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ARTICLE INFO ABSTRACT

Keywords: In this paper, a method of energy management shared with storage devices in a standalone DC
E"'efgy management microgrid is presented. The objective of management is to satisfy the energy demand in addition
Sliding control to guaranteeing a production/consumption balance with good regulation and stability of DC bus
Photovoltaic P . A

Wind voltage. Another advantage of the energy management method lies in the consideration of losses

in the static converters by calculating the effective power available on the common DC bus. The
proposed control strategy takes advantage of non-linear control by combining fuzzy logic control
for the extraction of the maximum power from the photovoltaic and wind sources, while sliding
mode control is used for the control of the storage power converters. The control of the power
flow of the common DC bus allowed good stability of the bus voltage with small deviations
around the desired value, limiting the battery stress since the low-frequency current component is
sent to the battery while the higher-frequency power component is directed to the supercapacitor.
The simulation results show the validity of the proposed energy management and control
strategy.

1. Introduction

Renewable energy systems are continuously gaining more prominence and, as a consequence, contributing to diversify the energy
mix. This fact, enhances energy security and it is environmentally friendly [1]. The abundance of the primary sources of energy,
especially wind and sun, and the advances in the research / application mainly to produce electricity, constitute advantages of these
systems. Photovoltaic (PV) and wind systems have been widely applied in recent years, being the focus of many research papers [2,3].
For instance, the integration of hybrid energy systems for off-grid electrification in developing countries has been analyzed in [4],
where a microgrid composed of renewable sources plus a storage system is studied. The feasibility of a microgrid hybrid renewable
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energy system, including the energy generated through solar power, wind power, and a diesel generator connected to a synchronous
machine, was studied in [5].

A microgrid can be connected to the utility grid or can work independently in a stand-alone system. The main advantage of a grid-
connected system is that it can avoid the need for a storage system, since the grid is able to, compensate the intermittent nature of
renewable generation. The authors [6] chose the grid-connected configuration, in which a stability analysis is performed and a
renewable PV generation is connected to the grid. With respect to the stand-alone system, the main advantage of this arrangement is
the capability to be employed for remote areas with no grid availability, although it is usually more expensive, being the strategy
adopted for [7] and [8].

In order to avail most of the PV modules and wind turbines potential, the maximum power point tracking (MPPT) is an important
parameter. With the MPPT is possible to achieve higher performance with an appropriate duty cycle of the power converter. The MPPT
control can be obtained through different techniques [9,10], being the techniques widely employed for PV systems the perturb and
observe (P&O) [11], incremental conductance (INC-COND) [12] and fuzzy logic control (FLC) [13]. When these three methods are
compared, the P&0O and INC-COND techniques are simpler to implement, however presents some issues under varying solar irradiation.
The FLC has a higher precision, whereas a higher computational effort is necessary, due to its greater complexity [14]. These references
present each of the mentioned control methods independently, and does not performs a comparison among them, and in this paper, this
study is performed. For the wind systems the most popular techniques for the MPPT control are the tip speed ratio, the optimal torque, the
power signal feedback and the P&O, in which the P&O highlights due to its simplicity, and the optimal torque due to its accuracy [15].

The fluctuating nature of renewable sources is a challenge which needs to be overcome in order to turn these systems more suitable
to integrate in the grid [16]. In this sense, energy storage systems are important elements to deal with the intermittence of renewable
generation, acting to sustain the energy demand unpredictability, and thus, allowing to control the power flow according to the ne-
cessity of the load / grid. Many storage technologies are found in the literature, among them can be mentioned the batteries,
supercapacitors (SC), pumped hydro, flywheel and hydrogen, and each one is preferable depending on the time that is intended to store
the energy and the response time [17]. In general, it is interesting to combine a short-term with a long-term storage system in order to
obtain the benefits of both systems, which was the strategy presented by the authors in [18]. The authors, combined the use of SC for
short-term operation and the hydrogen system for long-term operation, combined with a wind turbine as the main manner of gen-
eration. Furthermore, the combination of two storage systems allows a faster contribution to the development of enhanced technol-
ogies, in terms of efficiency, durability, response time and a cost reduction [19]. For this reason, in this paper the junction of two
storage systems (battery and supercapacitor) is studied, creating a robust system while dealing with intermittence, and supplying
uninterrupted power to the loads.

When a hybrid system is being investigated, an important parameter that needs to be considered is a control method, which will
guarantee a proper power flow between sources and load. In this regard, a number of literature has been devoted to the study of the
control method, and what is possible to infer is that it can be performed using linear [20], nonlinear programming and / or intelligent
techniques [21-23].

The most common and well established control method is based on proportional, integral and derivative (PID) method that is based
on linear programming and widely applied. For instance, the PID for supervisory control was used by the authors in [18], in which the
technique was explained previously, and in [20] the control algorithms are proposed for smooth power transfer between ac and dc
links and for stable system operation under various generation and load conditions. In [24], for example, the PI implemented, was
studied using simulations as well as HIL verification and compared with other existing power management results, admitting faster DC
bus voltage regulation. Another method to improve the system monitoring and performance is the nonlinear sliding mode control
(SMC), which demonstrate to be robust to deal with disturbances and parameter variation while presenting a simple structure [25].

Regarding the power management strategies, various methods are possible to be employed in order to control the energy flux. In
[26] a system composed of a wind turbine / doubly fed induction generator (DFIG), a PV generator, a fuel cell, an electrolyzer, and a
battery bank is studied. In this case, a power management strategy is proposed, consisting of using the surplus energy from the PV and
wind systems to perform the water electrolysis in an effort to produce hydrogen and also to store energy in the batteries. The battery
and the energy generated by the fuel cell will later be used as a backup generator to provide the required power. Another example, is
the use of a new control framework for the optimal energy management of the PV plus battery system under varying operating
conditions [27], in which a novel adaptive robust control framework for the optimal energy management of the PV-battery system,
subject to unmodeled dynamics, is improved through an exponential-like adaptive integral sliding mode control coupled to a neural
network approximator. An energy management system has been developed to govern the power supply to the grid, considering two
possible scenarios: 1) system operator command following; or 2) economic dispatch of the stored energy [28]. In [29], real time
embedded system energy management is developed and examined for an autonomous hybrid system.

