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Abstract: A doubly-fed induction generator (DFIG) is considered one of the most suitable generators for the variable wind
speed due to its different composition from the rest of the other generators. This paper presents optimal design, power
management, and control of hybrid photovoltaic (PV) and battery energy storage systems (BESS) for grid-connected DFIG
Based wind energy conversion systems (WECS). The proposed system integrates the BESS-PV hybrid system with the DFIG
grid-connected system via the DC-link of the back-to-back converter. The main objective of the paper is to maintain a constant
DC-link voltage (\Vdc), keep the stator and rotor currents stable and smooth, and maintain constant and smooth active power
during the variation in wind speed. The proposed optimized control methodology includes a moth-flame optimized fuzzy logic
controller (MFO-FLC) to extract the maximum power of PV power under variable solar radiation. Moreover, a constant-
current constant-voltage controller (CC-CV) for BESS is implemented using MFO-PI. MATLAB/ SIMULINK® platform was
used to verify the design and control of the proposed system. The simulation results demonstrated the effectiveness of the
optimized control methodology under variable solar radiation and wind speed conditions. The active power transferred to the
grid through the grid side converter of the DC-link is smoothed and maximized by approximately 22% from its actual value
during low wind speed and 1000 w/m? while preserving a constant DC-link voltage during transient and steady-state
conditions.

Keywords Doubly-Fed Induction Generator, Wind Energy Conversion System, Photovoltaic, Battery Energy Storage System,
Fuzzy Optimal Control, Moth—Flame Optimizer.

1. Introduction loads, WECS and PV systems must be compatible with

auxiliary energy storage systems [1] [2]. Based on the

A Hybrid Wind-PV system (HWPVS) is a large-scale
integrated system that combines two or more renewable
energy sources with energy storage devices such as a battery
bank, flywheel, supercapacitors, or a fuel cell. HWPVS is
becoming more and more popular for power generation
applications with the advancement of renewable energy
technologies. These systems are attractive because multiple
sources can complement each other to provide more reliable
electricity to the consumer than a single-source system. To
ensure optimization of power supply conditions for local

foregoing, solar and wind energy are among the most reliable
sources of renewable energy at present, as wind energy
provides a lot of energy for most countries. The global wind
energy market was expected to grow even more in 2019, and
indeed this has been done with the total installed capacity
reaching 597 GW [3] [4]. But due to their intermittent nature,
systems based on wind and solar energy are unreliable
without the use of energy storage technologies. Since wind
and solar energy are complementary to each other,
combining both improves the reliability of the energy source
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[5]. The literature on the wind-solar hybrid system has been
widely discussed and varied. For wind turbines, this
interpretation often depends on the options available number
of blades, the direction of rotation, the rotor speed is variable
or constant, direct generator or gearbox, induction or
synchronous generator. Because wind speeds occasionally
exceed the rated wind speed, the effective power is typically
regulated by the standard stall concept: when the wind speed
exceeds the rated wind speed, the power factor restrictions
change, but the energy produced by the turbine remains
constant. Two variants of this model, variable pole squirrel
cage induction generators (SCIG) and a variable speed
limited wound rotor induction generators design, have been
used to overcome some of those problems. When wind
speeds exceed the rated wind speeds, pitch modulation limits
the power output of variable speed wind turbine (WT) with
brushless generators, motors, and inverters to rated power.
Regardless, fully-rated transformers have higher losses and
are significantly more expensive than partial-rated
transformers such as DFIG. However, in the case of PMSGs
and SCIGs, numerous approaches are utilized controller
parameters and increase efficiency, this system is available in
a range of configurations for both PMSGs and SCIG [6] [7].
In [8] [9] described a novel self-configuring control
technique for increasing the efficiency of grid-connected
PMSG-based wind turbines while maintaining low
computational complexity. As a result of this enhancement,
he built an ideal control system based on the Linear-
Quadratic Controller, which consists of two similar and
inexpensive frequency converters. Additionally, the author
proposed a detailed approach that makes use of the
innovative Grey Wolf Optimizer and Hybrid Cuckoo Search
techniques. The objective was to determine the optimal
variables for the PI controllers in the PMSG wind turbine.
The technique of Least Mean Square Root Exponential
which was naturally normalized using the negative absolute
error exponent specified in [10], is based on the negative
square root of the absolute error function, this method is self-
contained. This strategy was employed in the research to
maintain control and to obtain more consistent outcomes and
performance. In [11], an ideal scheme for fuzzy logic
strategy has been presented and studied to reduce the overall
integrated error. Maximum wind energy extraction is
optimized and faults are minimized for grid-connected WT.
At present, DFIG with adjustable speed WT and power
ratings exceeding 1.5 MW is currently the most often utilized
machine for commercialized wind power generation [12].
Additionally, to a low-cost DFIG standard and a partially
rated converter feeding the rotor winding, DFIG is defined
by a multi-stage drivetrain. Besides that, pitch adjustment
maintains rated power output when wind speeds exceed rated
speeds [12] [13]. The characteristic of DFIG is that the
converted power rate is approximately 25% to 30% of the
rated power, this rate is sufficient to produce the rated active
power as the speed ratio can be maintained at an appropriate
level in most of the operating times [14]. When compared
with the constant speed system, it is found that DFIG
provides a more stable match with mechanical loads, the
power quality is better; the audible noise is lower, improving
the wind system's efficiency. In some literature, as will be
explained, the PV system's output is connected to the DFIG

