ S
Battery I 2 Dz i
. V_Battery _{

Figure 9. Converter in charging mode Step1. b.

> Boost Mode

When the voltage at DC_BUS is less than the desired value, the BDC works as a boost
converter and the energy flows from the battery to DC_BUS.
Step2.a: S; turned OFF and S, ON
This steep time interval is between [zero and Ton] of each pulse control cycle. The en-
ergy flows to the DC_BUS through S,, as shown in Figure 10; in this case, the battery
voltage is:
VBatt = —VL (©)]
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Figure 10. Converter on discharging mode Step2.a.

Step2.b: S1 turned OFF and S2 OFF
This steep time interval is between [Ton and T] of each pulse control cycle. The energy
flows to the DC_BUS through Dy, as shown in Figure 11, and the battery voltage is:

VBatt = VBUS — VL (4)

— | —
S ! Io
&> )
fq P
. Vv, L +
1 Ve
— SN C —— R< voDcsus
L\VAVLVIV) -1
'-I. Sz D -
Battery 2
V_Battery _|

Figure 11. Converter on discharging mode Step2.b.

The ANNC used in this paper is known by two names: feedback linearization control,
when the plant model has a particular form; and NARMA-L2 control, when the plant
model is estimated by the same form. The main objective of this type of control is to
linearize the nonlinear dynamics. The NARMA L2 controllers are composed of two neural
networks: the first neural network is the NARMA model, which is the standard model
used to represent general discrete-time nonlinear systems to identify which should be
controlled; and the second network aims to generate the control signal, as Figure 12 shows.
The mathematic equations of ANNC are well explained in our previous publication [15].
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——» Reference Model
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Plant

Delay
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Figure 12. ANNC controllers for DC-DC converter.

3. Multi-Agent Framework and Energy Management System
3.1. Multi-Agent Framework and Co-Simulation MATLAB/JADE

Multi-agent systems are a specific type of distributed smart systems in which inde-
pendent agents inhabit a world with no global control [20]. An MAS is also known as
a collection of independent computational agents, which can be powerful in large applica-
tions performing tasks based on goals in an environment that cannot easily be defined in
an analytical way [21]. The parallelism in agents’ interaction is the main advantage of MAS.
Therefore, to overcome the problem of S-function of MATLAB Simulink in the processing
of parallelism system, the authors of [22] have proposed the Macsim]X platform. The focus
of this paper is on the control of all system converters using a multi-agent framework.
Five agents are used: PV MPPT agent, wind MPPT agent, load agents, battery agent, and
electrical grid agent. A description of each agent’s task presented in Table 1.

Table 1. Task description of system agents.

Agents

Task Description

PV MPPT agent

Receiving the value of power generation of PV panel;

Application of P&O algorithm;

Sending the duty cycle signal to the PWM block for the generation of signal control;
Communicating with all other agents.

Wind turbine MPPT agent

Receiving the value of power generation of wind turbine;

Application of P&O algorithm;

Sending the duty cycle signal to PWM block for the generation of signal control;
Communicating with all other agents.

Load agent

e  Receiving the value of load power demanded and sending it to all other agents.

Battery agents

Receiving the value of the state of charge and battery production power;
Receiving the value of voltage at the DC_BUS;
Comparing the reference voltage value and that measured at the DC_BUS and
generating the duty cycle signal for the bidirectional DC-DC converter;

e  Communicating with all other agents.
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Table 1. Cont.

Agents

Task Description

Electrical grid agent

Receiving the value of all power production and state of charge;
Sending the control signal to connect the energy system with the grid for both
utilizations: receiving the surplus or giving power to the DC_BUS.

A real model of each device of the microgrid system is required to manage the power
flow at the microgrid. Therefore, each entity in the studied microgrid was modeled under
MATLAB Simulink, as described in Section 2.

