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Abstract: The present work addresses the modelling, control, and simulation of a microgrid inte-
grated wind power system with Doubly Fed Induction Generator (DFIG) using a hybrid energy
storage system. In order to improve the quality of the waveforms (voltages and currents) supplied
to the grid, instead of a two level-inverter, the rotor of the DFIG is supplied using a three-level
inverter. A new adaptive algorithm based on combined Direct Reactive Power Control (DRPC) and
fuzzy logic controls techniques is applied to the proposed topology. In this work, two topologies
are proposed. In the first one, the active power injected into the grid is smoothened by using an
economical hybrid battery and supercapacitor energy storage system. However, in the second one,
the excess wind energy is used to produce and store the hydrogen, and then a solid oxide fuel cell
system (SOFC) is utilized to regenerate electricity by using the stored hydrogen when there is not
enough wind energy. To avoid overcharging, deep discharging of batteries, to mitigate fluctuations
due to wind speed variations, and to fulfil the requirement of the load profile, a power management
algorithm is implemented. This algorithm ensures smooth output power in the first topology and
service continuity in the second. The modelling and simulation results are presented and analysed
using Matlab/Simulink.

Keywords: hybrid energy storage system; smart microgrid; supercapacitor; energy management
system; direct reactive power control; three-level inverter; DFIG

1. Introduction

Current emphases on renewable energy sources (RESs) have led to a high volume of
integration of hybrid systems to smart grids. This high integration leads to some problems
regarding the power quality, reliability, and stability of the electrical grid system [1]. The
possible solution is the microgrid, which exhibits less power fluctuation, improved power
quality, energy, and lower unbalance due to the hybrid renewable sources provided by the
Electrical Energy Storage Systems (EESSs) [2,3]. Suitable EESSs could provide a crucial
approach to overcome the uncertainties and intermittency of the RESs” generations [1,3,4].
Generally, EESS permits a reliable electricity production that can be used at high generation
cost, high demand, or when no other generation means are available [2-6]. The various
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energy storage systems are classified according to two criteria: function and form. Ac-
cording to function criteria, EESS technologies can be classified into high power ratings,
including super capacitors, Superconducting Magnetic Energy Storage (SMES), batteries
and flywheels [6], and those for energy management, such as fuel cells (FC), large-scale
batteries, solar cells, and flow batteries [7-9]. In terms of form, electrical power is stored in
other forms, e.g., chemical energy storage, thermal energy storage, and mechanical energy
storage [6-9], and can be converted back into electrical energy when needed. The EESS is a
desirable option to withstand the power fluctuations and ensures micro- grid autonomy.
Thus, a Hybrid Energy Storage System (HESS) is a necessity [4,6,8]. However, the battery’s
charge and discharge cycles highly affect the lifetime of these systems [2,8-12]. Thus, to
improve the energy supply reliability of the Wind Turbine (WT) system, a third energy
source is mandatory. The third energy source system needs to be chosen according to
the storage system’s advantages and form. For this application, a Super capacitor Energy
Storage System (SCESS) is used for power balance [12-15], in combination with a fuel cell
and electrolyzer for energy quality improvements [8,9].

Recently, a significant increase in interest in DC loads can be observed in the litera-
ture [16,17]. These DC loads need to be supplied from the AC grid, requiring embedded
DC/DC and AC/DC converters. However, the closed-loop efficiency can be affected in
cases where the DC or AC grid is associated with multiple reverse conversions, causing
additional losses. Individual AC grids or DC grids associated with a hybrid AC/DC micro-
grid connected through a bidirectional converter is considered a solution to address these
reverse conversions [16-21]. Several micro-grid configurations based on RES associated
with HESS have been proposed in the literature. In [19], a hybrid micro-grid based on
solar energy, WI-DFIG, and an FC was proposed to overcome the multiple conversions.
However, the use of batteries to support the FC operations and power management has
not been considered. The proposed controller for the DFIG introduces a non-negligible
handicap concerning the robustness of the system. Moreover, the impact pitch angle control
has not been considered in [19,20].

In [20], the proposed synchronous compensator to supply the reactive power, while
the wind turbine generator is called upon to supply only active power, is expensive and in-
troduces additional control complexity. In [22], the authors proposed that micro-grid-based
hybrid power sources comprise FC and electrolyzer associated with a Battery Bank Energy
Storage System (BBESS), with confirmed performances and efficiency. However, for maxi-
mum efficiency and power optimization/stability, a three-level inverter is required, which
generates output voltages with very low distortion and reduced dv/dt stresses [23,24].
Accessibility to DC and AC grids is the most advantageous of the proposed configurations.
These topologies permit a better AC grid voltage, efficient control, high power quality,
continuous service, and local reactive power compensation. Furthermore, the flexibility of
power management is significantly improved for the micro-grid based on multiple sources
topology even when connected to the electrical grid. Nevertheless, the application of the
DRPC technique for a multilevel inverter rotor-powered DFIG associated with hybrid
energy storage systems has not been treated in the literature, especially when taking into
account the random nature of wind and its sudden changes. This paper demonstrates this
system’s performance and robustness, taking into account the random nature of wind and
the variable profile of the required active-reactive energies.

In this paper, two topologies are proposed. In the first one (Figure 1a), the active
power injected into the grid can be smoothened by using an economical hybrid battery
and super capacitor energy storage system. This topology can be perfectly adapted as
an economic and ecological solution to the needs of agricultural and livestock farms. In
addition to electricity generation, wind turbines are also suitable for pumping water in
rural areas. Indeed, the mechanical force can be directly used to raise water to the surface.
This topology can increase the local electricity network’s stability and increase security
of supply at a local level, thus contributing to a region’s self-sufficiency. However, in the
second one (Figure 1b), the wind excess energy is used to produce and store the hydrogen
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Battery Bank
Variable DC Load

and the 5kW solid oxide fuel cell system (SOFC) can regenerate electricity by using the
stored hydrogen when there is not enough of wind energy. This solution can be adapted
as an electric charging station for a future ecological electric vehicle. It can be used for
charging fuel cells or a fully electric vehicle. A comparative analysis of the proposed
topology and control with some tabulated references is addressed in Table 1 is addressed.
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Figure 1. Studied system structure: (a) WI-DFIG and associated with BBESS and SCESS, (b) WT-DFIG and associated
hybrid energy systems, FC and electrolyzer associated to BBESS.
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Table 1. Comparative analysis of the proposed strategy with recent references.