to achieve a hybrid DFIG system for an autonomous
application [15][16]. This hybrid technology is described by
a few researchers, but it was not enough to explain the
advantages of this system and whether the performance has
been improved or not. The strategy defined in [17] [18] is
based on a relatively complex control method that makes use
of machine parameters and a large number of PI controllers.
In [19], an estimation system was proposed in RSC, and an
efficient technique was used to track the maximum power of
PV. In [20], the authors explained a hybrid autonomous
wind-solar system, which is a four-wire distribution network
consisting of WECS-DFIG and PV with battery energy
storage technology. The control technique is to estimate the
position of the rotor along with determining its speed and
current, using indirect vector control algorithms. All of the
previously investigated various control strategies based on
DFIG with or without storage systems for a standalone
system. The authors in [21] used PMSG and BESS which
were connected to the DFIG rotor via a back-to-back
converter. While PMSM is controlled and designed to
maintain constant current link voltage under different
mechanical speed conditions, battery power management
technology was used to mitigate wind power fluctuations. In
[22] and [23], to regulate the active power for the
autonomous operation of a DFIG-based wind turbine, a
hybrid storage system composed of a battery and a
supercapacitor is used. The supercapacitor is connected to
DFIG's back-to-back DC connection via a bidirectional buck
converter, and the battery storage system is connected to the
load side of the system to satisfy the constant component of
the demand generation mismatch as well as to avoid deeper
discharge. In [24] [25], the author proposed a method for
compensating for the wind turbine's inertia weakness by
coordinating control between the DFIG and the energy
storage system, which can provide frequency support. In this
context, a study was published to examine the feasibility of
using a BESS to provide an inertial response in a system with
significant wind energy penetration [26]. In [27], to improve
the frequency regulation capacity of a DFIG-and-energy-
storage system, a coordinated Fuzzy-based control method is
used. The frequency fluctuation is determined by FLC, and
the frequency support is coordinated with the storage system
connected to the wind farms at the point of common
coupling. In [28], a control of DFIG based on MPPT was
explained under the usual conditions to keep improving the
wind system's efficiency by adding a control loop to the
RSC. In [29], a coordinated strategy for a DFIG integrated
with BESS to provide frequency management was presented
regarding the control of microgrids with a high wind energy
penetration. In [30], a system based on DFIG with a PV
system is created to overcome the drawback of individual PV
and wind energy sources. MPPT technique, DC-link voltage
control, active and reactive power, and grid voltage support
control are all implemented using the integrated control for
GSC and RSC. A microgrid based on DFIG and a PV array
interfaced to the grid is presented in [31], The (RSC) control
is meant to achieve MPPT from the wind as well as unity
power factor at the DFIG stator terminals. This improves
MPPT from both wind and solar energy sources while
maintaining grid power flow regulation. Despite some
literature has achieved regulated power flow in the grid
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according to previous references. However, many of them
rely on conventional control methods, which reduces
efficiency and makes the response to changing wind speed
slow compared with intelligent control [25]-[31]. On the
other hand, studies that depend on energy storage systems are
charged at speeds higher than the specified speed only [24],
[26], [28] [29]. The proposed system is characterized by the
fact that the batteries are charged using PV rather than wind.
As a result, the active power delivered to the grid is
maximized at low wind speeds by the proposed PV-BESS
system.