The MAS was developed under (Java Agent DEvelopment Framework) JADE, a soft-
ware framework for the development of agents, implemented in Java [23,24]. In order to
establish the communication between MATLAB/Simulink and JADE, the interface Mac-
simJX was used. This is an extension of MACSim, initially built to allow systems designed
with MATLAB to be controlled by agents operating in an external program. This tool
authorizes systems modeled in MATLAB/Simulink to exchange data with agent systems
which are created using Jade, as shown in Figure 13 [25].

Sampling signal from Simulink

physical power system Multi-agent system

\ 1 fl By
” ‘. ‘ ,rf:‘" N Interfacing Layer Reaumeﬁ;mpli'1g Agent1  Agent2
4y fi signals
0 ;i" <
et W MACSimJX Agent3
Matlab/SImU“nk Real-time control Real-time decisio \JADE
commands "

‘ signals

 EWE

4

Control signals from JADE

Figure 13. Simulink and JADE co-simulation reprinted with permission from [25]; Copyright
2020, Sage.

3.2. Energy Management System

The studied system in this work consisted of two renewable energy sources (a pho-
tovoltaic solar system, and wind turbine), fueling a DC bus to supply loads connected to
DC_BUS. In addition, the backup system was composed of a Li-ion battery for energy stor-
age and the electrical grid, as shown in Figure 14. The objective while managing the system
was to supply the load demand and maintain the power balance at the DC_BUS by sizing
all sources to supply the load demand. Moreover, the DC_BUS voltage was maintained
around the reference voltage value by calculating the difference between them. The battery
system is responsible for the maintenance of the voltage value around the required value
by charging and discharging throughout the bidirectional DC-DC converter.

The microgrid controller agent manages this heterogeneous feature of the microgrid.
It receives the difference between the RES power production of each source and the con-
sumption load from Simulink. Then, it checks the signal sign: if the signal sign is positive,
the battery agents react in order to consume the excess energy in conditions where the bat-
tery state of charge is less than 80%; if this is not the case, the battery agent will send
a signal to the grid agent and the surplus will be directed into the electrical grid. On
the other hand, if the signal sign is negative, the PV agent and wind turbine agent will react
in a way to provide energy to control the load demand in the microgrid by the use of one
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source or a combination of several renewable sources. In addition, if the renewable sources
are not enough to cover the demanded power, the battery agents receive the information
to provide the energy to the microgrids. However, the battery will act only if the state
of charge is more than 20%, which is the safest case of utilization, but if the SOC is less
than 20%, the grid agent will receive the order to provide the requested energy. The EMS
strategy proposed in this study is shown in the flowchart of Figure 15.

| PV Array

SOC, Vb Il
Vvl pp —m o
Vwlwe——

V Busde —

DC
DC '
MPPT —T
TS1
AC DC
DC DC
A
>|  MPPT
Tsz
———> §1
ENERGY MANAGEMENT
SYSTEM |——> 52
——— S3
| .54

Figure 14. Proposed energy management system.

Start
All agents
v
| Check P_load, and
P RES

Y Y v A A
Battery dischargin Grid agent will Grid agent will Battery charging
until 20% receive order recei;e order until 80%
to provide energy to inject the surplus
Y Y Y Y

Figure 15. Energy management strategy.

4. Results and Discussion

Table 2 presents a description of the studied small hybrid wind-solar battery. The elec-
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tricity produced by the renewable sources is not stable over time due the intermittence
of these systems. As a result, two different modes of processing appear, the surplus and
the lack of energy at the DC_BUS. The simulation ran for 7 s with 1 x 107> sampling
time, in order to present the voltage and the power at the DC_Bus for different values
of solar irradiation and wind speed, as Figures 16 and 17 show. In the following section,
the reaction of each element to the different variations is presented.

Table 2. Microgrid component specification.