The Novelty of the Proposed

Ref. Microgrid Elements Method Main Contribution
Strategy
PV-Diesel . . . .
[16] Generator-BESS-Loads Control DC microgrid ~ Adaptive Backstepping
PV-Wind-BBSS- Two low-complexity ~ ®  Reactive power control
[25] Residence Energy Management FLC and management
— according to AC grid
[26] PV-Wind-BBSS-Load Energy Super Twisting requirement.
Management Fractional Order . Hybrid energy storage
Two Feed-Back control with supercapacitor. .
[27] PV-Wind-BBSS-SOFC- Coordinated control loops and * Improve t.he output actllve
Loads Feed-Forward control and reactive power using
loop DRPC and ML converter.
E Jaoti e  Reduce the generated
[28] PV-BBSS-Loads M nergy . q adap “’f , current THD.
anagemen Toop contro ° Consider the weather and
ELDC+ DC loads Distribution Voltage . . the load variations to test
[29] (Houses) Control FLC + Gain scheduling the robustness during
DRPC with FLC + long time (600 s).
Proposed Wind-BBSS-SC-SOFC Enfergy management + -\ p jiilevel converter +
strategy Wind system Control DC control

The rest of the present work is organized as follows: in Section 2, the description
of the proposed micro-grid hybrid energy system is explained. The proposed controller
design and power management systems are given in Section 3. Section 4 presents several
simulation tests, carried out under different conditions to show the effectiveness of the
proposed systems. Finally, the main conclusions are presented in Section 5.

2. Description of the Proposed Micro-grid Hybrid Energy System

The system under study with a hybrid energy source is constituted by a WI-DFIG
indirect frequency converter (AC/DC/AC) with a common DC bus and HESS, as depicted
in Figure 1. A Maximum Power Point Tracking (MPPT) algorithm is selected to regulate the
speed of the WT for maximum power extraction (see Figure 2). The WI-DFIG is associated
with hybrid ESS combining the BBESS and SCESS to an FC with an electrolyzer system

combined with BBESS, as shown in Figure 1a,b, respectively.
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Figure 2. Operation regions of WT.
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2.1. Model Development for the Wind Energy Conversion

The aerodynamic power that can be captured by the turbine is given as follows [20,30]:

P = 2 0Cp (B, VAV M)
where, Pp, is the mechanical power of the wind turbine, C,, is the power coefficient, {3 is
the blade angle, A is the speed ratio, A is area swept by the rotor blades, and Vi is the
wind speed. An AC/DC/AC converter is used to partially connect the DFIG with the grid,
controlled by using the proposed Direct Reactive Power Control (DRPC) as depicted in
Figure 3 [31]. The model of the DFIG expressed as given below [20,30]:

dia — 1y — M3 Rigy + wsLeisq + wsMi;
dt Lo | Vsd dt sd q q
di di . . .
éstq = L% Vsq — M% — Rsigq — wsLsisg — wsMirg
di . .
dig _ 1 Vig—M dstd — Ryipg + (ws — w)Lrqu )
dt L +(ws — w)Migq
. di . .
dértq _ % Viq = M58 — Reirg — (ws — w)Lyig
d —(ws — w)Migq

where, Vg4 and Vyq are the stator voltages, V.4 and Viq are the rotor voltages, I3 and
Isq are the stator voltages, I,4 and I,q are the rotor currents, Rs and R, are the stator and
rotor phase resistances, respectively; Is and Ir are the stator and rotor leakage inductances,
M is the magnetizing inductance, ws and w are the grid and mechanical pulsation, and

Li=1l+M
{ Lr=1L+M
flux magnitude and the electromagnetic torque. They are estimated from the components
of the rotor flux and the calculated values of the rotor current’s « and 3 axes, as given
below [18,30,31]:

Pra(t) = [3(Vea — Rriro)dt \/ﬁ
. = O /D +&® 3
{ Drg (1) = fo(vep — Reirp)dt ry/ Pra + Prp 3)

Tem = P(q)rocirﬁ - cerircx) 4)

where, ®;«, ®;p, and P, are the rotor flux components along « and (3 rotor axes and the
rotor flux, Tem is the DFIG electromagnetic torque, and p is the pair pole numbers. The
principle of the proposed control technique is based on the DRPC applied to the three-level
inverter. It is directly inspired by the system used in two level-inverter cases, as described
in [22,31]. The active output power is controlled by the electromagnetic torque, while the
reactive power is controlled by the rotor flux magnitude, which is computed by the selected
fuzzy logic strategy.

. The Direct Torque Control (DTC) is based on the regulation of the rotor
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Figure 3. Representation of the DRPC scheme applied to WT-DFIG.

Each level is schematized by three switches to analyze the potential generated by
the inverter, which allows for the ability to independently connect the rotor inputs to the
source potentials (represented by V4./2, 0, and —V4./2). By using the af3-subspace, a
voltage vector is computed and combined with the rotor flux spatial position. Thus, the
different state number for this vector is 19, since the same voltage vector is computed
by some of the 27 possible combinations, as shown in Figure 4. The three-level inverter
space voltage vector diagram is divided into twelve sectors using the diagonal between
the adjacent medium and the long vector. Thus, the optimal vector is selected from the
rotor flux linkage and torque errors from all the 19 different available vectors, as shown
in Figure 4. The controller design process structure is based on the hysteresis controller
output relating to the variable torque (Cq), the variable-flux (Cgy), and the rotor flux
vector position (sector N). If the torque comparator’s output is high or equal to two, the
inverter state is considered high; otherwise, the state is low. Boolean variable Cyq is used to
represent the output of this corrector, which indicates whether the amplitude of the torque
must be increased, decreased, or maintained constant, as expressed below:

If Atr > &g, Then; Cyq = +2
If — Etry < Atr < Etry % > 0 Then; Ctrq =+1
If — ey, < Atr < g, % < 0Then; Cyq = +2
If 0< Atr < ey, 4F >0 Then; Cyqg =0
If0 < Atr < ey, 2% < 0Then; Cyq = +1
If — ey, <Atr <0 4F > 0Then; Cyrq = —1
If —eg, < Atr <0 4F > 0Then; Cyq =0
If — ey, <Atr < —gyy % > 0 Then; Cyq = -2
If —ey, <Atr < —ggy % > 0 Then; Cyq = —1
If Atr < —éetr, Then; Cpq = —2