This paper presents an optimal design, control, and power
management of grid-connected DFIG based WECS using a
hybrid PV-BESS system connected to the DFIG through the
DC-link of the back-to-back converter. The main
contributions of this paper are to provide a new strategic
optimal design and control of hybrid wind PV-BESS system.
The proposed methodology depends on integrating the PV-
BESS system into the DC-link of the back-to-back converter
of a DFIG to obtain optimal power management and an
excellent behaviour resulting in improved overall system
performance under variable solar radiation and wind speed
conditions. An OFLC has been done for scaling factors for
GRC and RSC controllers by applying the MFO-FLC
technique to get the best values.

PV array with a boost DC-DC converter is used in the
proposed system and the MFO-FLC method has been

implemented as an MPPT technique to extract maximum
power from PV under variable solar radiation conditions. In
addition, an optimized constant-current constant-voltage
(CC-CV) PI controller for BESS charging and discharging
control is carried out using the MFO technique to obtain an
optimal performance, which makes the system more stable
and gives the best results.

Finally, a comparison will be made between the proposed
optimized modified system and the system using a Pl
controller for RSC and GSC without BESS and PV to clarify
that the proposed system is more effective with the best
results and the highest efficiency. MATLAB/ SIMULINK®
platform was used to implement the modeling and optimized
control of the proposed system.

2. Configuration and Control Strategy of Proposed
System

Figure 1 illustrates the configuration of grid-connected
WECS with modified DFIG by using PV and BESS
connected directly to DC-link. The DFIG contains two
converters, RSC and GSC linked back-to-back through a
DC-link. MFO-FLC has been implemented for optimizing
the scaling factors of FLC for GRC and RSC controllers. PV
array MPPT is implemented using the MFO-FLC technique
and an optimized constant-current constant-voltage MFO-PI
controller is designed to control the charging and discharging
of BESS.

2

Fig. 1. Configuration of hybrid PV-BESS for grid-connected DFIG based WECS.

Figure 2 shows the flowchart of the proposed control and
power management strategy. Based on variable wind speed
and solar radiation conditions, PV-BESS has been
implemented to adjust the Vdc, minimize the rotor current's
peak value, and maintain active power stabilization under

wind speed variation. MFO has been chosen as the
optimization technique to obtain the optimized parameters of
different proposed controllers. As a result, the system's
performance will improve, and the best controller step
response results will be obtained. The control of the DFIG
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wind turbine is carried out using fuzzy logic controllers,
which control the dc-Link voltage and current controllers of
the grid-side and rotor-side converters. The scaling factors of
these controllers are optimized using MFO. The PV system
is connected to the DC-link via a boost DC-DC converter.
Hence, the main controller of the PV system is the MPPT
controller. The output from this controller is the duty cycle
that drives the switch of the boost DC-DC converter. In this
paper, an optimized MFO-FLC is proposed for the MPPT
controller of the PV array. While the battery management
control is implemented through an optimized constant-
current constant-voltage MFO-PI controller. The energy
management strategy and control of the hybrid wind PV-
BESS system shown in the flowchart can be summarized as
follows:

. Because the PV-BESS is the most important
component at this point, the power management control
inquiries about its battery state of charge (SOC) and PV

output power. If SOC = SOCmax (100%) and the wind speed
is at the rated speed, then, the battery current and power are
both set to O at this point, The PV is disconnected, and the
total power provided to the grid is the output of DFIG (Pw).