Hybrid renewable energy systems (HRES) with storage systems are interconnected through power converters. The converters are
responsible for adjusting the voltage levels and controlling the power flow between sources, storage systems, and loads. To connect
loads to direct current (DC), DC / DC converters are generally used, working as boost or buck converters, increasing or reducing the
voltage level, respectively. Different topologies of DC / DC converters are proposed in [30]. Alternating current (AC) loads are usually
connected using a voltage source inverter (VSI) [31]. The average version of the converters is characterized by the simplification of the
simulation process and also by controller analysis [32], which is an interesting model to be considered. Regarding the control, pulse
width modulation (PWM) is a technique widely applied in power electronics [33] in which, by varying the pulse width, it is possible to
vary the amount of power delivered to the load / grid.

In this paper, an energy management system for a DC microgrid composed of wind turbines, PV generation, batteries, SC, and AC /
DC loads is proposed. The objective is to reach a power balance between the sources, the storage system, and the loads, satisfying the
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energy demand while regulating the DC bus voltage with an improved deviation and low battery stress. A comparison between the
control methods for the MEM using PID, PID - SMC combined with SMC is simulated and presented. Three methods (P&O, INC-COND,
and FLC) were used and compared to detect the optimal power point. Boost, buck, and bidirectional converters were considered in this
study, and the losses in this equipment were also presented. A low voltage distortion was obtained on the AC side.

This paper is organized as follows: In section II, the system configuration and modelling are described. Section III describes the
power management and control. In Section IV the results and discussion are presented, followed by the conclusions in section V.

2. System configuration and modeling

Fig. 1 shows the topology of the standalone DC microgrid system implemented in this paper. The described system has two
renewable energy sources, a PV panel and a wind turbine. Furthermore, an energy storage system (battery and SC) has been inserted to
solve the problem of intermittence and improve the controllability of these renewable sources. In addition, the topology enables AC
and DC loads connection. The AC load is connected through a VSI with a LC filter, while the DC load is connected through a buck
converter. Fig. 2 shows in detail the electrical diagram of the DC microgrid. In the following sections, the study focuses on the
autonomous microgrid .

2.1. Photovoltaic and wind turbine models

The PV array has an output voltage of 203 V, with a rated power of 1.48 kW, and thus the PV plant is connected to the DC bus
through a boost converter. The model applied to the PV system is shown in [34]. The model consists of a diode, a controlled current
source, a series and a shunt resistor. In addition, irradiance and temperature are the input parameters, whereas the output parameters
are the voltage and current. According to [35], this model is accurate and simple to implement. The equations to find the output
current are available in Egs. (1) - (3).

Ly =1, — Iy (eq“"’,‘v:%:i:’“ _ 1) _ M @
R:h
G
IL = (IL0+K0(T7T,,)) 6 (2)

3

Lot = Latn (%) e |:qa_E];L’ <Tin - %>:| (3)
where I is solar-induced current at STC condition, I is solar-induced current (A), respectively; I sqn, Isqr is the nominal saturation
current of the diode at STC condition and the saturation diode current (A); Boltzmann constant (J ~K_1) is represented by k; the
elementary charge of an electron (C) is represented by g; Ko is a constant thermal coefficient depending on the PV characteristic; T and
Tp is the operating and the nominal temperature (25°C) of the PV; Eg is the bandgap energy of the semiconductor (eV); a is the diode
ideal constant; Ry, and R; are the shunt resistance and series resistance (Q), respectively; and G and G, are the irradiation and the
nominal irradiation (1000 W/m?) on the device surface, respectively.

Usually fundamental frequency simulations studies, the wind turbine can be represented by three subsystems: rotor, drivetrain and
generator system. The wind turbine rotor is modelled by the quasi-static model defined through the actuator disk theory, and the drive
train is represented by the two-mass model, as usual in fundamental frequency simulations [36]. The wind turbine generator based on
a permanent magnet synchronous generator (PMSG) has a rated power of 1.5 kW and it is connected to the DC bus through an AC / DC
converter. Typically, a full-scale power converter which is composed of the three-phase uncontrolled bridge rectifier is applied in the
first stage of conversion, while witch in the second stage a DC / DC buck converter is used to connect the PMSG to DC bus.

The equations Egs. (4) - (10) refers the wind turbine and PMSG model. The rotor model define the mechanical power (Pp,) Eq. (4))
extracted from the wind is modelled by the quasi static approach of the actuator disk theory [36]. The tip speed ratio ()) is the ratio
between blade tip linear speed and the wind speed is defined in Eq. (5). The power coefficient (Cp) is given in Eq. (6), 4; is given by Eq.
(7). The PMSG generator was modelled using the equations Egs. (8) - ((10) of the synchronous dq reference [37], assuming that the flux
distribution in the stator is sinusoidal through a three-phase model.

7
Pm = c,(4, p) pTVi-md 4
1= ;T (5)
Vwind
116 _a
C,(4,p) =0.5176 - T—O.4~ﬂ—5 -e % +0.0068 - 1 (6)
1 1 0.035
)
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where p is the air density; A(nr?) is the area swept by the rotor; vinq is the wind speed; o is the rotation speed (rad/s); r is the rotor
radius of the wind turbine; § is the pitch angle; d and q are the direct and quadrature components, respectively; index s refers to stator;
L and Ry are the stator inductance (H) and stator resistance (), respectively; u and i denote voltage (V) and current (A), respectively;
@, is the electrical speed (rad/s); ¢y, is permanent magnetic flux (Wb); T is the electromagnetic torque; and P, is the number of pole
pairs.