©)
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where, Atr is the electromagnetic torque error and ¢, is the torque hysteresis band state
of switch. The output of the flux corrector is represented by Cg,, which indicates directly
if the amplitude of flux must be maintained constant (Cgy = 0), decreased (Cgy, = —1), or
increased (Cgy = 1), as to maintain: | P, o — $; | < Ay, as follows:

If A, > eqyx Then; Cqy = +1
If0 < Ady < eqx & 285 > 0 Then; Cqy =0
If0 < Ad, < eny & 2Pr < 0 Then; Cg, = +1
If — g, < Adp< 0& “Px >0 Then; Cg, = —1
If —eg, < Ady < 0& 28 < 0 Then; Cgy = 0
If A, < —egy Then; Cqy = —1

(6)

where, A}, denotes the error of the rotor flux and &gy is the flux hysteresis band state of
switch. The optimally selected voltage vector is chosen using one of the solutions adopted,
which is the commutation table represented by Table 2. By analyzing each available voltage
vector’s effect, it can be deduced that the torque and flux linkage is affected by the variation
of the direction and module of the selected vector. To reduce the commutations number in
the inverter’s legs, the null voltages vectors (V, V7, and V14) are chosen alternately [23,31].
Thus, the DFIG compensates for the reactive power exchanged between the bus bar from
the AC side (Qyg) and the proposed system by knowing that the DC/AC converter II
output is operating at unity power factor, as described in [22,31].

Vo 000
v, 111

el Vzi___~'" Vo Vi 222

Figure 4. Space voltage vector diagram (case of twelve sectors with the null voltages vectors) DFIG.
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Table 2. DTC Commutation table of the three-level inverter.

Cix  Cirg

2 Vo Ve Vo Viz Va3 Vig Vg Vig Vas  Vyp Vg Vis
1 Vyy Vo Vm V3 Va3 Vg Vy Vs Vi Ve Vi V3

+1
0 Zero vector
-1 Vy Vi Va Vo Vo Vi Vi Vi Vu Vs Vi Vg
-2 Vi Vis Va Vie Vo Viz Vi Vig Vo Vig Vs Vy
+2 Vg Vo Vig Vo Vig Vas Voo Ve Vis Vo Vig Va
Vs Vs Vo Vo Vs Vs Ve Ve Vi V. Vo Vm
0 Zero vector
-1 Vs Vs Vg Vg Vi Va Vo Vo V3 V3 Vi Vn
-2 Vg Vs Vo Ve Vis Vo Vie Vo Viz Vi Vi Vi
+2 Vyp Viz Vaz Vig Vo Vig Vs Vi Ve Vis Vi Vi
0 +1 Vap Va Vi Vo Vu Vs Vs Ve Vy Vi Va V2

0 Zero vector
-1 Vs Vg Vo Vi Vi Vo Vi V3 V3 Vy Vy Vs
=2 Vs Vy Vi Vis Va Vig Vo Viz Va3 Vig Vy Vy

In order to be efficient with the system demands, it is important to size the super
capacitors properly. In this case, the super capacitors must be able to provide a power of
7.5 kW for one hour (3600 s), the voltage at their terminals is around 440 V. This voltage
level was obtained by putting several elements in series (176 elements with a nominal
voltage of 2.5 V). The equivalent capacity is calculated from the following equations:

Psc = Usc-Isc @)
P 7500
lsc = o = g0 = 705 A 8)
Qsc = (Isc) t = 17.045 (3600) = 61,362C )

Cor — Qgc _ 61,362
¢ Usc 440
Therefore, the super capacitor size must be higher than 139.46 E. Where, Psc, Usc, Isc,

Qsc, and Cgc represent the super capacitor power, the super capacitor voltage, the super
capacitor current, the super capacitor charge, and capacitance respectively.

= 13946 F (10)

2.2. Model Development for the Supercapacitor

The literature review concerning super capacitor Modelling can be divided into two
groups using equivalent circuits. A nonlinear equivalent capacitance is adopted concerning
the first group [32], while the super capacitor relaxation long-rang phenomena are taken
into account via the application of fractional differentiation in Modelling [33]. In the
present work, the super capacitor model is based on a simplified (R, C) model that is
more suitable for applications where the capacitor’s energy stored in the capacitor is of
primary importance [20]. It consists of an equivalent series resistance ESR and a non-linear
capacitance C(vgq), as depicted by Figure 5. The super capacitor parameters are identified
using the constant current tests method [34,35].
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Figure 5. Super capacitor Modelling [36]: (a) Super capacitor model, (b) experimental results
compared with simulation result of super capacitor charge and discharge modes.
2.3. Model Development for the Battery Bank

In this application a standard battery model is selected and modeled as described
below [22,37]:

VBat =E- Rin'IBat (11)

E=EF-K—— 4+ A. —B- dt 12

0 Q—k [ i dt + A-exp iy (12)
A _ Qq _ o Ipat

SOC(%) =100{( 1 =100( 1 t (13)
Cbat Cbat

where, Esc, VBat, Igat, Qq, and Cg,y are the battery electromotive force, the battery voltage,
the battery current, ampere-hours stored, and internal capacity, respectively.

The Battery State of Charge (SOC), the amount of electricity stored during the charge,
is an important parameter to be controlled. The battery SOC must be detectable by the
proposed supervisory system to make decisions according to its status and the required
power. In the battery the ampere-hours stored during a time, t corresponds to Qq4, with a
nominal capacity Cbat and a charging current Ip,;.