. If the rotational speed of DFIG is below the rated
speed (super-synchronous mode), the control asks if the
SOCnin<SOC<=SOCmax, then the battery begins to discharge.
PV and battery power are then delivered to the grid to
compensate for the power loss and keep the DC-link voltage
constant during wind transitions.

. At high wind speeds above the rated (sub-
synchronous mode), the controller checks if the
SOC<SOCax, and the PV power equal to zero, then the
battery will begin to charge, and a portion of the power is
absorbed from the grid. If the PV power is higher than zero,
the battery will charge from the DFIG wind turbine and PV
array. The DC-link voltage is kept constant in all modes of
operation

H

Fig. 2. Optimal control and energy management flow chart.

2.1 Wind Turbine Model

Wind turbines are prime movers that convert kinetic wind
energy into mechanical rotational energy. The wind speed
and power capture coefficient Ewere utilized to calculate

the mechanical power converted. The mechanical power
@ captured by a three-blade horizontal axis wind turbine

is often expressed using the following expression [28]:

E (1)
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Here,|D is the air density (kg/md), and ﬁthe coefficient of
the wind turbine is based on Eas well as r is the radius of

the blades (m). The ratio of the blade speed to the wind speed

isﬂI}
2] 2)

(2] (3)

2.2 Photovoltaic Array Model

Many configurations of PV modules are used in the
literature, but the single diode equivalent circuit is shown in
Figure 3 is the most widely utilized, and the PV cell is
modeled by the following main function, which describes the
current and the voltage characteristics [31-34].

]

(4)

H

Fig. 3. PV cell equivalent circuit.
Where, I lsa, and I are the photocurrent, the solar panel's
reverse saturation current, and short circuit current
respectively. Ns is the number of cells in series and m is the
diode's ideal factor. K is the Boltzmann constant (1.381*10-
23 J/IK) and q is the electron's charge (1.6021*10-19C). RS
and RP are the series and parallel resistances, respectively. G
and G denote the actual and nominal amounts of
irradiation, respectively. The temperature degree in kelvin
(K) is denoted by T, while the current temperature coefficient
is denoted by ai. Vo iS an open-circuit voltage at standard
test conditions.
221 PV Sizing
The specifications of the PV module (Topsun TS-M400JA1)
that used in this design are (Pmax) is 400.0724 KW, (Vo) is
61.1 V, (Isc) is 8.62A, according to a maximum power point
voltage (Vwmep) and current (Imep) are 49.27 V and 8.12 A,
respectively. To implement the proposed PV system, the
required number of modules can be calculated using the
following equation [35]:

]

(=

Where required power is equal to 25% of the total power
given by DFIG, as explained in [36], and the required
number of series-connected photovoltaic modules (Npys) is
calculated as

=
]

The photovoltaic array's strings can be calculated using the
following equation:

]

As a result, the PV system is designed to be 12 series
modules and 79 parallel strings, as can be cleared in Figure
4,

H

Fig. 4. Configuration of PV array

2.2.2 PV MPPT

Figure 5 clarifies the PV characteristics, the maximum power
will only occur at the Pmax. An intelligence [32] MFO-FLC
technique is used to adjust the duty cycle of a DC-DC
converter. That guarantees the occurrence of maximizing the
output of the PV modules instead of the P&O method, so we
ensure that the solar panel's maximum output power is
extracted regardless of operational conditions.
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]

Fig. 5. I-V and P-V characteristics for PV array at variable
solar radiation.

Three functional blocks define the FLC used in MPPT:
fuzzification, fuzzy rule basis, and defuzzification. The error
E(t) and dE(t) are input signals to FLC. Two inputs are
converted into the FLC's output by input gain factors (1/Ke,
1/Kde), and (1/Ku) as output gain. MPPT is based on the
incremental conductance algorithm as cleared in equation 8.
The block diagram of FLC is depicted in Figure 6. The most
frequently encountered FLC application is the triangle
membership function. Straight lines are used to create the
triangular MF. MFS's straight lines have an advantage in
terms of simplicity. Negative Big (NB), Negative Medium
(NM), Negative Small (NS), Zero (ZE), Positive Small (PS),
Positive Medium (PM), and Positive Big (PB) are the seven
triangle memberships utilized for the inputs and outputs (PB)
as clear in Figure 7. As shown in Appendix 1, 49 rules are
obtained from the 7*7 matrix. Figure 8 illustrates the fuzzy
controller's optimum surface area curve (The FLC surface at
MFO optimized scaling factors). The error (E), the
optimization algorithm's objective function, is calculated
from the incremental conductance algorithm as shown in
equation 8 [37] [38].