2.2. Battery and supercapacitor

The application of energy storage on systems that have intermittent sources is an interesting way in order to attenuate this
characteristic. Several storage systems are discussed in [38], and a widely accepted alternative is the battery. The Lithium-ion bat-
teries, has good life-cycle, high efficiency, deep discharge depth and fast charging [39] and due to these advantages, was applied in this
paper. The model available in Simulink SimPowerSystems toolbox composed by a variable voltage source and a resistance connected in
series is accurate, and thus, was the model used in this paper. An equivalent circuit simplified is shows in Fig. 3a. For the battery of the
lithium-ion battery type, the charge equation (i* < 0) is given as Eq. (11) and discharge equation (i* > 0) is given as Eq. (12). The
discharge curves characteristics of the BES can be seen in Fig. 3b.

fz(iz,i*,i):Eoflcﬁ.i*7K~Qgit-it+A-exp(fB~iz) (11)
fl(it,i*,i):E(,—K-Qgit-i*—K-Qgit-it—l—A-exp(—Bjt) (12)

Where Ej is the constant voltage (V), K is the polarization constant (V/Ah) or polarization resistance (Q), i* is the low-frequency
current dynamics (A), i is the battery current (A), it is the extracted capacity (Ah), Q is the maximum battery capacity (Ah), A is the
exponential voltage (V), B is the exponential capacity (Ah™1).

The battery output voltage (Upq) can be obtained through Eq. (13).

Uar = Ep — Ipar * Rine (1 3)

where E}, is the open circuit voltage of the battery (V), which depends on if the battery is charging or discharging, R, is the internal
resistance (Q) and Ipg is the battery current (A). State of charge (SOC) is an important parameter of the battery, that is necessary to be
controlled to avoid a great discharge and an over charge. The SOC is represented in Eq. (14).

1
SOC(f) = SOCy +—— / Ipq.dt 14

nom

where SOC, is the initial state of charge, Cpon, is the battery nominal capacity (Ah) given by manufactures and I, is the battery current
(A). The parameter specifications of the renewable sources, filters and storage systems are given in Table 3.

The SC was modelled according [40], this model is an adequate representation for describing the SC performance in several ap-
plications. Like a conventional capacitor, the SC is an electrostatic device with a high capacitance, being able to reach 100 to 1000
times the capacitance per unit volume compared to a conventional electrolytic capacitor.

2.3. DC/DC converters

For a hybrid system operates in an appropriate manner, power converters are required. The converters are necessary for adjusting
the voltage levels and controlling the power flow between the elements involved in the HRES. Several ways such as, average steady-
state model and dynamic small-signals representation, can be applied for the study of the converters. In this section, the buck, boost
and buck-boost model converter are discussed. Fig. 2 shows the converters applied in this paper, with its respective variables.

2.3.1. Buck converter

The DC/DC buck converter control associated with the wind turbine source, uses FLC and ensures maximum power operation of the
wind turbine. The wind DC/DC buck converter control allows to regulate the output voltage of the rectifier bridge at a voltage of 620 V
for a wind speed of 12 m/s. The peak wind power delivered to the DC bus is 1.5 kW. Similarly, another DC/DC buck converter is
connected between the DC bus and the DC load with an resistance equals to 30 Q. This converter ensures the regulation of the voltage at
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the terminals of the DC load at 200 V, which allows to deliver an average power of 1.33 kW.

The buck converter operates in closed loop to adjust the source voltage level to connect to the DC bus. This converter is used for
reducing the voltage. The operation principle is based on the switching of the switch number 2 (kz), within a time period T;. Note that
the switches are named from 1 to 13 (kj.;3), as presented in Fig. 2. For the buck converter connected to the wind source, when the k> is
turned-on, the bus receives energy from the wind source (Uy,,), through the inductor (L) and capacitor (C4), in other hand, when k; is
turned-off, the bus is supplied through the freewheeling diode (D2), with the remaining energy of the Ly and C4. Note that k2 is equal to
k7, being ko the buck converter switch in which the wind source is connected, and k; refers to the switch in which the DC load is
connected. For the buck converter connected to the DC load, the working principle is the same that for the wind source converter,
however it operates in reverse mode, with the energy flowing from the DC bus to the load through of the inductor (Ls) and capacitor
(C11)- The equations that refers to this model and the operation mode is given in [41]. The average buck converter models associated
with the wind source and the DC load are given by Egs. (15) - (16).

dl,
Ly—2 = Uy — U

dU (15)
c, s _ 4 I,

T Ly 2

dI,
Ls dl;z =a;Ups — Up

(16)

C dUBm —7 7&

ng s R,

where Uy, Uy, and Uy, are low - frequency averaged values of DC bus voltage, voltage at the output of the uncontrolled rectifier applied
to the wind turbine and load voltage DC, respectively. Where a3 and a7 are the duty cycles of the switches (k, k7). I, I15 and I, are
inductor currents (Lg, Ls), and output current, respectively. The voltages, currents and modulating signals are time-dependent vari-
ables, however, the “t” is hidden in the equations for notation simplicity.

2.3.2. Boost converter

Such as the wind buck converter, the boost converter is designed to maximize the power delivered by the PV source. The maximum
power of this converter is 1.48 kW when the temperature is 25°C and the irradiation is 1000 W/m?. In the closed loop, the photovoltaic
MPPT operating is based on a FLC, the generated duty cycle is through the PWM to regulate the voltage at the terminals at 203 V under
the above mentioned conditions. The equations of DC/DC boost, it means, the differential equations for inductor voltage and capacitor
current are given by Eq. (17):

dI,
L17§| = Upv - (1 - (ll)UBu.\

dv, a7z
G2 = (1 —ah, — Iy

where Upy is average values of the PV voltage, a; are the duty cycle of the switch (k;). Ir; and I,; are inductor current (L;) and output
current respectively.