2.4. Model Development for the Fuel Cell

Today, renewable energies are considered as an inescapable solution to reduce the
dependence of society on fossil fuels. Thus, the use of hydrogen as an energy carrier is
currently considered an exciting option in the energy transition trend, especially when
renewable energy sources produce hydrogen. Among all fuel cell types, the solid oxide
fuel cell (SOFC) is the most efficient one, and its efficiency is 70%. The SOFC has two major
advantages over low-temperature types. First, it can achieve high electric efficiencies; this
makes them particularly attractive for fuel-efficient stationary power generation. Second,
the high operating temperatures allow for the direct internal processing of fuels such as
natural gas. This reduces the system complexity compared with low-temperature power
plants, which require hydrogen generation in an additional process step. The fact that
high temperature fuel cells cannot easily be turned off is acceptable in the stationary sector,
but most likely only there. The SOFC is also the most commercially-used system with the
highest operating life. Moreover, the obtained water can be transported through steam
turbines to produce more electricity, thus increasing the system efficiency. The SOFC
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consists of two electrodes separated by an electrolyte. The anode is fed with hydrogen and
the cathode with oxygen [38]. The hydrogen oxidation takes place at the anode, whereas
the oxygen reduction takes place at the cathode. The electrolyte allows the passage of ions
and the electrons derived from the oxidation to move through the external circuit from the
anode to the cathode. This principle is common to all fuel cells, while the type of electrolyte,
geometry, and gas supply differ from one type to another, as shown in Figure 6 [39]. A
fuel cell is a promising technology for micro-grid applications and direct power generation.
It is a device that permits the conversion of chemical energy into electrical energy with a
higher efficiency [22].

Figure 6. Schematic diagram of the fuel cell (SOFC type).

Equation (10) shows the combustion reaction with the simplest fuel separated by
hydrogen on two characteristic half-sequences of SOFC fuel cells. The ideal open circuit
cell voltage is given by the Nernst equation:

AG RT (PryoPh
VNemst = — 55 — 55 In (2—(;:;) (14)
2F 2F Pm2PoG,

where, VNernst is Nernst voltage, which is the thermodynamic potential of the cell repre-
senting its reversible voltage, AG is Gibbs free energy from the reaction and pys is the
standard pressure 0.1 MPa. The Nernst potential is reduced when the electrical cell circuit
is closed and given by the following equation:

cell . cell
Vcell = VNernst - Acell In (%) - 1cellRincell - Bcell In (1 - %) . (15)

where, V. is the cell voltage in the stack, i.ey, ip, and i, are the operating exchange
current of the cell and the limiting current at which the fuel is used up at a rate equal to
its maximum supply rate, respectively. Ry, is the inherent resistance of the fuel cell,
A e and B are the numerical constant coefficients of the fuel cell. The instantaneous
change of the effective partial pressures of hydrogen and water vapor in the anode gas
flow channel can be determined through the ideal gas equations, as follows [40]:

dpfl  RT[2Ma/ i ) i

at = v, | pw (PR PL) ~ 5 16)
a

dpilo  RT[2M, | . i

at = v, | po (Plio ~Piko) ~ 5 a7

dpd,  RT[2M,/ @y

G = v, | po (P8 PG) o (18)
a
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Figure 7 shows the P-V and I-V characteristics using the developed model
(Equations (14)-(18)) [41]. The FC stack is the input, and the output is the FC voltage.
For a single cell, this voltage is expressed as [42]:

Vcr = ncpVeen (19)

~— —

Current (mA)

Figure 7. Fuel cell polarisation curves.

2.5. Model Development for the Electorlyzer

Three primary technologies are available in the electrolysis process proton exchange:
Membrane electrolyzer, alkaline electrolyzer, and solid oxide electrolyzer (SOE). The high
operating temperature of SOE systems, which are 550-1100 °C during working tempera-
tures, removes the requirement for costly catalysts and enhances conversion efficiency and
system integration potential. The high working temperature also offers the opportunity to
use existing steam or heat sources for water to steam to minimize the energy input required
for the SOE system. The decomposition of the water into oxygen and hydrogen is realized
by an electrical current flow via the electrolyzer which is represented by the empirical Vi,
(Iglec) equation given bellow [13,22]:

ri +1nT
VElec = Urev + (1A71)IElec +k (20)
Elec
k k I
k = Kgjeo ln[(le + <;2) + (;;)) :Ellec + 1] (21)
ec

where r; and r; represent the ohmic resistances parameters of the electrolyzer, kgiec, k1,
ktp, and kt3 are overvoltage parameters. Agj. denotes the cell electrode area.

3. Power Management and DC-Grid Voltage Control

The main objective of the power management strategy is to ensure a sufficient level
of power quality which depends on the form of the stored energy. Two case studies have
been undertaken to analyse the power management strategy.

3.1. Hybrid Storage System with BBESS and SCESS

In this case, two buck-boost DC (BBDC) converters, via the DC-grid side, are connected,
respectively, to the bank battery or super capacitor energy storage systems (BBESS or
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SCESS). The BBDC converter control aims to maintain the DC voltage at its set value
and adopt the BBESS or SCESS discharge/charge according to the demand. The BBESS
buck-boost DC converter and its control are illustrated in Figure 8, where a hysteresis band
control is used to switch the BBDC converter Spp; and Sgpy, where the controller output of
the battery bank is the reference current (see Figure 8b). The buck-boost converter permits
the BBESS to maintain voltage lower than the reference voltage (Vc.ref) of the DC-grid.
Thus, several parallel-series-connected batteries are often necessary.

PI Controller

AI_A_“_

A e
BBESS

++ oy [ R . Sum
I SOCua [ S0C

4+ 4 A

(a) (b)

Figure 8. Buck-boost DC converter associated with BBESS, power circuit and control: (a) Buck-boost converter associated
with BBESS, (b) schematic diagram of BBDC converter controller associated with BBESS.

The BBESS rating is designed to provide in one hour approximately 6 kW. This rating

is expressed as:

P -t
Chatt = - )
Ubatt * Nbatt - MDPp¢

where, M4t is the battery efficiency, it is taken 100% = 1, and MDPy,y; is the maximum
depth of discharge, which is taken in this study as 0.6 (SOCpax — SOCin = 0.8 — 0.2).

6 kW x 1h
420V x 0.6 x1

=2381 Ah (23)

In this work, the charge/discharge of the battery is taken with an SOC range from 25%
to 75% instead of 20% to 80% [22]. Given the power requirement and weather conditions,
SCESS or BBESS can be considered either as a sink or power source. In case of hybrid
power deficit/surplus, its charge/discharge should be within specified limits. The BBESS
cannot feed the power instantaneously, given its inability to regulate the DC-grid voltage
during transient state and its dynamic response, which is slow. Thus, a supercapacitor
energy storage system is required, and a second BBDC converter is integrated between the
DC-grid and the SCESS to increase the BBESS power when it is at low levels.