Symbol Specification
DC_BUS V=220V;P=15KW
BATTERY V=48V, Q_BATT =320 AH
PV PANEL P_PV =14 KW, V_PV =400 V
WIND TURBINE P_W =14 KW,
LOAD P_LDC + P_LAC =15 KW
ELECTRICAL GRID P_GRID =15 KW
1000 T T T T T
950 | .
m o -
NE 850 [ .
=
§ woof .
=
b
g 7s0f .
700 | .
650 [ .
wo L 1 'l 'l ]
0 1 2 3 4 5 6 7
Time(s)

Figure 16. Solar irradiation scenario (W/m?).

12 T T T T T

95| '

Wind Speed(m/s)
5]

85| .

Time(s)
Figure 17. Wind speed scenario (m/s).

At the beginning of the simulation, shown in Figures 18 and 19, the PV power pro-
duced was about 14 KW and the wind power was about 6 KW, which means that a surplus



Energies 2021, 14, 5307

13 of 16

of 5 KW in the DC_BUS will be stored in the battery, because the battery SOC value in
the safe zone is around 70%. Therefore, as Figures 20 and 21 show, the increase in the state
of charge curve and the battery power equal to —5 KW mean that the battery is receiving
an amount of energy around 5 KW. Therefore, the surplus problem in the DC_BUS is
fixed. In addition, between the times 0 and 4 s, the battery charges with a multiple slope-
charging curve, which decreases over time, due to the reduction in the difference between
the demanded and the produced power over time. The initial SOC = 70% increased when
the difference was positive, as can be seen in the time interval between zero and four
seconds, and decreased between four and six seconds with two discharging slope-curves;
notably, the difference between the produced and the required power was almost equal to
—2 KW between 4 and 5s, and —4 KW between 5 and 6 s. However, the battery will provide
this lack of power, as shown in Figures 20 and 21. The increase in SOC and the battery
power was about 2 KW between 4 and 5 s, and in a parallel way, about 4 KW between 5
and 6 s, which indicates the provided power at this time.

1.4 p1¢

1.3 | —

1.2 | -

1.1 | —
1 k- I -

0.9 |- -

PV Power(W)

o-a 'l 'l Il Il
1 2 3 4 5 ]

Time(s)

Figure 18. Solar power produced during the irradiation scenario.

Wind Power(W)

1000 = -1

Time(s)

Figure 19. Wind power produced during the wind speed scenario.
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-10000 1

Battery Power

-15000 b

20000 1 L 1 1 1 1
0

Time(s)

Figure 20. Battery power (W) produced during the proposed scenario.

70,012

69.998 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Time(s)

Figure 21. Battery state of charge during the proposed scenario.

As mentioned at the beginning of this paper, this study aims on one hand to cover the load
power by balancing the amount of energy in microgrid systems, and on the other hand to
stabilize the voltage at the DC_BUS. Figures 22 and 23 show the comparison made between
the voltage and the power in the latter scenario; the obtained results explain the effectiveness
and robustness of our technique against all changes in meteorological conditions.

250 T T T T T —Reference Voltage
|~ = = Measured Voltage
200 |- N
% 150 | -
S
2 0ol i
=21
50 -
o 1 1 L 1 L 1
o 1 2 3 4 5 6 7

Time(s)

Figure 22. Comparison between measured DC_Bus voltage and the reference voltage.
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2000 fr -
\
o L X L N L L
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Figure 23. Comparison between the load power request and system power produced.

5. Conclusions

This paper has presented the structure and composition of an energy management
system based on renewable energy resources. The balance of power and the stabilization of
voltage at the DC_BUS were the main objective of this work. Decentralized control by MAS
was proposed in this paper to overcome the limitations of existing centralized methods.

The battery state of charge in this paper was estimated using an artificial neural
network based on a generated database using several tests at MATLAB/Simulink. Finally,
the software JADE was used for the agent’s development, and the platform Macsim]X was
used for linking between MATLAB/Simulink and JADE, in order to avoid the problem of
the unstable nature of S-functions with a multithread process.
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