2.3.3. Bidirectional converter

Bidirectional buck-boost DC/DC converters (Fig. 2) are commonly applied to adjust voltage levels in applications requiring bidi-
rectional power flow, such as electric vehicle and storage systems (SC and batteries). This converter has low cost, few components and
high efficiency [42]. Differently of the buck and boost converter, bidirectional DC/DC converters have two controlled switches (k3 and
k4). Note that k3 is equal to ks and k4 is equal to k¢, being k3 and k4 the bidirectional DC/DC converter switches in which the battery is
connected, and ks and k¢ refers to the switches in which the SC is connected. The operating principle is the same as in the previous
boost and buck converters, however it is necessary to operate two switches (ks and k4) instead of one, to obtain an adequate energy
flow between the components and DC bus.

Bidirectional DC/DC converters can operate in two modes. When the switch ks is being controlled and k4 remains turned-off, it is
working as a boost, and when the opposite occurs, it is working as a buck converter. In boost mode operation, k3 is conducting and in
this case the converter is injecting energy into the bus, thus, the energy flows from the battery (SC, in the case of the ks and k) to the DC
bus. When k4 is conducting, the converter is operating as a buck converter and absorbs energy from the DC bus, thus, the energy flows
from the DC bus to the battery. The equations for this converter are the same as those previously expressed, changing according to the
mode of operation.

The control of the converters associated with the battery/SC consists of two loops, an external loop for the voltage regulation and an
internal loop for the current regulation. The control of the bidirectional converters ensures the regulation of the DC bus voltage at 400
V, a control of the power flow delivered or absorbed from the DC bus by ensuring the battery current regulation, and also a control the
power flow delivered or absorbed from the DC bus by ensuring the regulation of the SC current.

In this paper, a SMC is used for the bidirectional converters. The SMC control is adopted using the equivalent average model of the
bidirectional converters, that presents a nonlinear behavior which justifies the choice of the SMC that is suitable to this kind of
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converter.
The average equivalent model of buck-boost converters is given by Eqgs. (18) - (19):
dlpy  Upa Upys

_ Uba _ 1
a L P (18)

dlsc  Usc Upus
——=——a

1
a L, 19

where Ugq, Ipq are the battery voltage and current, U, I;. are the SC voltage and current. Uy is the voltage in the DC bus. as4, asc are
the duty cycles of the switches (ks, k4) and (ks, k¢)-

2.4. Voltage source inverter

The three-phase VSI is inserted between the DC bus and the three-phase AC load. The equivalent model of the VSI that is widely
used in the literature can be found in [31].

3. Method of energy management

Energy management is based on the calculation of the effective power produced and extracted from a common DC bus, as presented
in the following system power balance subsection. Another important parameter to be considerate is the determination of the effective
powers taking into account the losses of various static converters.

3.1. System power balance
The power produced by the PV source is given in Eq. (20), while that, the power produced by the wind source at the buck converter
input can be calculated according to Eq. (21).

PFV = UI’V : II’V (20)
P, =U,-1I, ey

where Py, Upy and Iy are respectively the power, voltage and current in the PV panels. Py, Uy, and I, are respectively the wind power,
voltage and current.
The powers injected by the PV and wind source into the DC bus are expressed through Eq. (22) and Eq. (23), respectively.

vaD( = OBoost * va (22)

Pype = Opuct, * Py (23)

Where Ppypc and Py,pc are respectively the effective powers injected by the PV and wind sources into the DC bus. 6505 and opyc1 are
the boost and buck converter efficiency.
The effective power produced by the sources and available in the DC bus (Pspc) is given by Eq. (24):

Ps,. = 6Boost * Ppy + Ouck, * Py (24)

The powers extracted or consumed from the DC bus, can be in DC or AC. The power consumed by the DC load (Py;) is expressed by
Eq. (25) and the power consumed by the AC load (Pp>) is expressed by Eq. (26):

P, =U-1 (25)

Py, =3 Us - Iscosg (26)

Where Uy, I}, are the voltage across the DC load and the current through it. Us and I; are respectively the voltage between phase and
neutral at the terminals of the AC load and the current flowing through it, while cosg is the load angle.

Considering the losses in the buck converter and in the VSI for the power consumed by the DC and AC loads, respectively, the power
extracted from the DC bus (Ppc) is given by Eq. (27), where opycko and oinyerer are the buck converter and the three - phase inverter
efficiencies. The effective power available in excess or deficit in the DC bus (Pp¢) and shared with the storage devices is given by Eq.
(28).

P P
Pry =— 42 27
OBuck,  Olnverter
P P
Ppc = 0oost * Ppv + Opucky * P — —h B (28)

(FBL(L"(Z O nverter
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Regards to the charging and discharging powers of the storage devices, the power in the batteries (Pp) is expressed by:

Py = Uy * Ipas (29)

where Upy, Ipqr are respectively the voltage and the current of the batteries.
Considering the losses in the bidirectional DC/DC converter, the power extracted or supplied by the batteries from the DC bus is
given by Eq. (30).

P
Pyp. = — (30)

O revery

where o1 is the efficiency of the reversible converter controlling the charge/discharge of the batteries. Likewise, the charge or
discharge power of SC is given by Eq. (31).