Figures 9 and 10 show the above-discussed control coordination flowchart among
various sources. The associated BBESS and BBDC converter ensures the DC-grid voltage
control. The desired current of the BBESS is computed by the power flow available at the
DC-grid, as depicted in Figure 9. This power flow is executed by the proposed energy
management system (see Figure 10). The energy management strategy continuously
requires the SCESS to provide an instantaneous power, and the BBESS provides an average
power. Figure 9 shows that, when the battery SOC reaches 25% in the discharge mode or
75% charge mode, the super capacitor stores or provides the deficit or the excess required
power.



Energies 2021, 14, 5722

13 of 31

| Measure Vg & Py |

Check BB SOC
If SOC <0.75

Check BB SOC
If SOC=0.25

Yes Yes

Y A

Charge the Dicharge the
Battery and Battery and
supercapacitor | [Give surplus power Supercapacitor will supercapacitor
from Wind to Supercapacitor maintain power from power
Turbine: i N demand required:

o Pxet = Psc. P2 =0 o
Pyet =Ppa + Psc Pyt =Psc. Ppz=0 |[[Pyet =Pratt Psc

Figure 9. Flowchart for DC-grid voltage control, in the first case.
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Figure 10. Studied system structure.

In case of lower demand and a high wind energy generation, the BBESS receives
the surplus power until it reaches its charge limit, since the SCESS supports the battery
operations in rapid power variations, and then the super capacitor absorbs the additional
power which is regulated via the BBDC (see Figures 9 and 10, where the management
algorithm of the studied system is used for the first case, i.e., the Battery-Super-capacitor
storage system, and there is no legend in this figure). Moreover, it contains the conditions
and the equations. In case of low wind energy, the BBESS supplies the power requirement
even for high demands supported by SCESS up to the SOC lower limit. The SCESS ensures
service continuity by supplying the power requirement when the BBESS reaches its lower
limit.

3.2. Hybrid Storage System with Battery Bank and FC Combined with Electrolyzer

For this second case, the SOC range of the BBESS is taken from 20% to 80% [31,43].
Figure 11 shows that the control input of the DC boost is generated by the FC controller.
The FC controllers and the battery are developed in cases where there is a sudden change in
power demand, in which the battery provides instantaneous power and the power supply
of the battery should decrease, since the power output of the FC increases. To achieve high
coordination between the FC and the BBESS, an FC combined with a DC boost controller is
proposed, assuming a zero-battery current. Moreover, the FC should replace the BBESS in
the case where the battery SOC is at 20% to provide power. The excess of the produced
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energy is used to charge the bank of the battery until its limit. The rest of the power is
transferred to the electrolyzer through the buck-boost DC converter (see Figure 12), which
is controlled in such a way that the duty cycle is increased to increase the DC-grid voltage
when the SOC is at its limit (80%).

Prc
—

IFC-reI'
+

Limiter PWM
Ve

/L Prc ()

(D)

Figure 11. The control input of the DC boost with cell: (a) boost DC-converter associated with fuel;
(b) power circuit and control.
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Electrolyzer
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i PI Regulator > @ /M E——
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IElec‘

Figure 12. The electrolyzer with power circuit. (a) buck DC converter associated with electrolyzer;
(b) power circuit and control.

Figure 11 shows the FC associated to its DC boost converter and its control. It raises
the power to provide the necessary power instantaneously. In Figure 13, it can be seen that
the control of the DC-grid’s voltage is achieved through the BBESS’ association with the
BBDC converter. The difference between the required and the generated powers can be
expressed as below:

Pac =PL-ac +Pg (24)
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Prac =Pac —Ds (25)

Pig = PL_pc + Prac (26)
PNet = Py + Prg 27)

Psc = Pnet — Ppat (28)
Prc = PNet — Ppat — PElect (29)

where, P, and Ps represent the rotor and stator powers of the DFIG. P} _pc and Pr.ac
represent the DC and AC load powers, P;5c denotes the transferred power via the DC/AC
converter, Pp,t and Psc denote the BBESS and SCESS powers, Pgjet and Prc represent the
electrolyzer and FC powers, Pg and Pac represent the powers exchanged between the AC
grid and the proposed management system.

| Measure Vde & Pnet |

Check BB SOC
If SOC<0.8

Check BB SOC
If SOC>0.2

Yes
Yes
Charge the Battery Dicharge the
from WT and PV | |Give surplus power to|[ Fyel cell will maintain ||Battery from power
sources: Electrolyzer power demand required:
Pret = P pat Pret = Phiect Pyet = Prc Pnet = P gat

& (PFC = Pglect = 0)

& (P pat = Prc = 0) & (P Bat = Prlect = 0) & (Prc = Prieat = 0)

Figure 13. Flowchart for DC-grid voltage control, in the second case.

The proposed management and control strategies ensure that the instantaneous power
from the FC and the average power from BBESS operate according to the SOC of the battery.
In the charge mode, the electrolyzer must store the excess of the power when the SOC
reaches 80% and starts to produce hydrogen (see Figure 12), which is stored in its tank.
Conversely, in the discharge mode, the FC must provide the power deficit when the SOC
decreases to 20%. Moreover, in cases of low demand (Pnet > 0) or of excess wind power,
the surplus of the power is used to charge the BB until its limit (80%). Then, the battery
operations are supported by the electrolyzer by absorbing the power excess, which is
clearly illustrated in Figure 13. In the case of low power generation from RESs, the BBESS
delivers the power needed by the FC, even with high demand (Pnet < 0), ensuring the
service continuity up to the SOC’s lower limit. Thus, the DC-grid voltage (Vdc) control is
ensured by the associated BBESS and BBDC, according to the flowchart given by Figure 13.

The reactive power exchange between the AC side (grid) (Qac) and the microgrid is
provided by the DFIG, where the DC/AC converter II is forced to operate at unity power
factor, as expressed below:

Qac = Qs +Qpac (30)
{ QAC = Qg + QL—AC (31)
QL-ac =Pr—ac - tg(@r-ac)

where, @1.-ac denotes the phase of the local load, Qac and Qp-ac represents the reactive
powers exchanged with the AC grid together and the AC load, Qs denotes the reactive
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power exchange between the AC grid and the stator of the DFIG, and Qg denotes the
transferred reactive power via DC/AC converter II.