(2] ®)

Fig. 6. MPPT based FLC.

Fig. 7. MF of Fuzzy controller.

Fig. 8. Fuzzy controller's surface.

The following sections discuss MFO optimization strategies
for FLC [39]. To begin MFO, moths are released into the
search area at random. After that, it uses a flame to determine
the optimal position for each moth. Finally, the moths'
positions are adjusted using a spiral movement function so
that they can land in the ideal positions indicated by a flame:

I ©)
(& ] (10)
Iz (11)

413




INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. A. Nasef et al., Vol.12, No.1, March, 2022

Here, represents the ith moth and the jth flame,

denotes the logarithmic maturation pattern model's
variability, z denotes a random value between [-1, 1], and Di
means the distance between the ith moth and the jth flame.
Then, using the following formula, update the flame number:

=] (12)

Where N denotes the total number of flames, | denotes the
current iteration, and T denotes the total number of iterations.
Continue this process until reached the stopping point, and
then add the new best moths to the optimizer.

2.3 Battery Energy Storage System Model

Solar and wind energy systems use lead-acid batteries, they
have a high power-to-weight ratio and are cost-effective. For
lead-acid batteries, there are a lot of different types in the
global market. Thevenin equivalent circuit model [40]
described components of the battery model. It has a no-load
voltage (Vo), internal resistance (R1), a capacitor (C), and
R2 is the resistance of the plate. In appendix 2, we describe
the parameters of BESS according to system needs. Ref [40]
includes the battery model illustrated in Figure 9, which is
not an optimized battery design. SOC is described in [41]
based on the percentage of battery reserve capacity (actual
battery capacity divided by rated battery capacity).
Accordingly, when we choose an optimum battery size
(which is required owing to system requirements), we must
investigate the state of charge of the battery and build a
control strategy based on that. In this proposed system, the
constant-current/ constant-voltage controller is implemented
on the batteries using MFO-PI as shown in Figure 10. An
optimized PI controller on the batteries is designed by using
the MFO technique which was explained in detail in the
previous section. As a result of using these MFO-PI
controllers, the system's major characteristic will be optimal
performance, which makes it more stable and gives the best
results, through which system performance improves occurs
in the system and maintain the constant power and Vdc,
under the conditions of variable solar radiation wind speed.

| 1
|\

R1
AAA—— .
N | AAAA_
Vo T R2

Voc

Fig. 9. Lead-acid BESS model

H

Fig. 10. CC-CV BESS controller.

When sizing a battery system, the most essential step is to
calculate the required or desired amount of energy storage
[42] [43], which is usually expressed in kWh per day, the

following equation is used:ﬂ

| ]

Where, lg, is the discharging current (A) and Td is the
discharging time (h). The battery must store energy for
several days and be used without exceeding the maximum
DOD. The following formula can be used:

]

(13)

(14)

Q denotes the needed minimum battery capacity (Ah), E
energy needs within the day (Wh), A is the number of days is
needed for battery storage, V system DC voltage (V), DOC
is the battery depth of discharge, which is normally listed on
the datasheet (typically 0.3-0.9), nin is converter efficiency
and neanle  Electricity cable efficiency refers to the efficiency
of the cables that transport electricity from the battery to the
loads. In this paper, the rated battery capacity is calculated
based on the rated power of the DFIG wind turbine, the
overall power of PV and BESS transferred via the back-to-
back converter to the grid does not exceed 25% of the wind
turbine power rating (See Appendix 2 for the calculated
battery size).