Psc = Usc - Isc (31

where Uy, I, are respectively the voltage and the current of the SC.
Considering the losses in the bidirectional DC/DC converter, the power extracted or supplied by the SC from the DC bus is given by
Eq. (32), where o2 is the efficiency of the reversible converter controlling the charge/discharge of the SC.
P
Psc,e = < (32)

Orever,

The effective power extracted or injected by the storage devices into the DC bus is obtained through Eq. (33).

Py P
B Tsc (33)

Pslomgenc =
O rever, Orever,

Fig. 4 represents the power balance of DC microgrid, being possible to observe the inputs and outputs variables.
3.2. Method of energy management of the DC microgrid system

The MEM is based on measuring the effective power available in the DC bus. The power balance is achieved by calculating the
difference between the effective power produced by the PV and wind sources and the power demanded by the loads (Fig. 4), as
described in the previous Section 3.1. The energy management is given through Fig. 5, which shows the flowchart of the MEM. When
the DC bus voltage is within a margin of 10% around the DC bus voltage of 400 V, it means in the interval of 360 V and 440 V, the
energy management starts. The maximum charge and discharge levels of the storage devices are set at 90% and 20%, respectively. For
the MEM, two cases are considered, one with extra power and the other with a power deficit, as detailed in the sequence:

Case 1: In the presence of surplus power, four modes are possible depending on the batteries and SC SOCs:
Mode ®

In this mode, the load requirements are met, and the battery and the SC have a high SOC. To reduce the energy production, the
MPPT control is stopped for the PV source, and if the same situation (excess power) persists, the MPPT control for the wind source is
also stopped.

Mode @

The energy demands of the loads are satisfied, the SC SOC reaches the high level, so the management system stops charging the SC.
The excess power charges the battery as long as the charge level remains below the maximum permitted level.

Mode ®

In mode 3, the batteries are fully charged to their maximum authorized level. The control disconnects the batteries by imposing a
zero-reference charge current on them. The SC has a SOC below the maximum value, and the excess power is totally sent to charge the
SC.

Mode @

In the presence of excess power, the charge levels of the batteries and SC are simultaneously lower than the maximum authorized

levels. The low-frequency current component charges the batteries, and the high-frequency current component is directed to charge
the SC.

10
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Fig. 6. Control strategy.

Case 2: In the event of a power deficit, four operating modes are distinguished:
Mode ®

In this mode, the batteries and SC SOC are above the authorized lower level. To meet the energy needs, the storage devices are
discharged.

Mode ®
When the battery SOC reaches the lower level, the SC supplies the power requirement.
Mode @

The SC reaches their lowest charge levels and the discharge is stopped. The batteries have a charge level above the lower level and
they continue to discharge to satisfy the power demand.

Mode

The batteries and the SC SOC are simultaneously below the authorized lower level. The discharge of the storage devices are
stopped.

4. Microgrid control strategy

The energy management algorithm and microgrid control strategy are illustrated in Fig. 5 and Fig. 6, respectively. In this section,
the control strategy of the DC microgrid is presented. The control and energy optimization of the sources (PV, wind) is performed by a
FLC (fuzzy logic control). The SMC synthesis is detailed for the control of power flow of the storage devices to the DC bus, in addition to
the control of power delivered to the DC load. At the end of this section, the control principle of the three-phase inverter supplying the
AC load is presented.

11



H. Abouobaida et al. Simulation Modelling Practice and Theory 124 (2023) 102726

r-———"~>"~>""~>"~"""~""~""~"""~"""""~"""""7"7" 71

| FLC

I
: Rule base

!

i

Input 1 —:>

| Fuzzification —{ Interference — Defuzzification Output
Input 2 —Ib

b o e —— —— |

Fig. 7. Components of a fuzzy logic controller.

PV generator DC
N Microgrid
N Boost converter
e
G \ DC
DC
Fuzzy
MPPT control

Byy

d
Ly, p dp,, - L Epv Xpv Ay "
dV depv - S
- R

—>
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Table 1

Rules for PV fuzzy logic control.
ey / de NB NS ZE PS PB
NB NB NB NB NS ZE
NS NB NB NS ZE PS
ZE NB NS ZE PS PB
PS NS ZE PS PB PB
PB Ao} PS PB PB PB

4.1. PV and wind source control

The renewable energy sources (PV, wind) are characterized by a rated power of 3 kW and are controlled to operate at their
maximum power point (MPP) depending on irradiation levels, temperature, and wind speed. The control of the MPP of the boost and
buck converters associated respectively with the PV and wind energy sources, considers the common DC bus voltage, which is fixed at
400 V. The wind and PV source specifications are given in Table 3. Three different MPPT algorithms are tested in Section 5, and these
algorithms are: FLC, P&O, and INC-COND MPPT. In the case of the P&O and INC-COND algorithms used to generate the voltage
reference signal to be regulated, the synthesis of the PID correctors are necessary for the stability study and the generation of the
control law. The FLC principle control is presented in Fig. 7.

The input variables of the FLC are the error (ex) and the derivative of the error (d,). The output variable of the FLC is the duty cycle
variation. The expressions of these variables are given by the following relations of Eq. (34) and Eq. (35):

12
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Table 2
Rules for wind fuzzy logic control.
ey / de NB NS ZE PS PB
NB ZE PB ZE NB NS
NS PS ZE ZE NB NS
ZE ZE ZE ZE ZE ZE
PS PS PB ZE ZE NS
PB PS PB ZE NB ZE
PDC PDC_storage
. I Bus 1 sto
Ic ¥
C —— UBus
Fig. 10. Common DC bus.
o = PFV(k) - P[’V(kfl) (34)
UP"(k) - UPV(kfl)
dg =€) — €(k-1) (35)

where Py, and U,y are the power and voltage PV plant, respectively.