4. Results and Discussion

In the present paper, the proposed combined hybrid EESS and WT-DFIG is connected
to the micro-grid. The EESS consists of two different systems. The first one is composed of
BBESS and SCESS, whereas the second is composed of fuel cells and electrolyzer combined
with BBESS. This association can be used as an uninterruptible power supply when the
micro-grid is disconnected, wherein the WI-DFIG generation is maximized or kept constant
through the used MPPT and pitch angle control, depending on the presented situation.

The simulation results of the proposed energy management system are performed
under Matlab/Simulink, and the used parameters can be found in Table 3 [22,42]. The
proposed system performance simulations have used under-realized weather data (wind
speed profile) and variable power requirements, which highlights the effects and contribu-
tion of this hybrid system on the injected and/or required energy’s efficiency and quality.
The simulation tests are given in two parts: In the first one, the BBESS and SCESS are
associated with the WT-DFIG; In the second part, simulations are carried out, replacing
that SCESS with an FC—electrolyzer configuration.

Table 3. Turbine and DFIG parameters.

Parameter Value Parameter Value
Rated Power (kW) 75 L (H) 0.093
Frequency (Hz) 50 L, (H) 0.081

Pole (pairs) 3 M (H) 0.0664
Vi (V) 880 Rt (m) 3.24

Rs (Q) 1.02 p (kg/m3) 1.1225

R, () 0.8 G 5.065

4.1. Results of the Topology1: Hybrid Storage System with BBESS and SCESS

In this study, a random wind speed and a variable local reactive power demand were
used to test the system with the proposed controller. Figures 14 and 15 illustrate the used
wind profile which was selected such that the DFIG operation area corresponds to zones I
and II for the MPPT control and zone III for the blade pitch control (see Figure 2).

1600 T ‘

Qref ‘

1400 -

(tr/min)

1200

ref

1000 §

Q and Q

800

600 1 1 I I 1
0 100 200 300 400 300 600

Time (s)

Figure 14. DFIG mechanical speed evolution.
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Figure 15. Wind speed profile.

From the Tem (Figure 16), Qac (Figure 17) and the &, (Figure 18), one can see clearly
that the electromagnetic torque, the rotor flux, and the reactive power tracked their ref-
erences very well, even with sudden changes of the wind and reactive power demand
compensation. Therefore, the robustness of the proposed DRPC has been confirmed. More-
over, one can see that the coefficient of the power in zones I and II is optimized due to
the torque adaptation, unlike zone III, where the torque must be kept fixed for a constant
power generation. Furthermore, the rotor flux highly regulates the reactive power, with
a contribution of the DFIG in these management operations (see Figure 19). Regarding
Figure 20, the DFIG rotor flux components in the o~ frame and the sub-graphs (zooms)
of this figure illustrate the passage during the three operation modes: Sub, super, and
synchronous mode. The DRPC makes the DFIG rotor flux component in the natural frame
(abc) and in the o-p frame have the same sinusoidal form as the rotor currents in both sub
and super-synchronous operation modes, of which the sub-graphs of Figure 20 confirm
these to be at t =90 s and t = 560 s. In addition, during the synchronous operation mode,
the rotor currents and even the rotor flux in the «-f3 frame have a continuous form, with
a sub-figure of t = 225 s. In Figure 21, the power coefficient, tip speed ratio, and the
blade pitch angle are perfectly controlled by the MPPT algorithm in all zones I, II, and
II (B =0,A=Aopt =9, Cp = Cp-max = 0.49), which means that the conversion system works
at maximum power (Psmax). Figures 22-24 depict the required, generated, and absorbed
powers (Pr). One can deduce that, when Pn; < 0, the extra power in the DC-link is stored
in both the super capacitor and the battery; When Pyt > 0, the extra power stored in both
the super capacitor and the battery is used to supply the load demand when the DFIG
is unable to generate enough power. Figure 25 shows that V. is well maintained at its
references (880 V).

30

em

-50

0 100 200 300 400 300 600
Time (5)

Figure 16. Electromagnetic torque compared to respective references.
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Figure 17. Reactive power compared to respective references.
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Figure 18. Rotor flux magnitude with its reference.
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Figure 19. DFIG slip evolution.
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Figure 20. Direct and quadratic rotor flux waveforms with zooms during sub-, super-, and syn-
chronous operation modes.
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Figure 21. Tip-speed ratio, power coefficient, and blade pitch angle.
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Figure 22. DFIG generated active power.

Figures 26 and 27 show that the super capacitor supplements extra power when the
DFIG generates low energy (SOC < SOCin) and vice versa. When the battery is fully
charged, the super capacitor is charged with excess power from the DFIG (SOC > SOCnax).
Figures 28 and 29 show that the currents wave form is generated, which optimizes the
power-transferred AC-grid with constant frequency (50 Hz) and fewer harmonics.
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Figure 23. DFIG rotor active power.
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Figure 24. Load required active power.
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Figure 25. DC-grid, supercapacitor, and battery banks voltages.

175
150
125
100
75
50
25

SOC (%)

|
0 |
0 100 200 300 400 500 600
Time (s)

Figure 26. DC-grid active power, battery banks charge/discharge and its SOC.
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Figure 27. Storage and power dissipation in battery bank and supercapacitor.
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Figure 28. Waveforms of the generated phase current (stator current) and its harmonic spectrum, for three modes:
(@)t=560s,(b)t=228sand (c) t=90s.
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Figure 29. The frequency of the current supplied to the grid and its reference.

Significant improvement in the injected power to the AC grid is observed when
compared to the results obtained in [4,18,22]. Figure 28a—c show that the proposed DRPC
offers a very low total harmonic distortion (THD) during all DFIG operation modes. When
t =90 s, the system worked under sub-synchronous mode and the THD = 0.24%; When
t =228 s, the system worked under the synchronous mode and the THD = 0.09%; When
t =560 s, the system worked under the super-synchronous mode, and the THD = 0.15%.
Figure 29 presents the frequency response which is fixed around its reference with an error
of 0.1% (49.95 Hz), which is better than the results that were obtained in [18].