2.4 Design And Control Of Hybrid Wind PV-BESS
System

Figure 11 depicts a schematic diagram of the DFIG based
WECS with the proposed control. The proposed scheme
consists of a hybrid PV-BESS system into the DC-link of the
DFIG back-to-back converter. The proposed system is
controlled by MFO-FLC. Equation 16 shows how the error
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E(t) is calculated by comparing a reference value (Vcref) t0
the dc-link voltage (Vqc) of the back-to-back converter. The
new DC-link voltage for the hybrid PV-BESS wind system
can be calculated from the current balance provided by
equation 17 [44-46].

| ] | (15)

(=

(16)

Where lgg, lar, Ipv, and Iy are the d-component of grid
current, d-component of rotor current, PV, and battery
currents, respectively.

Fig. 10. Block diagram of the proposed system.

3. Results and Discussion

MATLAB Sim-power-system is used to design and
simulate a model for the proposed system consisting of
hybrid PVV-BESS for grid-connected 1.5 MW DFIG based
WECS. The appendices (2, 3 and 4) contain a list of the
simulation parameters. The stator is linked directly to the
grid, whereas the terminals of the rotor are connected via
a back-to-back converter, and the PV array and BESS are
connected directly into a DC-link. Variation in wind
speed below and above the rated speed is regarded. Also,

the change in solar radiation has been considered at a
constant ambient temperature (25°C). The Simulation
results present a comparison between the proposed
optimized system with PV and BESS and the Pl-based
controller without PV and BESS. The proposed system's
management strategy can be explained as follows:

MFO-FLC is used to implement optimal control of the

DFIG; DC-link voltage control, and current regulators for
GSC and RSC converters.
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Another MFO-FLC is used to develop an optimal MPPT
technique, which is then tested under variable solar
radiation and a constant photovoltaic temperature of
25°C.

Step changes in wind speed are taken into account while
running the simulation. Wind speed variations below and
above the rated speed are considered, as shown in Figure
12. The wind speed is maintained at 16 m/s for the first
10 seconds. Then the speed of wind is varied to 8 m/s
until 20 seconds.

The simulation results will be discussed as follows:

Figure 12 shows the input wind speed pattern and the
DC-link voltage. When the proposed system based on the
MFO-FLC controller is compared to the system without
PV-BESS, it is clear that the MFO-FLC controller
performs optimally in terms of transient response, less
overshoot, faster settling time, and tries to keep the
constant voltage on the DC-link as stable as possible
during steady-state.

Figure 13 represents the DFIG wind power without and
with PV-BESS system under variable wind speed and
different radiation levels. The wind speed varies in each
run, but the solar radiation remains constant at a
predetermined level. As shown in Figure 13, the active
power injected by DFIG at 16 m/s wind speed (from 0 to
10 seconds) is 1.5 MW (rated) at all solar radiation
values. The transient response is better, and the active
power output is smoothed at transient and steady-state
conditions when solar radiation is high. Overall the
hybrid PV-BESS wind system gives a better response
than the wind system alone, and the active power is
boosted and smoothed.

Whereas a change in wind speed from high to low caused
the active power to temporarily fall below the expected
value, the real power delivered to the grid then becomes
the active power generated by the DFIG, plus the power
of the battery discharge and reached 0.83 MW at 1000
w/m? solar radiation. The percentage increase in the
power is 22% than the case of wind turbine only.

Figure 14 depicts SOC behaviour under changeable solar
radiation and variable wind speed, the figure illustrated
that battery charging (from 0 to 10 sec) when wind speed
is 16 m/s. The state of charge (SOC) increases as the
solar radiation increases to 90.055% SOC at 1000 w/m?
solar radiation. When wind speed decreased (at t = 10
sec) we noted that the battery discharged at (0, 250, and
500 W/m? solar radiation, respectively). In this case, the
PV-BESS system participates in increased active power
injected by DFIG 22 % at 1000 W/m?,