Fig. 8 illustrates the FLC principle applied to the boost converter. Table 1 presents the rules applied by the FLC in the inference
phase, being the acronyms used negative big (NB), negative small (NS), zero (ZE), positive small (PS), positive big (PB). In the next step
of the defuzzification process, the duty cycle variation is determined. The duty cycle (a@)) of the boost converter control is obtained by
Eq. (36).

Ay = Bag — Ap-1) (36)

Such as for the PV source, the FLC to extract the maximum power from the wind source is applied to the buck converter (Fig. 9). The
input variables of the FLC are dP and dV which are the variation of the wind power and the variation of the voltage at the input of the
converter (Table 2), being the output of the FLC the duty cycle. The expressions of the FLC inputs are given by Eq. (37) and Eq. (38).
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o = Py = Pugy 37
Uw(k) - Uw(k,l)
de =€) — €(k-1) (38)

where P, and U,, are the power and voltage wind turbine, respectively.

4.2. DC bus control strategy

The DC bus regulation is a very important part of the energy management of the power flow delivered or collected by the DC bus
(Fig. 10). The objective of DC bus regulation is to regulate the bus voltage at the appropriate level, defined as 400 V, to ensure an
energy balance between production and consumption, share the surplus power or deficit with the batteries and the SC, and also direct
the higher frequency components of the current to the SC. The bus voltage regulation consists of two loops. An external loop dedicated
to the bus voltage regulation, and an internal loop for the battery and SC current regulation. The regulation of the bus voltage can be
performed by several methods, in which is possible to mention the classical linear method using PID control or by innovative non-
linear control methods such as FLC, SMC, among others. In this paper, the study is focused on the regulation of the DC bus voltage,
the battery, and the capacitor currents by applying the SMC.

The DC bus is the common connection point of all the power converters. The power available in the DC bus (Ppc) is the difference
between production (Psp¢) and the consumption (Pypc) is expressed by Eq. (39):

Ppc = PSnc - PLmt (39)

Considering the storage system and based on Fig. 10, which shows the power available in the DC bus and the power sent to the
storages systems, the continuous common DC bus is described by the following relation:

dUBus
dt

C - Upys = Usus * Ius — Ubus * Lo (40)

where Upys - Igys is the power available in the bus, Upys - Iy, is the power received or delivered by the storage devices. C is the
equivalent capacity connected to the DC bus. From Eq. (40), is possible to obtain Eq. (41):

dx _2:Ppc_ 2-Poc,

da~ C C (41)

The error between the bus voltage and reference is described as e; = x — x.f, where X, is the square of the DC bus voltage
reference. The derivative of the error is expressed using Eq. (42):

de 2
d_tl =c (Ppc — Ppc,, ) (42)

The sliding surface (S;) is defined as Eq. (43):

S[ =€ +k] /E] (43)

where k; is a SMC design parameter (k; > 0). The derivative of the surface S; is given by the following expression:

ds 2
T;ZE'(PDC_PDC\r,,)+kI'eI (44

For Lyapunov stability (S.§ < 0) and convergence of the error to zero, the storage current reference is expressed by Eq. (45):
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C C
PDC :PDC +§k2.§'lgn(s)+*k1 - e (45)

2

Where k; is a SMC design parameter (k,> 0). The reference power is composed of two terms, in which the first term represents the

510 of

average component of the power (ﬁpcmmf) and the other term is the power component for higher frequencies (T’DCSW).

+ Ppe,, (46)

ref

Ppe,,,,, = Ppcu,,

ref

and Isc_., respectively) are obtained from the shared power showed in Egs. (47) and

ref ref 3

(48). Fig. 11 illustrates the principle of determining the Iz and Is¢ current references.

The battery and the SC reference currents (I

Ppc,,,

Iy, = U (47)
i)Dcwwr

Isc,, = Use (48)

4.3. Battery and supercapacitor current control

The error between the battery current (Ig) and reference (Ig-f) can be calculated in Eq. (49), while that the error between the SC
current and reference is given by Eq. (50).

ey =1Ip— I, (49)
e3 = Isc — Isc,, (50)
where the I is the battery reference current and Isc,, is the SC reference current.
The derivative of the errors are expressed using Eqs. (51) and (52):
de;  Upa Upis dlg,,
. _ . — 1
a L P a (51)
de;  Ugc Upis  dlsc,,
TS . o 52
dt Ly @56 Ly dt ( )
The sliding surface for battery and SC current control is given by Eq. (53) and (54), respectively.
Sz =e + k3 /62 (53)
S3 =e3+ k4 /63 (54)
where ksand k4 are a SMC design parameter (ks > 0, k4> 0).
The derivative of the surface S, and S3 is given by the following Eq. (55) and (56):
ds,  Upa Upis dls,,
WL L a e %)
dS;  Use Ugpis  dlsc,,
25 g L L
L, B, T a e (56)

For Lyapunov stability (S - S < 0) and convergence of the error to zero, the control law is expressed for a derivative of the sliding
surface, represented by Eqs. (57) and (58):

ds,

= = —kysign(S,) (57)
d.
% = —kssign(Ss) (58)

where kjand ks are a SMC design parameter (k4 > 0), ks > 0).
From Egs. (55) and (57), the battery current control law is given by Eq. (59), while from Eq, 56 and 58, the SC current control law is
given by Eq. (60):
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Fig. 12. Three phase inverter controller.