4.2. Results of the Topology2: Hybrid Storage System with Battery Bank and FC Combined with
Electrolyzed

Figure 30 shows the studied system under the second topology, where the system
shown in Figure 1b was simulated for about 10 h in one day under variable wind speed.
Figures 31 and 32 represent the requirement profiles of the power. Figure 30 shows that
the conversion system extracts the maximum power due to the pitch angle controller,
regulating the power coefficient and the tip-speed ratio, while the mechanical speed is
fixed. Figures 30 and 31 show that electromagnetic torque, the compensated reactive power,
and the mechanical speed are perfectly regulated to their references. Figure 32 shows the
responses of the required power represented by Preq, the absorbed power by the DFIG
depicted by P, the generated stator Ps, and the generated rotor power P;.
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Figure 30. Wind speed profile, DFIG mechanical speed, and blade pitch angle.
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Figure 31. Electromagnetic torque and reactive power compensation.
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Figure 32. Average required and generated powers.

Figure 33 shows the H; generation and the SOC of the BBESS, which is limited within
the range of 20-80%. Figure 34 shows that the battery bank charged at 80%, and the
electrolyzer dissipates the power excess when Pyt > 0 to generate H; stored in a specific
tank. Conversely, the energy stored in the battery bank is used to supply the required
demand when the power generated from the DFIG is not sufficient (Pt < 0), and when
these batteries are at 20% of the SOC, the FC gets connected to ensure service continuity.
Figure 35 illustrates the DC-grid voltage responses, the electrolyzer, the voltages across
the FC, and the BBESS, which clearly depict that the DC-grid voltage is well maintained
at its required reference, even under the required demand changes and hybrid power

generation.
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Figure 33. Hydrogen generation and the battery SOC.
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Figure 34. Power variation for FC, electrolyzer, and batteries.
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Figure 35. DC-grid, electrolyzer, battery, and FC voltages.

Remark 1. The case where 5-level hysteresis is used to compute electromagnetic torque and a
three-level hysteresis comparator is used to achieve rotor flux, is considered. Moreover, the voltage
across the SCESS and the BBESS is fixed around 420 Volts.

Power quality parameters according to IEC 61400-21:
The IEC 61400-21 defines parameters to be measured and reported at a Wind Energy
Conversion system [44]:

Active and reactive power characteristic;
Flicker emissions;

Current harmonics (THD);

Active power controls;

Reactive power controls.

Other IEC standards should be used: IEC 61000-4-15 to measure flicker; IEC 61000-4-7
to measure harmonics [45,46].

(1) Active and reactive power characteristic:

The proposed WT-DFIG system has been tested experimentally in [47], the measure-
ment of the electrical characteristics are presented in Table 4:
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Table 4. System specification.

Kind of System Variable Speed
Rated active power 7.5 kW
Rated reactive power 5.625 kVar
Rated rotational speed 296 Rpm
Rated wind speed 10m/s
Cut-in speed 4m/s
Cut-out speed 12m/s
Inertia 7.5 Kg.m?
Friction coefficient 0.06 N.m.s/rad
Stator voltage 415V
Rotor voltage 440V
Rated stator current 19 A
Rated rotor current 11A
Rated DFIG speed 970 Rpm

(2) Flicker measurement:

To show the level of flicker emission of the WT system, the IEC standard flicker meter
presented in [48] has been implemented on MATLAB/Simulink. The instantaneous flicker
sensation (Pg) of WT system is shown in Figure 36; however, the Py is very low during
all 10min of test. According to the IEC standard, the AC grid of 440 V is classified as a
Low Voltage Network (0.44 kV), therefore, the authorized value of the short-term flicker
emission (Pst) should be equal or less than 1 (<1), according to IEC series standards [49].
To calculate P, the Equations (32)—(36) have been used [50,51]:

Pyt = 1/(0.314-P + 00525 Py, + 0.0657-Ps, +0.28-Pro; +0.08-Psoy) (32)

where: P P P
Psge — (P30 + 350 + Pgo) (33)

(P¢ + Pg 4 P1g + P13 + Py7)

Pige = 34
10s 5 (34)

P P P
Ps, — (P22 +33 +Py) (35)

P P 1.5

Pls — —( 0.7 - 31 - ) (36)

Py is the x-th percentile of the P values logged during a specified time interval, where
xis 0.1,0.7,1,1.5,2.2,3,4,6,8,10, 13, 17, 30, 50, and 80, respectively. The interval can be
10 min, as IEC 61000-4-30 standard assumes for a typical flicker severity evaluation.

Calculating these criteria for the WT-DFIG system controlled by the proposed method
shows that the Pg; level is 0.2931, which is acceptable according to the IEC norms.

(3) Current harmonics:

At point of common coupling, the voltage harmonics depend on the Wind Energy
Conversion System (WECS)’s harmonic current emission, the grid impedance, and the
phase angle. Therefore, the current harmonics emitted by the WEC system must be reported
(according to IEC 61400-21) [44,52].
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The total harmonic current distortion (THD) is calculated based on the Equation

(37) [44,52]:
VIS, 1n2
THD = }}7“.100 (37)
n

The generated currents’” THD during the passage from one mode to another is pre-
sented in Figure 28. It is generally lower than one.

(4) Active power control:

The ability of the WT-DFIG to track a certain set point and to limit the activity power
tested and measured at rated wind speeds using the proposed control method and the
multi-level converter is presented in Figure 37 [44,52]. The WT-DFIG system is able to track
a given limitation very quickly and precisely. This shows how WT-DFIG system can be
adapted to changes in the existing connection capacity.
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Figure 36. The instantaneous flicker sensation (Pfs) of WT system.
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Figure 37. Measurement of active power remote control for the studied WT-DFIG system.

(5) Reactive power control:

Similar tests have performed for the remote control of reactive power, as well as for
active power, according to IEC 61400-21. Figure 38 shows the reactionary response step in
a highly accurate and fast manner in accordance with the set-point schedule as outlined in
IEC 61400-21 [44]. Changes can occur in less than one second from the maximum import
to the maximum reactive power export. With this very quick dynamic, the proposed
WT-DFIG can make notable contributions to both power quality and power system stability
of the proposed inverter.
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Figure 38. Measurement of reactive power remote control for the studied WT-DFIG system.