Another case study is discussed using variable solar
radiation at different wind speeds (the wind speed is kept
constant for each run). Figure 15 represents solar
radiation pattern, PV voltage, PV output power, and PV
plus battery power delivered to the grid. The solar
radiation is presented by a step change starting from 250
W/m? and changes every 2 seconds to increase by a step
change to 500 and 1000 w/m?, respectively, the decrease
at the same rate. Figure 15 depicts that MPPT based on
the MFO-FLC gives the best performance, the PV
voltage is kept at the maximum value as it is important to
keep it constant at 591.5 V converted to 1150 V via the
boost DC-DC converter (0.4859 optimal duty cycle
output from MFO-FLC). PV gives the maximum power
based on the proposed control at different solar radiation
values, as shown in Figure 15. The total PV and battery
power delivered to or absorbed from the grid are also
shown in this figure. It is clear that the batteries are
charging at wind speeds higher or equal rated speed and
when wind speed is less than rated batteries begins
discharging and participating in the active energy
delivered to the grid, accordingly, better performance and
stability of the system are maintained with random
changes in wind speeds.

4, Conclusion

An optimized control strategy for a grid-connected DFIG
based WECS system using PV and BESS was implemented
to maintain a constant DC-link voltage, boost and smooth the
active power delivered to the grid under variation in wind
speed and solar radiation. The optimized proposed control
includes intelligent MFO-FLC control of the DFIG's stator
and rotor currents, as well as the use of MFO-FLC for MPPT
for PV and optimal control MFO-PI for battery
charging/discharging control. The system is implemented
and tested in the MATLAB Simulink environment.

Simulation results showed that the improved intelligent
control techniques give a very excellent behavior; stabilizing
active power as much as possible and smoothing the
fluctuation of the DC-link voltage under variable wind speed
and solar radiation. Furthermore, when the PV-BESS system
is integrated into the DC-link of the DFIG's back-to-back
converter, the active power delivered to the grid is increased
by 22%.
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H

Fig. 12. DC-link voltage under wind variation.

Fig. 13. Active power delivered to the grid.
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i

Fig. 14. SOC behavior for variable solar radiation.

Fig. 15. PV voltage and power under variable solar radiation and wind speed.
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Appendix 1: FLC rules

E(t) AE(t)
NB [NM][ NS [ ZE[ PS | PM | PB

NB NB NB | NB | NB | NM | NS | ZE

NM NM NM | NS | NS | NM | ZE | PS

NS NB NB | NM | NS | ZE | PS | PM

ZE NB NM | NS | ZE PS | PM | PB

PS NM NS | ZE | PB | PM | PB | PB

PM NS ZE PS | PM | PB | PB | PB

PB ZE PS | PM | PB | PB | PB | PB

Appendix 2: BESS parameters

Parameter Value
Bi-directional DC-D Converter 0.5e-3
inductance (H)
capacitance (F) 1200e-6
Rated battery capacity (AH) 6500
DOD 90%
Nominal Battery Voltage (V) 575

Appendix 3: DFIG wind turbine parameters

DFIG
Vbase=575 V P= 1.5MW Fbase =50 Hz
Rs=0.023 p.u. Rr =0.016 p.u. Qbase = 2n*Fbase =31
Ls=3.08 p.u. Lr =3.06 p.u. 4 radls
Hgenerator =0.685 s Nr/Ns=3.43 Lm=2.9p.u.

No.P=3

GSC
Vdcrated=1150 V Rg=0.003 p.u. Lg=0.3p.u.
Cdc=10 Mf Rfiiter = 50 mQ Cfiher: 1 Mf

Mass drive train

K shaft spring constant — 1.11 p.u. D spaft mutval damping = 1.5 p.u.

WT

Ratio pf gearbox =65.5m
H height:65 m

Oturbine-base = 1.92 rad/s
R1=0.1153 Q/km
Ro=0.413 Q/km

Appendix 4: PV array DC-DC boost converter parameters

Parameter Value
Duty ratio 0.48591
Switching frequency (kH) 5
Input boost DC-DC converter inductance 0.4791e-4
(H)

PV input DC-link capacitance (F) 1200e-6

Output boost DC-DC converter 5.572%-4
capacitance (F)

421