Table 3
System specifications.
Parameter Value Parameter Value
PV generator Supercapacitor
Optimal PV power (Ppyop) 1492 W Initial supercapacitor voltage (Vsc inir) 209 V
Optimal PV voltage (Upvops) 203V Supercapacitor rated capacity (Csc) 10F
Optimal PV current (Upyope) 7.35 A DC Bus
Open-circuit voltage (V,.) 254.1V DC bus voltage (Vgys) 400 V
Short circuit current (I;) 7.84 A Capacitor DC Bus (Cgys) 3000 pF
Wind turbine DC-DC converter
Power coefficient (Cp) 0.43 Inductors (L; = Ly = Ls) 10 mH
Optimal wind power (Py, o0 1520 W Inductors (L3 = Lg) 2 mH
Blade radius (R) 4m Resistance (R;) 30Q
Battery DC-AC converter
Battery nominal voltage (Vg n) 215 Inductors (Lg) 3 mH
Battery rated capacity (Cp) 2 Ah Maximum Voltage (Vs max) 150 V
A3q = L {k4sign(S2) + Usa _ s, +ks- ez] (59)
Bus L3 dt
As6 = L {kssign(Ss) +ﬁ — a34% — d—ISCM +ky - 93} (60)
Usc L,

Ls dt

4.1. Control of DC and AC load terminal voltages

Depending on the user necessity, the voltage across the DC load is regulated to a voltage less than or equal to the DC bus voltage.
This control allows a wide flexibility of DC loads to be connected to the DC microgrid. The error between the DC load voltage (Ur) and

its reference, is given by Eq. (61):
ey = UL - UL

ref

Uy, is the reference voltage of the DC load.
The derivative of the error is expressed using Eq. (62).

des _ e — Ut
dt77 DC R,
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Fig. 13. Case 1 - a) Irradiation; b) Wind speed; c¢) PV power; d) Wind power; e) DC bus voltage; f) Zoom of the DC bus voltage.

The sliding surface, is given by:

S4=6’4+k6/€4

Where k¢ is a SMC design parameter (k¢> 0).
The derivative of the surface S, is given by the Eq. (64):
dS,

U,
— = - 1 — — 4 ke -
ar 7+ Ipc RL+ 6" €4

Time (s)

()
(63)
(64)

For Lyapunov stability (S.S < 0) and convergence of the error to zero, the control law is expressed for a derivative of the sliding
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surface equal to:

ds
7; = —ky - sign(Sy) (65)

k; is a SMC design parameter (k; > 0).
Using Egs. (64) and (65), the control law is given by the following Eq. (66):

Cs X U,
— =5 % k-
O = | Hesign(S) + g e ke (66)

The three-phase inverter is inserted between the DC bus and the AC load. The control objective of this converter is to obtain a three-
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Fig. 15. Total harmonic distortion of the AC line voltage.

phase system with a maximum value of 150 V and a frequency of 50 Hz while minimizing the distortion rate. The control principle of
the three-phase inverter is based on the dq transformation which delivers two components, one direct and the other in quadrature for
the voltage and current vectors [24]. An external loop is dedicated to the regulation of the dq voltage components and another internal
loop ensures the regulation of the dq current components. In order to simplify, the current loop is not shown in Fig. 12. A PLL (phase
locked loop) detects the phase used to determine the dq components based on the use of a rotating reference frame. This control
principle is called vector control whose principle is identical to the control of electrical machines. The control principle of the
three-phase inverter is given in Fig. 12.

5. Simulation results

The energy management method (Fig. 5) and control strategy (Fig. 6) discussed in the previous sections are simulated using the
Matlab/Simulink® platform. The simulation parameters are given in Table 3. The simulations were performed considering two cases,
being the first one considering a variation of irradiation and wind speed, and the second considering a variation of power demanded by
the load.

Case 1: Irradiation and wind speed variation

In case 1 is considered constant DC and AC load, and the objective is to compare the performance of three MPPT algorithms: FLC,
IN-COND, and P&O. The solar irradiation profile is given in Fig. 13a. The solar irradiation intensity varies between 400 W/m? and
1000 W/m?2. The wind profile is given in Fig. 13b, where it is possible to observe a variation between 8 m/s and 12 m/s.

The respective PV power generated according to the irradiation profile is given in Fig. 13c. The power of 1490 W corresponds to the
maximum power for a 1000 W/m? irradiation and a temperature of 25°C. For the control of photovoltaic power in the transient state, it
is noticed that the three algorithms find the optimal point in less than 1s (Fig. 13c). According to these results, it can be concluded that
the three algorithms ensure maximum power point tracking with almost identical tracking performance. A small difference between
these algorithms is observed in the transient regime, in which the MPPT based on FLC is faster, detecting the optimal point in less than
0.5 s (Fig. 13c).

For the control of wind power, in steady state and for a wind speed of 12 m/s, the wind power is equal to 1520 W for the three
algorithms (Fig. 13d). It is concluded that there is no significant difference between the performances of these algorithms. These MPPT
are suitable for use in DC microgrids and allow better tracking of the maximum power point despite the relatively high speed change of
the wind profile. To conclude, the efficiency of the MPPT algorithms are almost unitary. According to the manufacturer’s specifications
and the simulations performed the energy production of the photovoltaic and wind turbine sources, for the irradiation and wind speed
levels, proof that these generators provide their maximum power.

Fig. 13e shows the DC bus voltage. The bus voltage is regulated to its reference value of 400V, and this voltage is shown for the
MPPT algorithms reported earlier. For all MPPTs, the voltage returns to its reference value after 2s of the transient period. During
changes in irradiation and wind speed, the power injected into the DC bus changes. The DC voltage on this bus varies slightly, as seen in
Fig. 13e. However, the DC voltage remains in adequate levels. It is noted when using the FLC MPPT, the maximum deviation recorded
isequal to 6.5V att = 5.1 s, whereas the maximum deviation recorded when using the P&O/INC-COND algorithms is equalto5 Vatt =
5.1 s. Considering these facts, it is possible to conclude that despite the application of rapid variations in wind speed and solar irra-
diation, the DC bus voltage follows the set point of 400 V. In other words, the bus voltage is not very sensitive to abrupt climate
variations and it is kept stable around its reference value (Fig. 13f).
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Case 2: Irradiation step, wind speed step and load power change