5. Conclusions

A DFIG combined with a hybrid energy storage system connected to a micro-grid is
studied in the present paper. The proposed HESS is constituted by super capacitor, fuel
cell, battery banks, and electrolyzer. The power generation source is represented by the
WT-DFIG, while the HESS is used for power optimization. Two configurations have been
considered in this work, namely DFIG with BBESS and SC, to ensure a rapid response with
which to regulate the difference between the generation and the demand. The numerical
results clearly validate the objectives of both systems. Significant improvement of the
performances of the micro-grid under unfavourable and critical conditions is observed
by the proposed DRPC controller and proposed power management strategy, where
robustness, the fast-tracking error and stability of the hall system, and better energy
management, are observed. Moreover, the use of a three-level inverter inserted inside of
the rotor of the DFIG has significantly improved the quality of the power transferred to
the AC-grid. The power quality measuring and its analysis according to IEC standards
are were carried out. The flicker emissions level was very low (under the IEC norm).
Moreover, the proposed DRPC offers a very low total harmonic distortion (THD) during
all DFIG operation modes, and the system worked under sub-synchronous mode with a
THD = 0.24%, as well as under the synchronous mode with a THD = 0.09%, and under the
super-synchronous mode, with a THD= 0.15%. Moreover, the frequency response is fixed
around its reference with an error of 0.1% (49.95 Hz), which is better than the results that
were obtained in the literature. Moreover, the active and reactive power remote control
shows the effectiveness of the proposed method for the WT-DFIG system. The study of the
thermal application of the SOFC is a part of our future works.
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Nomenclature and Abbreviations

WT

DFIG

FC

BBESS

Bts

SCESS

Scs

RES

ESS

EESS

HESS

HEP

DC

AC

MPPT
BBDC

DTC

FLC

DRPC

SOC, SOCumax, SOCpmin
THD

Ch

A

In

A

Cp/ Cp—max
Tem, Tem-ref
Tt

Vrated
Vecut-outs Veut-in
Ps, Py

Prac, PLpc
Piac

Psc, Pgat, Prlect
Prc

Pac, Pg

PNet
Pst

Qac, QACref

Qs

QL-ac

Qrac, QraC-ref

Vse, Viat: VEC, VElec
Vdcr Vdc—ref

Ircxr Ir[S and Vroc/ VrB
E

Cpat

Rin

Ibatr IElect

f ip dt

Ey, K, A

Wind Turbine

Doubly Fed Induction Generator

Fuel Cell

Battery Bank Energy Storage System

Batteries

Supercapacitor Energy Storage System

Supercapacitor

Renewable Energy Source

Energy Storage System

Electrical Energy Storage System

Hybrid Energy Storage System

Hydrogen Energy Process

Direct Current

Alternative Current

Maximum Power Point Tracking

Buck-Boost Bidirectional Converter

Direct Torque Control

Fuzzy Logic Control

Direct Reactive Power Control

battery State of Charge with its maximum and a minimum value
Total Harmonic Distortion

conditions at the anode or cathode channel.

anode

conditions of input/inlet.
area swept by the rotor blades, m
power coefficient or the rotor efficiency and its maximum value

DFIG electromagnetic torque and its reference respectively, N.m

turbine aerodynamic torque, N.m

rated wind speed, tr/min

cut out and cut in wind speed (limited) respectively, m/s

DFIG stator and rotor powers respectively, Watt

variable AC and DC load powers respectively, Watt

power transferred through DC/AC converter II, Watt

supercapacitors, batteries banks, and electrolyzer powers respectively, Watt

generated fuel cell power, Watt

exchanged powers between the proposed system and the AC grid, before and after the local
variable AC load, respectively, Watt

DC power exchanged in the DC-grid, Watt

storage power, Watt

reactive power exchanged between the proposed system and the AC grid with its
reference respectively, Var

DFIG stator reactive power, Var

local variable AC load reactive power, Var

reactive power transferred through DC/AC converter II and its reference respectively, Var
supercapacitors, batteries banks, fuel cell, and electrolyzer voltages respectively, Volt
direct voltage in the DC grid and its reference respectively, Volts

current and voltage components along o and 3 rotor axes respectively, A and Volts
electromotive force corresponding to the open circuit battery voltage, Volts

internal battery capacity, F

internal battery resistance, ()

battery current and electrolyzer current respectively, A

charge supplied and drawn by the battery, Ah

unloaded battery voltage, polarization voltage, and exponential zone amplitude respectively, Volts

2
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QB battery capacity and exponential zone time inverse constant respectively, Ah and Ah~!
NgC number of fuel cells in the stack

VNernst Nernst voltage: the thermodynamic potential of the cell representing its reversible voltage, Volts
Veell cell voltage in the stack, Volts

Urev electrolyzer reversible cell voltage, Volts

T electrolyzer cell temperature, °C

Rs, Ry stator and rotor phase resistances respectively, ()

ls, 1;, M stator and rotor leakage inductances with magnetizing inductance respectively, H

Vsdr Vsqr Vid, Viq d-q stator and rotor voltages respectively, Volts

Lig, Isq, Lrgs Ing d-q stator and rotor currents respectively, A

p being the pair pole number

icellr iO/ iL

operating, exchange current of the cell and the limiting current at which the fuel is used up at
a rate equal to its maximum supply rate respectively, A

Rincell inherent resistance of the fuel cell, Q)

Acenl & Beell numerical constant coefficients of the fuel cell

AG gibbs free enthalpy change, J/kmol

R universal gas constant, Nm/(kmol K)

F Faraday constant, F = 96,439 C/mol

M; mole flow rate of species i (mol/s)

0 air density, kg/m3

v wind velocity, m/s

A, Aopt tip speed ratio and its optimal value

O, Q, Oyt turbine rotor speed, DFIG mechanical speed, and its reference respectively, tr/min

qDT(X/ q>rf5 & qu/ q)r_ref
br-ac, B

rotor flux components along « and (3 rotor axes and rotor flux and its reference, Wb
local load phase shift and blade pitch angle respectively, °

Puwind aerodynamic power, Watt
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