In Case 2, the microgrid system is submitted to three successive changes, an increase in irradiance (Fig. 14a) from 800 W/m? to
1000 W/m2att = 4s, a decrease in wind speed (Fig. 14b) from 12 m/s to 10 m/s at t = 6s, and an increase in power absorbed by the DC
and AC loads from 1330 W to 1600 W at t = 8s (Fig. 14c). The temperature is maintained at 25°C. The objective in this case is to
evaluate the performance of the control methods: (i) SMC, (ii) PID, and (iii) PID-SMC. At the simulation start time, the irradiation is
equal to 800 W/m?, the wind speed is 12 m/s, and the power consumed by the load is 1330 W. Fig. 14d shows the DC bus voltage. It is
noticed that the DC bus voltage finds the reference in less than 0.1s for the SMC method. In contrast, the time necessary for the PID and
PID-SMC is 1s. If the comparison criteria are response or tracking time, the SMC offers an improved response speed with 10 times less
tracking time. In steady state, the SMC control method allows a more stable response with small or negligible deviations around the
reference compared to other control methods. Contrary to the SMC control, it is possible to notice that the deviation of the DC bus
voltage is more evident for the PID and PID-SMC. This deviation reaches 3V in the case of PID and PID-SMC, which corresponds to a
relative deviation of 0.75%. In contrast, this deviation is less than 1V in the case of SMC, which corresponds to a relative deviation of
0.25% of the DC bus voltage, thus being three times smaller. From the above results, it is concluded that the SMC allows regulation of
the DC bus voltage with the lowest deviation around its reference, in comparison with the other methods. Fig. 14e illustrates the
different powers of the DC microgrid. Four intervals are distinguished:

e During the time interval from O to 4s, the PV and wind generator provide a power of 1.2 kW and 1.52 kW, respectively. The power
fluctuations are directed at the SC. The battery charges in this time interval with a power of 1.22kW. In principle, if the power
consumption of the DC and AC loads is subtracted from the power generated by the PV and wind systems, the remaining power is
equal to 1.39 kW. This power is the effective power delivered by the storage devices in the DC bus. The difference between the
power of the storage devices and the power available on the DC bus represents the losses in the static converters. The power losses
are equal to 175 W (1.39 kW - 1.22 kW). These losses represent 6.4 % of the total power produced.

During the time interval from 4 to 6s, the PV generator power increases and reaches its peak power of 1.49 kW. The wind power
remains at the same value of 1.52 kW. The total produced power is equal to 3.01 kW. The increase in the photovoltaic power causes a
power fluctuation in the DC bus, which is intercepted by the SC at time t = 4s. The DC and AC loads consume 1.33 kW. The power
directed to charge the battery is equal to 1.6 kW, making this power bigger than the first time interval, since an increase is noted in the
PV power. The low frequency current component is directed to charge the battery, which guarantees low stress for this device. The
high frequency current component is directed to the SC. The power available on the DC bus is equal to 1.41 kW. The difference be-
tween the available power and the battery charging power represents the losses in the static converters. The power losses are equal to
190 W. These losses represent 6.3% of the total power produced. The same remarks are made for the remaining time of the simulation.

To conclude, the proposed energy management method ensures better speed and regulation of the DC bus voltage with maximum
deviations of approximately 1V (0.25%), therefore ensuring compliance with the standard IEEE std-519-1992 of +/-5 % allowed limit.

Fig. 15 illustrates the total harmonic distortion (THD) spectrum of the AC voltage destined to supply the AC load. The fundamental
of the AC voltage has a frequency of 50 Hz and is regulated at 151V with a distortion rate of 0.25%.

In Fig. 16, the results obtained by this paper are summarized. Fig. 16a shows the performance of the SMC in terms of speed and
maximum deviation of the DC bus voltage. It can be concluded that the SMC offers better performance than the other control methods.
Regarding the MPPT algorithms in Fig. 16b, all the control methods allow the maximum power point tracking with almost the same
performance. The FLC was characterized by an optimal detection time, four times lower than the other MPPT algorithms. Fig. 16¢
shows the results of the proposed method in comparison with the results in [43]. This figure shows that the deviation in the DC bus
obtained in the present paper reached a lower deviation with an improved response time.

5. Conclusions

In this paper, a microgrid system based on PV source, wind generator, battery, supercapacitor, and AC/DC loads operating in
autonomous mode are studied. The modeling of the constituent elements of the microgrid, based on the average equivalent model, are
presented. Three MPPT methods (INC-COND, P&O, and FLC) are performed in order to maximize the power extracted from the PV and
wind sources. The simulation results show the superiority of the FLC MPPT compared to the other conventional methods. The storage
devices are controlled in order to meet the energy demand and ensure a balance between energy production and consumption. The
batteries and supercapacitor are controlled through a bidirectional current converter, in which the high frequency power components
are directed to the supercapacitor, contributing to increasing the battery life and meeting the transient energy needs. Energy man-
agement and control are performed using sliding mode control in order to achieve a balance between energy production and demand.
Stability was ensured in the application of the SMC by the Lyapunov theorem. The proposed control method proved to perform better,
since the reference value was reached three times faster compared to PID and PID-SMC. Another improvement is recorded in the three-
phase inverter control that produces a sinusoidal voltage with a fundamental amplitude of 150 V and a frequency of 50 Hz. A lower
distortion is recorded compared to another paper in the literature (THD = 0.25%). It is important to emphasize that the energy
management strategy presents limitations in particular cases, such as the full discharge or full load of storage devices below or above
selected limits. This limitation can be solved by storage system expansion or connecting the microgrid system to the utility grid, thus
allowing flexible energy management and guaranteeing a balance between production and consumption, without the need to stop the
MPPT control of the renewable resources.
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